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Abstract

- Key message High levels of genetic diversity, pronounced genetic structure and limitations to gene flow in Serbian spruce, a
rare and endangered tree species from the refugial Balkan region, point towards a “one population-one unit” strategy for
assembling a network of Genetic Conservation Units (GCUs) for its dynamic conservation. On the other hand, genetic infor-
mation also permits to prioritize populations for conservation based on their contribution to genetic diversity and differentiation.
« Context Serbian spruce, Picea omorika (Panc.) Purk., is a rare, [IUCN red-listed European conifer endemic to the Balkan region.
Its current rigid conservation (without any intervention allowed in ~ 30 remnant populations) and the extant network of Genetic
Conservation Units (four natural populations and three planted stands from the western part of the species range, in the Republic
of Srpska, Bosnia and Herzegovina, RS-BH) might be ineffective in preserving the species’ genetic diversity.

- Aims To facilitate implementation of dynamic conservation of Serbian spruce by re-assessing the number and size of remnant
populations in RS-BH and updating genetic knowledge on these understudied western Serbian spruce populations.

+ Methods Comprehensive field survey in RS-BH, genotyping 689 individuals from 14 western populations with ten highly
informative nuclear EST-SSRs and analytical methods for prioritizing populations for conservation based on their contribution to
the geographical structuring of genetic diversity.

* Results The genetic diversity of western Serbian spruce populations (Ae = 2.524, Hr = 0.451) is comparable with what was found for
castern ones; they are highly genetically differentiated (Hedrick’s G’'g7= 0.186; Jost’s D = 0.097) and comprise ten distinct gene pools.
Effective population size is often > 15. As much as 14% of alleles is not preserved in the extant GCUs established in natural
populations. Eight populations positively contribute to within-population genetic diversity, four to genetic differentiation, and two
are globally important in terms of diversity and differentiation. Although wildfires may contribute to admixture of different gene pools,
re-establishment from seeds from extirpated populations has likely prevailed in studied populations.

« Conclusions A larger network of GCUEs is required for the dynamic conservation of western Serbian spruce populations. A “one
population-one unit” strategy, with 14 GCUs, would represent the safest approach to conserve species extant genetic variation in this
part of the species range. Nonetheless, a strategy to prioritize populations for conservation based on their contribution to allelic
diversity has been put forward. Given the rapid global warming and peculiarities of Serbian spruce distribution, habitat and life
history traits, conservation measures based on a rigorously designed GCU network are urgent for its rescue and survival.

Keywords Forest tree conservation genetics - Genetic structure - Genetic conservation units - Management practice - Nuclear
microsatellites - Rare and endangered species - Serbian spruce
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1 Introduction

The dynamic conservation of forest genetic resources (FGR),
aimed at maintaining genetic diversity of forest tree species
59 Jelena M. Aleksic over time and preserving evolutionary processes and adaptive

aleksic_jelena@yahoo.com.au; jelena.aleksic @imgge.bg.ac.rs potential in their populations (Ledig 1986; Eriksson et al.
1993; Namkoong 1997), is considered a promising alternative
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to standard in situ and ex situ conservation strategies (Fady
et al. 2016). In actively managed Genetic Conservation Units
(GCUs), spontaneous mating and reproduction are allowed
(Eriksson et al. 1993), thus providing conditions suitable for
evolutionary forces to act on gene frequencies (Lefévre et al.
2013). The existing network of GCUs (natural populations
and/or field collections of individuals) covers different
ecogeographical zones and is expected to capture the extant
genetic diversity of a species. Therefore, GCUs comprising a
network are carefully selected based on the conservation ob-
jective (large or marginal populations, endangered species)
and genetic knowledge on natural population of the species
in question (Koskela et al. 2013; Lefévre et al. 2013).

The progress in the dynamic conservation of FGR has recent-
ly been assessed in 33 European countries (Lefévre et al. 2013)
on the basis of information available in the European Information
System on Forest Genetic Resources (EUFGIS 2007-2011).
This synthesis clearly showed the low representation of
Mediterranean environmental zones in the FGR conservation
network. However, the Mediterranean Basin represents a forest
biodiversity hotspot (Médail and Quézel 1999; Fady-Welterlen
2005) with relict tree populations of a disproportionate impor-
tance for the conservation of European FGR and may comprise
locally adapted populations potentially interesting for species’
adaptation to climate change (Petit et al. 2005). Therefore,
Lefévre et al. (2013) recommended increasing conservation ef-
forts in this part of Europe, which is still genetically understudied
(e.g. Hewitt 2000; Médail and Diadema 2009; Piotti et al. 2017).

Serbian spruce, Picea omorika (Pané.) Purk., occurs natu-
rally within an area of c. 200 km? in the central Balkans,
around the mid-course of the Drina River, along the border
between the Republic of Srpska, Bosnia and Herzegovina
(RS-BH) and the Republic of Serbia (RS) (Aleksi¢ and
Geburek 2014; Iveti¢ and Aleksi¢ 2016, 2019; Ballian et al.
2016). Due to the increased risk of extinction associated with
such limited natural range and low number of remnant and
small-sized populations susceptible to man-made and natural
disturbances, this species is protected by the law in former
Yugoslavia since 1955 and IUCN red-listed since 1998
(Conifer Specialist Group 1998). Without any available genet-
ic knowledge on Serbian spruce, Yugoslav authorities as-
sumed that the best way to ensure its long-term survival was
to enable free development of natural populations, and thus
applied rigid species-orientated conservation strategy without
any intervention allowed. Later on, category 1 of the Protected
Area Management Categories of IUCN and category 1.1 of
the Ministerial Conference on the Protection of Forests in
Europe (FOREST EUROPE-MCPFE) were allocated to all
Serbian spruce populations, and this level of protection
remained to the present days in both countries, RS-BH and
RS, that were established at the end of the last century.

Serbian spruce was included into the pan-European net-
work of GCUs (Lefévre et al. 2013) with seven units
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(EUFGIS 2007-2011) designated following the list of seed
stands in the RS-BH, i.e. in western part of the species range
(the Register of seeds stands in the RS-BH, Mataruga et al.
2005). However, none of the units (four natural populations
and three planted stands) fulfils the requirements given by
Koskela et al. (2013) for designation of GCUs. That is, none
of'the GCUs is actively managed due to the rigid conservation
strategy implemented in 1955. In addition, the utility of three
planted stands which, in general, may be used as GCUs
(Koskela et al. 2013), is questionable, because they were
established from material of unknown origin (Mataruga
et al. 2005). Furthermore, the genetic knowledge on the four
natural populations, now GCUS, is rather limited because they
have been studied to date only by Ballian et al. (2006). These
authors analysed 12 western populations with allozymes and
found low levels of genetic diversity and lack of genetic struc-
ture among studied populations. However, contrasting find-
ings were obtained for more frequently studied eastern popu-
lations from RS, analysed with highly informative nuclear
microsatellites (EST-SSRs) (Aleksi¢ et al. 2009; Aleksi¢ and
Geburek 2010, 2014; Aleksi¢ et al. 2017a). Each out of the ten
eastern populations represents an independent, highly
genetically diverse gene pool (Aleksi¢ and Geburek
2014) and furthermore, a strong within-population ge-
netic structure, with three spatially clustered gene pools,
is present even in a small-sized population (418 trees in
0.35 ha) in this part of the species range distribution
(Aleksi¢ et al. 2017a).

Although the differences in genetic layouts between east-
ern and western populations might be partially explained by
different environmental pressures in the two areas, e.g. wild-
fires which were more common in the western part of the
species range over the past 100 years (Fukarek 1951a; Coli¢
1987), the contrasting findings even between studies on west-
ern populations based on the same type of markers are also
present (Kuittinen et al. 1991 vs. Ballian et al. 2006).
According to Aleksi¢ et al. (2009), the reasons for that are to
be found in the usage of several loci in the study of Ballian
et al. (2006) which cannot be characterized as polymorphic
based on the frequency of detected alleles. These findings
altogether indicate the need for further genetic surveys based
on high-resolution molecular markers to assist development of
correct dynamic conservation strategies. The drought-induced
physiological weakening of Serbian spruce trees followed by
infestation by Armillaria ostoyae (Romang.) Herink. and the
rapid dieback of trees recently observed in Serbia (Iveti¢ and
Aleksi¢ 2016) are warnings showing the need for genetically
informed conservation actions to maintain the evolutionary
potential of this fragile (Iveti¢ and Aleksi¢ 2016, 2019) and
old spruce species (e.g. Lockwood et al. 2013; Chen et al.
2019). These activities are needed immediately considering
the scarce natural regeneration recorded in almost all natural
populations of this pioneer species (Coli¢ 1957; Aleksi¢ and
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Geburek 2014) and lack of suitable new habitats at higher
elevations within the species natural range for climate
change-driven migrations (Iveti¢ and Aleksi¢ 2016). In the
meanwhile, it is essential to shed more light on the genetic
layout of western populations because four of them, along
with three planted stands, are the only GCUs currently avail-
able for Serbian spruce.

The aim of our study is to facilitate implementation of
dynamic conservation of Serbian spruce by (i) re-assessing
the number and size of remnant populations in the western
part of the species range distribution, in RS-BH, and (ii)
updating previous knowledge on the genetic layout of these
Serbian spruce populations using high-resolution genetic data
comparable to those available for eastern populations. For this
purpose, we carried out a comprehensive field survey in RS-
BH in order to record all extant Serbian spruce populations in
this part of the species range distribution. We then analysed
689 individuals originating from 14 western natural popula-
tions by means of ten polymorphic EST-SSRs to elucidate the
spatial distribution of genetic variation of Serbian spruce in
RS-BH. Results were discussed to the light of available
knowledge about the species’ life history traits and potential
environmental stressors, in particular wildfires. Genetic data
were finally used to provide guidelines for optimizing the
dynamic conservation of this species in two steps. They com-
prise the improvement of current in situ conservation actions,
which will enable short-term safeguarding of the species’ ge-
netic diversity, until conditions for the second step, i.e. scien-
tifically based long-term ex sifu measures, are met.

2 Material and methods

2.1 Detection and census sizes of western Serbian
spruce populations and sampling activities

All Serbian spruce natural populations in the RS-BH are lo-
cated in public forests and are managed by the Forest
Enterprise “Forests of the Republic of Srpska”. Following
maps on distribution of Serbian spruce populations in RS-
BH given by Plavsi¢ (1936, 1937a, 1937b), Piskori¢ (1938),
Fukarek (1951b), Ballian et al. (2006) and IUCN (Aleksié¢
etal. 2017b) as well as suggestions of local foresters, all listed
sites with Serbian spruce were visited during the summer
2016, and presence/absence of viable populations was record-
ed. The sizes of populations (in ha) were estimated from the
ground, by calculating surface areas of occupancy limited by
at least six trees found on population edges. Based on that,
census sizes of populations, Nc, were estimated. At each site,
the extent of both natural regeneration and dieback of individ-
uals were recorded.

In total, 689 individuals from 14 populations were sam-
pled, from 29 to 67 individuals per population (Table 1).

Cambium samples were taken from 29 trees from population
Stru and 19 trees from population Tiso because it was impos-
sible to reach branches from the ground, while young needles
were collected from the remaining trees. Samples were col-
lected from adult individuals with dbh > 15 cm. Sampled trees
were evenly distributed throughout populations and were se-
lected at random along transects. Needles and cambium sam-
ples were dried at room temperature and kept at — 20 °C prior
to DNA extraction.

2.2 Genotyping with nuclear microsatellites

Total genomic DNA was extracted from both needles and
cambium samples following CTAB method of Doyle and
Doyle (1990). Before extraction, plant material was lyophi-
lized for 24 h and homogenized (ten needles per sample,
20 mg of cambium) with a swing mill (MM 400, Retsch
GmbH, Germany). DNA extracts were fluorometrically quan-
tified (Gene Quant Pro, Amersham Bioscience) and adjusted
to 20 ng/ul.

Ten EST-SSRs were used for genotyping, eight pub-
lished by Rungis et al. (2004) and two by Fluch et al.
(2011). They were assembled into three multiplexes
(MP) for parallel PCR amplification: MP1
(WS0022.B15, WS0092.M15 and WS00716.F13, anneal-
ing temperature Ta = 53 °C), MP2 (WS0073.HO8 and
WS00111.K13, Ta = 55 °C), MP3 (Pa_47, Pa 51,
WS0032.M17, WS0046.M11 and WS0092.A19, Ta = 62
°C). Reverse primers from each primer pair were labeled
with fluorescent dyes Cy5, IRD700 (both Biomers) and
DY751 (Metabion).

Parallel PCR amplification of loci was performed with
Type-it Microsatellite PCR kit (Qiagen, GmbH, Hilden,
Germany) for each multiplex separately. PCR reactions
were carried out in the total volume of 15 pl comprising
I pl of 20 ng/pul genomic DNA, 7.5 ul of 2 x Type-it
Multiplex PCR Master Mix, 5 pl of RNase free water and
1.5 pl of primer mix, respectively. PCR amplification was
performed with a thermocycler (Biometra, Analytic Jena)
following conditions: initial denaturation at 95 °C for 15
min; 30 amplification cycles of denaturation at 94 °C for 30
s, annealing according to multiplex for 90 s and extension
at 72 °C for 30 s; final extension of 30 min at 60 °C. PCR
amplification products were separated via capillary electro-
phoresis using 8-capillary DNA Analyzer automated se-
quencer [GenomeLab™ GeXP Genetic Analysis System
(GeXP), AB Sciex]. Sizing of fragments was performed
manually with Fragment Analyzer tool implemented in
GenomeLab Software.

The occurrence of possible genotyping errors (stuttering,
null alleles and large allele dropout) was tested using MICRO-
CHECKER 2.2.1 (van Oosterhout et al. 2004) with 1000
randomizations.
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2.3 Data analyses

Standard genetic diversity parameters (number of alleles, A; ef-
fective number of alleles, Ae; observed and expected heterozy-
gosity, Hy and Hy, allelic richness, Ar; and private allelic rich-
ness, PAr) were calculated by GenAlEx 6.5 (Peakall and Smouse
2012) and HP-RARE (Kalinowski 2005). Deviations of genotypic
distributions from Hardy—Weinberg expectations (HWE) and
genotypic linkage disequilibrium (LD) between all pairs of loci
were assessed using GENEPOP 4.0 (Rousset 2008). The effec-
tive population size (Ne) was assessed based on the linkage
disequilibrium method implemented in NEESTIMATOR v2 (Do
et al. 2014), discarding alleles with frequencies < 0.01.

Parameters of genetic differentiation among populations
(G’gz; Hedrick 2005, and Jost’s D, Jost 2008) were estimated
with GenAlEx 6.5, and their statistical significance was
assessed with 999 permutations. The same software was used
for assessing the effective number of migrants per generation
(Nm) calculated as 1/4[(1/Fs7)-1)] and for principal coordinate
analysis (PCoA) on a matrix of pairwise genetic distances
between populations (Peakall and Smouse 2012). The analy-
sis of molecular variance (AMOVA, Excoffier et al. 1992) was
carried out with Arlequin ver. 3.5 (Excoffier et al. 2005). The
distance method was the number of different alleles, and the
significance of tests was examined by 15, 000 permutations.

A measure of the contribution of each population to the
total allelic diversity (A7) and its within-subpopulation (Ayg)
and between-subpopulation (D,) components was estimated
with METAPOP2 (Lopez-Cortegano et al. 2019).

The Bayesian clustering algorithm implemented in
STRUCTURE v. 2.3 (Pritchard et al. 2000) was used to assess
the putative number of differentiated genetic clusters. The
most likely number of clusters (K) in which individuals can
be divided was assessed using the empirical statistic AK cal-
culated by STRUCTURE HARVESTER (Evanno et al. 2005;
Earl and von Holdt 2012). The default parameter settings of
the admixture model with correlated allele frequencies and no
LOCPRIOR were used, with K varying from 1 to 15. Each run
consisted of 1 x 10° burn-in iterations and 5 x 10° data col-
lection iterations, and ten runs for each K were performed.
Different runs for the same K were averaged using the soft-
ware CLUMPP (Jakobsson and Rosenberg 2007). To further
investigate the possible presence of a genetic structure among
clusters found at the strongest level of structuring (i.e. K = 2,
see Results), STRUCTURE was also run within each genetic
cluster on individuals assigned with ¢ > 0.80 with the same
settings as described above.

The heterozygosity excess test in BOTTLENECK 1.2.02
(Piry et al. 1999) was used to infer possible occurrence of a
recent bottleneck in the last 2 Ne—4 Ne generations. The two-
phase-mutation model was used, with variance of 30% and the
proportion of stepwise mutations of 70%. Statistical signifi-
cance was assessed using the one-tailed Wilcoxon test.

The isolation-by-distance (IBD) pattern (Wright 1943) was
tested by performing a Mantel test (Mantel 1967) of pairwise
population’s genetic distance matrices [G’s7/(1-G s7)] on the
linear geographic distance matrix, using GenAlEx with 999
permutations.

3 Results

3.1 Detection and census sizes of western Serbian
spruce populations

We recorded 14 viable Serbian spruce populations (Nc > 50) in
the RS-BH (Table 1, Fig. 1). Two formerly large populations,
Plistina and Bozurevac, are nowadays represented by < 10 in-
dividuals. The former was destroyed by wildfire in 1990-1995;
the latter is severely suppressed by the advancement of more
competitive species. Therefore, they were not considered as
populations but as groups of trees and were not sampled. One
additional viable population was recorded but not sampled be-
cause it was surrounded by mine fields (Novo Brdo). It is worth
noting that three additional populations cited in the literature (i.e.
Plavsi¢ 1936, 1937a, 1937b; Piskori¢ 1938; Fukarek 1951b)
were not found. They should be considered as eradicated unless
the information about their locations was not erroneous.

Estimated areas occupied by populations ranged from 0.4
(Vidi) to 60.8 ha (Vel St) and Nc from 50 (Panj) to 10,000
individuals (Vel_St) (Table 1). Poor natural regeneration was
observed at all sites, and only sporadic dieback of individuals
was recorded, mostly at low altitude, in all populations.

3.2 Genotyping and genetic diversity parameters

Ten microsatellite loci were successfully amplified in 689 in-
dividuals. The percentage of missing data was 0.46%, and
most of them were in Stru (4.75% at ten loci in 40 individ-
uals), probably due to the lower quality of DNA from cambi-
um samples. The possible presence of null alleles was low and
inconsistent among populations. Null alleles were only re-
corded at locus WS00111.K13 in two populations (Stru and
Sta_st), and at locus WS00716.F13 in one population
(Vel_St), while errors in genotyping due to the stuttering and
allele dropout were not present.

The total number of alleles at ten loci in 689 individ-
uals was 82. Ae and Arsg in overall sample were 2.524
and 4.098, respectively (Table 1). Five populations
harboured 17 private alleles, and average PArsg was
0.110. Overall, Hp and Hy were 0.465 and 0.451, respec-
tively. The distribution of Arsg and PArsg in populations is
shown in Fig. 2. Eight populations contributed positively
to total allelic diversity (Fig. 3). Among these, three pop-
ulations (Stru, Vel St and Vijo) were the largest contrib-
utors to within-population allelic diversity. A small but
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significant excess of heterozygotes was observed in six
populations and in overall sample. After Bonferroni ad-
justments of significance levels for multiple tests, signif-
icant genotypic LD was detected in 98 out of 630 tests,
with ten significant tests recorded in population Stru. Ne
ranged from 6.4 [3.3, 11.3] in Panj to o [49.2, ] in
Per ga.

Severe size reductions in the last 2 Ne—4 Ne generations were
observed in six populations of which four were located in the
north-west part of the species range in RS-BH (Grad, Panj,
Sar bu and Tiso), and two in the central part of the range
(Suv_do and Kar_st) (Appendix Table 4). According to available
literature on effects of wildfires on Serbian spruce populations
over the past 100 years (full or partial devastation of populations,
Fukarek 1951a; Coli¢ 1987), all these populations were re-
established at sites severely devastated by wildfire either 70 years
ago (Grad, Sar bu, Suv_do and Kar_st) or more recently (Panj)
with the exception of population Tiso. Recent bottlenecks were
not observed in populations Sta_st and Per ga established at sites
burned over the past 100 years, nor in those less affected by past
wildfires (Gost, Rado, Stru, Vel St and Vijo).

3.3 Genetic structure of populations

The lowest pairwise G’s7 and D values were 0.028 and
0.017, respectively, between Vel St and Kar st, and the
highest values were 0.271 and 0.185, respectively, between
Panj and Vijo (Table 2 and Appendix Table 5). All values
were statistically significant (P < 0.001). G’grand D values
in overall sample were 0.186 (+ 0.044) and 0.097 (x 0.040),
respectively. Genetic structuring of populations was indicat-
ed also by AMOVA. The 10.15% of molecular variation was
assigned to variation among populations (Table 3). The de-
tected amount of genetic differentiation among populations
was mainly due to the contribution of the two disjunct pop-
ulations, Vijo and Rado, plus the population with both the
highest allelic richness and the largest contribution to total
allelic diversity (Stru) (Fig. 3).

Bayesian clustering supported the presence of a strong ge-
netic structure within western Serbian spruce natural popula-
tions (Fig. 4), with optimal grouping at K = 2 (according to
Evanno method) and K = 10 (according to the likelihood pro-
file, Appendix Figure 7). Clustering of populations at K = 2
approximately followed a north-south direction (Appendix
Figure 8). Six neighbouring northern populations (Grad,
Panj, Sar_bu, Sta_st, Stru and Tiso) plus Gost and the disjunct
Rado comprised the first gene pool, while the remaining near-
by central populations (Kar_st, Per_ga, Suv_do, Vidi and
Vel _St) plus the disjunct Vijo formed the second one. At K
= 10, more than 50% of individuals from eight populations
were strongly assigned (¢ > 0.80) to their own distinct gene
pool, while less than 50% of individuals from the two nearby
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populations Grad and Sar bu, 3 km apart, were strongly
assigned to the ninth gene pool (the remaining individuals
were strongly assigned to neighbouring gene pools). The same
holds for another pair of populations, Panj and Sta_st(9.71 km
apart), while Vel St and Kar _st, less than 1 km distant, com-
prised individuals strongly assigned mainly to the gene pool
of'their closest neighbour, Vidi, and also to gene pools specific
for neighbouring populations.

In order to test whether delineation of ten distinct gene
pools is justified, we carried out two additional
STRUCTURE analyses with both individuals strongly
assigned to the “blue” and “red” gene pools shown in
Fig. 4. The first analysis included 294 individuals origi-
nating from all populations except Vijo, which lacked
trees strongly assigned to the “blue” gene pool, and the
optimal number of genetic groups was two (according to
Evanno method) to six (according to the likelihood
profile, Appendix 5a). The second analysis with 264 in-
dividuals from all populations except Panj and Rado,
which lacked trees strongly assigned to the “red” gene
pool, revealed that the optimal number of gene pools
was three to seven (Appendix 5b).

PCoA mostly confirmed the genetic structure highlight-
ed by Bayesian clustering, showing the main genetic re-
lationships among populations (Fig. 5). The first two prin-
cipal coordinates explained 29.94% and 15.15% of varia-
tion in genetic distances, respectively. The first PCo sep-
arated populations into two main groups mostly resem-
bling STRUCTURE results at K = 2. The position of
populations along the second PCo is concordant with
what was indicated by Bayesian clustering at K = 10. As
an example, three nearby central populations Vidi, Vel St
and Kar st clustered together and separate from the three
southern populations Per ga, Suv_do and Gost. The two
disjunct populations, Vijo and Rado, are at the margins of
the PCoA scatterplot confirming the large number of clus-
ter detected by STRUCTURE analyses both on the entire
dataset and on the main genetic clusters detected at the
uppermost hierarchical level of the genetic structure.

The number of migrants per generation, reflecting histori-
cal gene flow, ranged from 1.11 between Panj and Vijo (dis-
tant 39.25 km) to 8.95 migrants per generation between
Kar st and Vel St (distant 0.72 km), with average number
of migrants per generation of 2.68 in overall sample (average
distance between populations 23.26 km) (Appendix Table 6).
Upon exclusion of two disjunct populations, overall Nm in-
creased to 3.09 migrants per generation between populations
distant 11.94 km on average. A significant correlation be-
tween geographic and genetic distance for all pairwise popu-
lations was found (» = 0.613, P < 0.001, Fig. 6). Such IBD
patter was characterized by a steep relationship up to 20 km,
when a plateau was reached.
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Fig. 1 Distribution of remnant Serbian spruce populations within an area
of ¢. 200 km?. The main part of the species distribution range is around
the mid-course of the Drina River, in area west of the river (eastern part of
the Republic of Srpska, Bosnia and Herzegovina, RS-BH) and east of the
river (western part of the Republic of Serbia, RS) in the central Balkans.

4 Discussion

The vulnerability of Serbian spruce due to its limited
natural range and the low number of small-sized rem-
nant populations makes it a priority target for conserva-
tion actions (Iveti¢ and Aleksi¢ 2016, 2019). The onset
of conservation initiatives in Serbian spruce dates back
to 1955 (Iveti¢c and Aleksi¢ 2016, 2019). This species
was IUCN-red listed later on (Conifer Specialist Group
1998), and a network of seven GCUs, aimed at main-
taining the species’ adaptive potential (Koskela et al.
2013; Lefévre et al. 2013), has been recently established
(EUFGIS 2007-2011). However, we demonstrate that
ongoing conservation measures, not based on genetic
knowledge, are likely to be ineffective in achieving their
goals. Given the already visible detrimental effects of
the global warming on Serbian spruce (e.g. the

Locations of three disjunct populations are shown in the right lower
figure. All western populations from the RS-BH were used in the
present study (black circles). Eastern populations from the RS (white
circles, labelled with capital letters) were studied elsewhere

drought-induced physiological weakening of trees
followed by infestation by Armillaria ostoyae observed
in RS, Iveti¢c and Aleksi¢ 2016), its exceptionally limit-
ed dispersal ability (Aleksi¢ and Geburek 2014; Aleksic¢
et al. 2017a ), and the lack of suitable habitats at higher
elevations within the species’ natural range, Serbian
spruce persistence in its natural habitat in the next de-
cades is uncertain unless effective conservation mea-
sures are undertaken (Iveti¢ and Aleksi¢ 2016, 2019).
Our work, along with previous genetic studies on
Serbian spruce (e.g. Aleksi¢ and Geburek 2010, 2014),
represents the necessary starting point to improve
existing in situ conservation efforts and to set up ex
situ conservation actions. These actions should be
coupled with the establishment of an efficient GCU net-
work for the dynamic conservation of this exceptional
and fragile forest genetic resource.
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Fig. 2 Geographic distribution of ® 4.5<Ars<5.0

allelic richness and private allelic PG :Ziig
richness in Serbian spruce ® 3.0<Arsg<3.5
western populations. Allelic O BE=lnsal
richness was calculated after

rarefaction to 58 gene copies

(Arsg), i.e. 29 individuals

4.1 Current census data of western Serbian spruce
populations

Although the natural range of Serbian spruce is nowadays
only ~ 200 km?, the exact number and sizes of its remnant
fragmented populations are uncertain, and this represents the
first obstacle for any conservation action (Frankham et al.
2002). For instance, an accurate distribution map of Serbian
spruce is still lacking, and the most comprehensive one avail-
able to date is that provided within the most recent IUCN
report (Aleksi¢ et al. 2017b), which is concordant with the
first descriptions of the species’ natural range (e.g. Plavsi¢
1936, 1937a, 1937b; Piskori¢ 1938; Fukarek 1951b).
However, the most recent literature about the species genetic
layout accounts for often contrasting descriptions of extant
populations (e.g. Ballian et al. 2006 and Nasri et al. 2008 vs.
Aleksi¢ et al. 2017b). The inconsistency about the number and
sizes of remnant Serbian spruce populations most likely re-
sults from the lack of monitoring of demographic changes of
populations in both RS-BH and RS since the first descriptions
of the species distribution (Plavsi¢ 1936, 1937a, 1937b;
Piskori¢ 1938; Fukarek 1951b). In the meanwhile, frequent
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wildfires affected ~ 40% of populations, especially in the
western part of its range (Fukarek 1951a; Coli¢ 1987).
Although some populations were completely devastated more
than once, most of them successfully re-established at burned
sites (Coli¢ 1987).

After a comprehensive field survey carried out during the
summer 2016, we recorded 15 viable Serbian spruce popula-
tions with Nc > 50 in the western part of the species distribu-
tion, of which 14 were included in the present study. Although
these estimates have to be taken with caution because we used
rather unsophisticated methods for their assessment, they rep-
resent a first step towards clarifying the current size of western
Serbian spruce populations which might be useful until more
precise data will be collected. The future usage of up-to-date
methods for assessing the size of forest patches, such as re-
mote sensing based on LIDAR technology, will most
likely provide improved estimates of areas occupied by
populations. However, considering that Serbian spruce often
vegetates in terrains characterized by extreme steepness and
roughness (Ballian et al. 2016) and/or in mixed forests at
highly heterogeneous density (Aleksi¢ and Geburek 2010),
we deem that the estimates of census size presented here,

EQ&QQQEHQ
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Table 2  Estimates of pairwise population Hedrick’s G’s7 (Hedrick 2005) (below diagonal), and geographic distances of populations in kilometres

(above diagonal). The lowest and the highest values are given in italics

Gost Grad Kar St  Panj Per ga  Rado  Sar bu Sta st Stru Suv_do  Tiso Vel St Vidi Vijo

Gost 0 1829  9.04 21.72  11.50 72.47  21.11 1482 16.70  12.39 3072 8.33 9.44 28.28
Grad 0.150 0 9.27 5.82 16.24 7739 3.01 10.62  2.87 16.31 13.13  9.97 8.86 39.89
Kar St  0.115 0.069 0 13.26  11.01 7474 12.15 9.48 7.96 11.56 2199  0.72 0.45 33.55
Panj 0.180  0.097 0.131 0 16.35 73.89 397 9.71 5.37 16.10 9.12 13.84 12.81  39.25
Per ga 0.177  0.145  0.105 0244 0 63.74 1793 6.68 13.48  0.89 25.11  10.65 10.96  23.65
Rado 0.206 0.157  0.156 0228 0.223 0 7747 67.12 7463  63.18 77.97 7440 74.66 4627
Sar bu  0.097 0.034 0.070 0.068 0.154 0.182 0 11.72  4.68 17.86 10.12  12.82 1172 4141
Sta_st 0.152  0.118 0.077 0.082  0.156 0218 0.076 0 7.76 6.39 1843  9.58 9.16 29.73
Stru 0.217  0.109  0.121 0.108  0.201 0222 0.083 0.098 0 13.51 14.05  8.58 7.52 37.10
Suv do  0.125 0.104  0.067 0.183  0.050 0.164  0.120 0.127  0.160 0 2475 11.24 1148  23.59
Tiso 0.170  0.106  0.135 0.089  0.194 0.190  0.088 0.115  0.132 0.143 0 22.62 21.54  47.13
Vel St 0.137  0.099  0.028 0.144  0.122 0.186  0.103 0.107  0.127  0.075 0.160 0 1.11 32.98
Vidi 0.185 0.135 0.052 0.202  0.201 0233  0.138 0.155  0.170  0.160 0214  0.070 0 33.66
Vijo 0.189  0.202 0.118 0.271  0.192 0221  0.188 0219 0250 0.151 0.250  0.140 0.185 0

carried out by observers with > 10-year experience in working
with Serbian spruce populations, will represent an important
benchmark for comparing data collected by interpretation of
aerial images.

4.2 Genetic layout of western Serbian spruce
populations

The second obstacle for the development of conservation ac-
tions for Serbian spruce is the insufficient and often contrast-
ing genetic information on its populations. To overcome this
obstacle, we provided high-resolution genetic data for genet-
ically understudied western populations, comparable to those
available for eastern populations, and demonstrate the similar-
ity of the main features of the genetic structure of western and
castern populations.

Western populations are characterized by slightly lower
levels of genetic diversity (Hy ranging from 0.397 to 0.497)
as well as effective population sizes (Ne < 50 in ten popula-
tions) than eastern ones (Aleksi¢ and Geburek 2014). The
number of migrants per generation together with the IBD pat-
tern detected showed a steep relationship between geographic
and genetic distance up to 20 km. Average and pair-wise

differentiation indices are markedly high considering what
was usually found for other conifers with similar dispersal
syndromes at larger spatial scales (e.g. Tollefsrud et al.
2009; Awad et al. 2014; Wagner et al. 2015; Piotti et al.
2017). These findings are consistent with previous indications
pointing towards limitations to gene flow in Serbian spruce
(Aleksi¢ and Geburek 2014; Aleksi¢ et al. 2017a) despite its
rather light pollen and seeds (Kohlermann 1950). Such limited
but still effective genetic connectivity likely determined the
presence of ten distinct gene pools among the 14 populations
included in our study.

Another phenomenon accounting for the observed genetic
structure among western populations is the source-sink dynamics
determined by wildfires (Shohami and Nathan 2013). As already
mentioned, wildfires were more frequent in the western part of
the species range distribution over the past 100 years (Fukarek
1951a; Coli¢ 1987), and the most devastating ones, occurring
during 19461947, were most likely deliberately caused by local
people. Available data on effects of wildfires on Serbian spruce
populations demonstrate that viable populations were re-
established at more or less all sites burned 70 years ago (Coli¢
1987). This is in accordance with findings on the light require-
ments for the development of Serbian spruce seedlings (Tuci¢

Table 3 Outcomes of the analysis of molecular variance (AMOVA)

Source of variation daf. Sum of squares ~ Variance components  Percentage of variation  Fixation indices

Among populations 13 348.298 0.25144 10.15 Fgr=0.10147 (P = 0.000)
Among individuals within populations 675 1444.087 —0.08705 —3.51 F;s=—0.03910 (P = 1.000)
Within individuals 689 1594.000 2.31350 93.37 Fr=0.06634 (P = 0.000)
Total 1377  3386.385 2.47788

d.f. degrees of freedom
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Fig. 4 Outcomes of the Bayesian
clustering presented with
individual ¢ values at K = 2 and K
= 10. The assignment probability
of each population to genetic
clusters inferred at K =2 and K =
10 is given in Appendix Figure 8

and Stojkovi¢ 2001) which suggest facilitated natural regenera-
tion of this pioneer species at open sites as opposed to dense
forests (when density can reach 1200 ind/ha, Aleksi¢ et al.
2017a). Re-establishment of Serbian spruce following distur-
bances such as wildfires was also common during the
Holocene history of this species (Finsinger et al. 2017). These
pieces of evidence would imply that wildfires might play an
important role not only for natural regeneration of the species
but also in modelling the genetic structure of its populations.
However, genetic consequences of wildfire on Serbian spruce
have not been studied to date. Although the quality of available
data on wildfires does not allow a quantitative assessment of their
influence on the distribution of genetic diversity in Serbian
spruce, the comparison of results between populations differently
affected by wildfires allowed us to make some preliminary con-
siderations about this issue.

We found that almost all western populations affected
by wildfire during the 20th century harbour signs of the
recent bottleneck, and interestingly, they usually keep their
genetic distinctiveness suggesting prevalent development
of seedlings from locally surviving trees. For instance, in
an area where five adjacent populations were present be-
fore the wildfire in 1946-1947 (Fukarek 1951b; Coli¢
1987), two populations are currently found, Grad and
Sar bu. They are distant 3 km, and mainly comprise indi-
viduals strongly assigned (g > 0.80) to the same and unique
gene pool. Another pair of populations, characterized by
similar disturbance history and a unique shared and pre-
dominant gene pool, are Panj and Sta st, 10 km distant.
However, in STRUCTURE analyses at K > 10, they were
split into different gene pools, each corresponding to one
population (data not shown). This would suggest that the

Fig. 5 Outcomes of the principle
coordinates analysis (PCoA). The
scores of populations are given in
the space defined by the first and
second coordinate and are
presented as pies showing the
assignment probability of each
population to genetic clusters
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effects of genetic drift can grow faster at a geographic
distance higher than 3 km, where gene flow is likely ex-
tremely difficult (Aleksi¢ and Geburek 2014; Aleksic et al.
2017a). On the other hand, a population fully destroyed
and recovered two times over the past 100 years, Kar_st,
is highly genetically similar to the nearby population
Vel St (0.72 km distant), exposed to multiple but less
severe wildfires in the past (Coli¢ 1987). Although such
considerations are based on limited and outdated litera-
ture on the occurrence of wildfire in Serbian spruce
populations (e.g. Fukarek 1951b; Coli¢ 1987), they
point towards the importance of nearby seed sources
for the species to be able to recover after severe
disturbances.

4.3 Implications for the dynamic conservation
of Serbian spruce

The current network of Serbian spruce GCUs comprises seven
units in the western part of the species range (EUFGIS 2007—
2011). The size of three GCUs (BIH00001, BIH00094,
BIH00093) corresponds roughly to half of the extant size of
natural populations Stru, Tiso and Vel St, respectively. The
area of the fourth GCU (BIH00069) is almost four times larger
than the actual size of the Gost population (25.8 ha vs. 7.1 ha),
which is not expected in case of the species-orientated conser-
vation strategy with a single target species (Koskela et al.
2013; Lefévre et al. 2013). Disregarding issues related to the
size of extant GCUs covering western natural populations, we
found that as much as 14% of alleles of western populations
are not present in the extant network of four GCUs. The per-
centage of uncaptured alleles would most likely increase sub-
stantially if eastern, genetically distinct and highly diverse
populations (Aleksi¢ and Geburek 2014) are also taken into
consideration.

The remaining three GCUs (Table 1) were not included
into our study because they are planted stands established

with the material of unknown origin (Mataruga et al. 2005)
which cannot be resolved with low-resolution allozyme
markers (Ballian 2006). Since it is unreasonable to allocate
resources on conservation of unknown and potentially de-
pleted material, keeping planted stands in the GCU net-
work for Serbian spruce is not recommended at this stage
because of the lack of knowledge on their conservation
values as GCUs. Although we do not recommend their
removal, as it might be useful when plantations represent
a relevant source of pollen to small autochthonous
stands (Santini et al. 2018), they may be re-purposed.
They have been used to date for studying, for instance,
seed germination (Cvjetkovi¢ et al. 2013). Altogether, this
would imply that the current network of GCUs in Serbian
spruce is highly inefficient in maintaining available genetic
diversity in this species, and thus, it should be improved.

Considering the genetic structure emerging from our anal-
yses, i.e. ten highly diverse but poorly connected and differ-
entiated gene pools, and the facts that almost all studied pop-
ulations have defined surface areas and Ne > 15, thus fulfilling
the basic requirements for designation as GCUs (Koskela
et al. 2013), the most parsimonious strategy to select popula-
tions for the dynamic conservation of western Serbian spruce
FGR should be to delineate at least ten GCUs. In this
case, eight GCUs would correspond to distinct popula-
tions, and two would encompass only one population
from each of the two pairs of genetically distinct but
admixed populations belonging to the same gene pool
(Grad/Sar_bu, and Panj/Sta_st).

However, since the management of a large number of
GCUs requires substantial labour and financial resources,
an available option is to prioritize populations for conser-
vation based on their contribution to within- and between-
population allelic diversity (Lopez-Cortegano et al. 2019).
Overall, nine populations positively contribute to single or
both components of allelic diversity, and the effort needed
for their conservation is in line with what emerged from the
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analyses of the genetic structure. Among analysed popula-
tions, a triplet showed an outstanding contribution to alle-
lic diversity. Population Stru, from the core of the species
range, and the disjunct population Vijo are globally impor-
tant because of their high and positive total contribution for
both allelic diversity and differentiation. The second stud-
ied disjunct population, Rado, stands out for its substantial
positive contribution to the between-population compo-
nent of allelic diversity. Although such ranking of popula-
tions relative to their contribution to total allelic diversity
and its components facilitates delineation of the most im-
portant ones for conservation purposes, it is worth noting
that focusing financial resources and conservation action
only on three populations might be a risky strategy in an
environment particularly prone to wildfires (Fukarek
1951a; Coli¢ 1987) and for an endangered species
(Aleksi¢ et al. 2017b).

On the other hand, in case that the labour and financial
aspects would not be an issue, the safest strategy to conserve
Serbian spruce extant genetic variation is to designate all
populations that fulfil criteria recommended by Koskela et al.
(2013) as GCUs. This is reasonable because Serbian spruce
populations are expected to follow different evolutionary tra-
jectories in terms of the rather limited gene flow typical for this
species (Aleksi¢ and Geburek 2014; Aleksi¢ et al. 2017a), and
because conservation value of certain admixed populations
may not be clearly evident based on nuclear data. For instance,
only western populations Kar st and Vel St harbour, at low
frequency, mitochondrial haplotypes (D. Gémory, unpublished
data) exclusively found in a single eastern population (Aleksi¢
and Geburek 2014; Aleksic et al. 2017a). Since two populations
included in our study (i.e. Gost and Vel St) were also analysed
by Aleksi¢ and Geburek (2014), it is likely that at least 22
GCUs are needed to preserve most of the genetic variation
currently available in the natural range of the species.
However, such consideration at the species level should be
taken with caution because a study on all Serbian spruce natural
populations relaying on the same marker set is not available yet.

Our suggestion to include all Serbian spruce populations
into the network of GCUs points towards a “one
population-one unit” strategy for delineation of GCUs
which has not been proposed previously for any rare and
endangered tree species in Europe and worldwide (e.g.
EUFGIS 2007-2011; Li et al. 2018). Nonetheless, such
strategy is well-supported by comprehensive genetic sur-
veys (our study and the study of Aleksi¢ and Geburek
2014) that highlight a specific genetic structure in
Serbian spruce (high within- and among-population diver-
sity, poor connectivity of populations, and Ne > 15) which
is not concordant with expectations on genetic layouts of
tree species with limited natural range and fragmented dis-
tribution of small-sized populations (Leimu et al. 2006;
Honnay and Jacquemyn 2007). The observed genetic
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structure in Serbian spruce results from the species long-
term persistence in a glacial refugium in which mainte-
nance of high levels of genetic diversity and high genetic
differentiation of populations were enabled through the
specific population dynamics over time (Aleksi¢ and
Geburek 2014). Thus, our approach may be suitable for
populations of tree species confined to glacial refugia.
Since active intervention is not allowed in Serbian
spruce natural populations due to the current rigid conser-
vation strategy applied in RS-BH and RS, it is necessary
to change relevant legislation frameworks in both coun-
tries, i.e. to allocate category 1.2 of the FOREST
EUROPE-MCPFE to designated GCUs, in order to allow
management with active intervention. Selective removal
of competitors will facilitate otherwise poor natural regen-
eration in populations, while prescribed burning
programmes aimed at reducing species vulnerability
(Finsinger et al. 2017) might be recommended only when
aimed at reducing competition to promote the expansion
of extant populations. On the other hand, considering the
peculiar genetic structure of the species, prescribed burn-
ing programmes potentially affecting extant populations
should be strictly avoided. Planting of seedlings and/or
direct seeding from carefully selected sources is expected
to increase the resilience of populations and to ensure
their persistence and recovery after a catastrophe
(Koskela et al. 2013). We have to emphasize that these
actions, which require substantial resources, may not suc-
ceed in enabling even the short-term survival of Serbian
spruce (Iveti¢ and Aleksi¢ 2016, 2019). This is because of
the detrimental effects of the climate warming on this
cold-adapted species and rather slim odds to survive in
situ even in the near future (Iveti¢ and Aleksi¢ 2016,
2019). However, they are necessary until conditions for
implementation of ex sifu measures are met. These mea-
sures, which comprise establishment of seed banks, seed
orchards, clone collections as well as a controversial
approach-assisted migration, require planning, commit-
ment, resources and coordinated actions of scientists and
relevant authorities in two countries, RS-BH and RS.

5 Conclusions

\Current efforts on Serbian spruce conservation, implemented
in the mid-20th century without any genetic knowledge on the
species, will be likely ineffective in maintaining the species
genetic diversity and preserving its adaptive potential. We
showed that the extant GCU network does not adequately
cover the genetic diversity of the species. Given the peculiar
genetic structure likely linked to both historical factors and
gene flow limitations (Aleksi¢ and Geburek 2014; Aleksi¢
et al. 2017a), we argue that selecting a limited number of
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GCUs for the species’ dynamic conservation might be risky.
Nonetheless, a prioritized list of populations for conservation
has been provided based on the genetic information collected.
Such ranking can be useful in case of need to optimize the
allocation of scarce resources, but should be taken with caution
considering the fire-prone environment hosting Serbian spruce.
We also stress that resources allocated to the in sifu conservation
of Serbian spruce will enable only its short-term survival be-
cause of the potentially detrimental effect of climate warming
on this cold-adapted species. Nonetheless, these measures are
essential to safeguard sufficient genetic diversity for the imple-
mentation of scientifically based ex sifu measures.
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p value (one-tailed Past wildfires

Wilcoxon test)

Appendix 1
Table 4 Outcomes of the -
heterozygosity excess test in Population
BOTTLENECK 1.2.02 (Piry
et al. 1999) used to infer possible
occurrence of a recent bottleneck 1 Gost
in the last 2 Ne—4 Ne generations 2 Grad
using the two-phase-mutation 3 Kar st
model, with variance of 30% and -
the proportion of stepwise 4 Sar_bu
mutations of 70%, and data on 5 Sta_ st
populations recovered at sites 6 Stru
fully or partially devastated by
past wildfires over the past 100 7 Suv._do
years (Fukarek 1951a, 1951b; 8 Panj
Coli¢ 1987) 9 Per_ga
10 Rado
11 Tiso
12 Vel St
13 Vidi
14 Vijo

0.08203 Partially devastated and recovered
0.01855 Fully devastated and recovered
0.00488 Fully devastated and recovered
0.06445 Fully devastated and recovered
0.17969 Fully devastated and recovered
0.91992 Partially devastated and recovered
0.00195 Fully devastated and recovered
0.01367 Fully devastated and recovered
0.17969 Fully devastated and recovered
0.45508 Partially devastated and recovered
0.02441

0.45508 Partially devastated and recovered
0.54492

0.32031 Partially devastated and recovered
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Appendix 2
Table 5 Estimates of pairwise population Jost’s D (Jost 2008)
Gost Grad Kar St Panj Per ga Rado  Sar bu Sta st Stru Suv_do  Tiso Vel St Vidi Vijo
Gost 0
Grad 0.102 0
Kar St 0075 0045 O
Panj 0.119  0.063  0.085 0
Per ga  0.118  0.098  0.068 0.165 0
Rado 0.136  0.104  0.101 0.149  0.148 0
Sar bu  0.065 0.023  0.046 0.044  0.104 0121 0
Sta_st 0.100  0.079  0.050 0.052  0.103 0.143  0.049 0
Stru 0.147  0.073  0.080 0.069  0.136 0.148  0.055 0.063 0
Suv do  0.085 0.072  0.045 0.124  0.033 0.109  0.083 0.085 0.109 0
Tiso 0.113  0.071  0.089 0.056  0.130 0.124  0.058 0.074  0.087  0.097 0
Vel St 0.088  0.065 0.017 0.092  0.078 0.119  0.067 0.068  0.082  0.048 0.104 0
Vidi 0.119  0.088  0.032 0.129  0.130 0.149  0.090 0.098  0.109 0.105 0.139  0.042 0
Vijo 0.126  0.139  0.077 0.185  0.128 0.146  0.128 0.147  0.172  0.102 0.171  0.090 0.118 0
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Appendix 3
Fig. 7 Inferring optimal number a L(K) (mean +- SD)
of genetic clusters from
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Appendix 4

Fig. 8 Outcomes of the Bayesian
clustering presented according to
the assignment probability of
each population to genetic
clusters inferred at K = 2 (left) and
K =10 (right). Outcomes of the
Bayesian clustering based on
individual g values at K =2 and K
=10 are given in Fig. 4
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Appendix 5

Sub-structure analysis for the 'blue’ cluster in Fig. 4a
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Appendix 6

Table 6 Number of migrants per generation (Nm) indicative of the historic gene flow

Gost Grad Kar St Panj Per ga  Rado Sar_bu Sta_st Stru Suv_do Tiso Vel St Vidi Vijo
Gost 0
Grad 1.98 0
Kar St 3.16 443 0
Panj 1.60 3.53 2.73 0
Per ga 2.04 2.29 3.61 1.47 0
Rado 1.68 2.03 2.05 1.21 141 0
Sar bu 2.76 7.97 493 5.13 2.39 1.63 0
Sta_st 1.94 2.62 4.32 3.88 2.30 1.30 436 0
Stru 1.45 321 2.74 3.17 1.72 1.46 391 3.20 0
Suv_do 2.98 3.12 5.04 1.87 5.99 2.13 2.88 2.46 1.98 0
Tiso 1.93 3.14 2.80 3.71 2.07 1.49 3.80 2.84 2.35 2.49 0
Vel St 2.59 2.71 8.95 2.20 2.73 1.60 2.95 327 243 345 2.12 0
Vidi 1.81 2.36 6.47 1.81 1.79 1.27 2.70 2.75 2.10 2.10 1.66 5.04 0
Vijo 1.82 1.52 242 1.11 1.53 1.39 1.60 1.28 1.21 2.29 1.18 1.93 1.55 0
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