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Genetic diversity of core vs. peripheral Norway spruce native
populations at a local scale in Slovenia

We investigated the levels of genetic diversity and population differentiation
among core and peripheral populations of Norway spruce along an altitudinal
gradient (from inversions to upper tree line) using isoenzymes (ISO) and
nuclear simple-sequence repeats (SSR) markers on overlapping set of popula-
tions. Twenty-seven to seventy trees from 11 and 7 populations were geno-
typed with isoenzymes and SSRs, respectively. The results partially conform to
the expectations of the central-peripheral hypothesis (CPH) and are consistent
for both marker sets. Genetic differentiation among peripheral populations
was low but significantly different from zero (Fsr.so = 0.013, Fsr.ssk = 0.009) and
higher than that among core populations (Fsriso = 0.007, Fsr.ssr = 0.005), con-
forming to central peripheral hypothesis. Contrastingly, levels of genetic diver-
sity assessed by both richness and equitability measures did not significantly
differ between peripheral and core populations (Ariso = 2.20 vs. 2.14, Apssk =
17.16 vs. 17.68, Heiso = 0.183 vs. 0.185, and Hessk = 0.935 vs. 0.935 for
peripheral and core populations, respectively).
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Introduction

Norway spruce (Picea abies [L.] Karst.) is
among the most important conifer tree
species in Europe and in Slovenia. It can
grow on diverse sites, and often forms con-
tinuous stands, either alone or in mixtures
(Skreppa 2003). In general, it exhibits high
levels of genetic variability within popula-
tions and low levels of differentiation (Lan-
gercrantz & Ryman 1990, Miiller-Starck
1995, Vendramin et al. 1999, Sperisen et al.
2001, Scotti et al. 2006, Meloni et al. 2007).

Still, the central-peripheral population hy-
pothesis (CPH) of Mayr (1963) and the ex-
tension of the abundant center model to
population size and gene flow (Eckert et al.
2008) predict that peripheral populations
(i.e., populations at the range limits) would
have reduced genetic diversity and in-
creased genetic differentiation, as com-
pared to core populations (i.e., those from

versity, Genetic Differentiation, Upper Tree Line, Inversion

the inner part of the species’ range), due
to supposedly lower effective population
size, higher genetic drift, founder effect
and isolation, or a combination of these
factors.

This hypothesis has been formerly investi-
gated in many plant and animal species. As
for plants, a reduced within-population ge-
netic diversity towards periphery of the
species’ range has been found in 64.2% and
increased differentiation in 70.3% of the
studies, as reviewed by Eckert et al. (2008),
thus supporting the CPH. Also for forest
trees, empirical support of CPH varies
across studies. For example, range-wide di-
versity and differentiation are consistent
with CPH for Thuja occidentalis (Pandey &
Rajora 2012) and Pinus contorta (Fazekas &
Yeh 2001), but not for Pinus strobus (Rajo-
ra et al. 1998) and Liriodendron chinense
(Yang et al. 2016). On the other hand, a
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simulation study considering the effect of
the interaction between migration, genetic
drift, and time of population establishment
on genetic diversity of peripheral vs. core
populations, found that the pattern of ge-
netic diversity of passive dispersers such as
trees is not expected to conform to CPH
(Dai & Fu2011).

Looking at vertical gradients, genetic di-
versity varies following four distinct pat-
terns, one of them being concordant with
CPH (Ohsawa & Ide 2008). However, only
11 out of the 42 studies on forest trees re-
viewed by Ohsawa & Ide (2008) were con-
sistent with the expectation of highest di-
versity in the core (i.e., the vertical center
of the gradient) and lower diversity at pe-
riphery (i.e., the distal ends of the gradi-
ent), while 53% of studies exhibit higher or
equal genetic diversity at the upper range
periphery than in the gradient center
(core). This is important as populations at
the upper range periphery are expected to
colonize higher elevation sites in response
to climate change (Fady et al. 2016).

Here, we contribute empirical knowledge
to the debate on patterns of genetic diver-
sity and differentiation between core and
peripheral populations of Norway spruce.
The studied populations are located in a
small area at the upper tree line or in Karst
sinkholes with vegetation inversion, which
includes two distinct cases of vertical pe-
riphery. We employed richness and equi-
tability measures based on isoenzyme and
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nuclear SSR markers to test CPH along an
elevation gradient.

Genetic richness is a measure of the total
amount of diversity which is more sensitive
to the presence of rare alleles, and it is
likely reduced by the stochastic processes
occurring at the upper range limits (e.g.,
bottlenecks, fluctuations in population
size). Contrastingly, equitability is more
sensitive to high-frequency alleles and re-
flects how the diversity is partitioned
among sites (Concord et al. 2012, Eckert et
al. 2008).

Periphery may or may not represent eco-
logical marginality or vice versa (Fady et al.
2016). Different habitats of peripheral Nor-
way spruce populations at the upper tree
line in the Alps may have favored specific
genetic characteristics (Bergmann 1991,
Holzer 1985, Bozic 2002). Therefore, we
also explored the correlation of genetic di-
versity estimates to environmental factors
using the isoenzyme dataset.

Materials and methods

Study sites and field sampling

Dormant buds of vital trees > 30 m apart
and belonging to dominant and codomi-
nant crown classes were sampled from 15
distinct populations of Norway spruce in
1999, 2000 and 2005 (Tab. 1). The number
of sampled trees in each population
ranged from 30 to 70. In no case, all domi-
nant trees in a population were sampled.
All sampled populations were naturally re-
generated, putatively autochthonous and
large enough, harboring at least 100 repro-
ducing trees, for population size not to be
a confounding factor. Natural regeneration
was present at all study sites. The stand
characteristics, ecological conditions and
number of trees sampled are presented in
Tab. 1. The location of the studied popula-
tions is reported in Fig. S1 (Supplementary
material).

The sampled populations were classified
as: (i) core populations, i.e., located in the
core of the distribution range; or (ii) pe-
ripheral populations, growing either at the
upper tree line or in a vegetation inversion.
The latter is a common phenomenon in Di-
naric Karst where the landform depresses
below the surrounding area and the tem-
perature decreases towards the depres-
sion bottom. The temperature inversion
determines an inversion of the vegetation
belts, whereby beech forests grow on the
hilltop, followed by Norway spruce stands,
and dwarf pine and other small shrubs at
the bottom (see Fig. S2 in Supplementary
material).

Isoenzyme analysis

Enzyme extraction from dormant buds
was performed according to Rhodes
(1977). Electrophoresis conditions, staining,
and genotyping followed Konnert & Mau-
rer (1995). The laboratory part of the analy-
sis was carried out at the Bayerische Amt
flr forstliche Saat und Pflanzenzucht in
Teisendorf, Germany. Overall, 9 enzyme
systems yielding 15 coding gene loci were
analyzed (E.C. Code, loci: 2.6.1.1, Aat-A, Aat-
B, Aat-C; 1.1.1.42, Idh-A, Idh-B; 1.1.1.37, Mdh-
A, Mdh-B, Mdh-G; 1.4.1.2, Gdh-A; 3.4.11.1, Lap-
B; 5.3.1.9, Pgi-B; 2.7.5.1, Pgm-A; 1.1.1.25,
Skdh-A; 1.1.1.44, 6-Pgdh-B, 6-Pgdh-C).

SSR analysis

Total DNA was isolated from dormant
buds using the DNeasy® plant kit (QIAGEN,
Germany), as per the manufacturer’s speci-
fications. All samples were genotyped at 6
highly variable microsatellite loci: SpAGG3
(Pfeiffer et al. 1997); EAC1F04 (Scotti et al.
2002); PAAC19, PAAC3 (Scotti et al. 2000);
paGB8 (Besnard et al. 2003); and PGL15
(Rajora et al. 2001). Polymerase chain reac-
tions (PCRs) were performed as described
by Westergren (2010). The sizing of the
PCR products was performed on an ABI

PRISM 310° automatic sequencer with the
accompanying software Gene Mapper® v.
3.7 (Thermo Fisher Scientific Inc., Waltham,
MS, USA).

Data analysis

Genetic diversity analysis was carried out
separately for the isoenzyme and SSR data-
sets. Estimates of genetic diversity (allelic
richness (Ag), expected (He) and observed
(Ho) heterozygosity, and inbreeding coeffi-
cient (Fis) were calculated using the soft-
ware package SpaGeDi v. 1.4 (Hardy & Ve-
kemans 2002). To test for significant differ-
ence in mean values of genetic diversities
between peripheral and core populations,
a t-test with Welch’s modification for un-
equal variances between groups was calcu-
lated in R (R CoreTeam 2016). Departure of
Fis from zero was tested using bootstrap-
ping (10,000 permutations) in SpaGeDi. De-
viations from the Hardy-Weinberg equilib-
rium and linkage disequilibrium between
loci were tested running 10,000 permuta-
tions with the software Genepop v. 4.0
(Rousset 2008). Presence of null alleles
was checked using the EM algorithm imple-
mented in FreeNA (Chapuis & Estoup 2007)
followed by correction of the dataset to
meet the estimated frequencies of each al-
lele in each population according to the EM
algorithm. For the selectively neutral SSRs,
the number of migrants (Nm) was esti-
mated based on the private allele method
implemented in Genepop.

Pairwise and global Fsr values were calcu-
lated and their significance tested using
10,000 permutations with SpaGeDi. Ge-
netic differences between populations
were also investigated using a model-
based clustering algorithm implemented in
Structure v. 2.3.4 (Pritchard et al. 2000,
Falush et al. 2003, Hubisz et al. 2009). To
estimate the best number of distinct clus-
ters and to average the results of the repli-
cated runs, the CLUMPAK software (Kopel-

Tab. 1 - Main characteristics (type of periphery, selected environmental descriptors and sampling details) of the 15 Slovenian Nor-
way spruce populations included in this study. (Tsm): mean May-June temperature sum (°C); (Psum): mean May-June precipitation
sum (mm); (N): number of genotyped (sampled) trees (I: isozymes; SSR: simple-sequence repeats); (Flushing): time of leaf flushing.

Population Z‘;F;en;))f periphery Bedrock I(Ert?\;a:]?r; (T“é“) (::g) N Flushing
Lipanca (LIP) Upper tree line Calcareous 1500 16 360 50 I, 30 SSR 1-10 June
Pungart (PP) Upper tree line Calcareous 1500 19 310 501 1-10 June
Veza (VE) Upper tree line Calcareous 1500 23 310 501 21-31 May
Goteniski Sneznik (GS) Upper tree line Calcareous 1300 23 290 511 1-10 June
Crno jezero (CJ) Upper tree line Igneous 1200 23 290 27 (30) SSR 21-31 May
Pod Trsarjevimi rastisci (TR) Inversion Calcareous 1200 20 360 701 1-10 June
Smrekova Draga (SD) Inversion Calcareous 1150 21 290 66 1, 30 SSR 21-31 May
Velika Padeznica (VP) Inversion Calcareous 1200 20 360 521,28 (30) SSR  1-10 June
Tonetova bajta (TB) Igneous 1150 29 340 501 1-10 June
Lipniska planina (LP) Igneous 1300 29 280 701 1-10 June
Ledine (LED) Igneous 1150 24 320 56 | 21-31 May
Smrecje (SMR) Calcareous 1100 22 290 501 21-31 May
Sijec (SJ) Igneous 1200 20 360 30 SSR 21-31 May
Jerebikovec (JER) Calcareous 800 20 360 30 SSR 1-10 June
Pevc (PE) Calcareous 700 30 320 30 SSR 11-20 May
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man et al. 2015) was used. The default
model parameters using populations’ pri-
ors were used for simulations, allowing
number of populations K to vary from 1to 7
for both datasets. Each run, replicated 8
times, consisted of 400,000 burn-in itera-
tions and 600,000 data collection itera-
tions.

Bonferroni’s corrections were applied to
adjust critical values in case of multiple
comparisons.

Correlations of genetic diversity
estimates to environmental factors

In Alpine conifers, precipitation, tempera-
ture and soil play a significant role in shap-
ing genetic variation and local adaptation
(Mosca et al. 2012, 2014). To understand
whether genetic diversity (Ag, He, Ho,) and
Fis correlate with environmental factors
and elevation, Spearman’s correlation co-
efficient (p) was used. Cambium activity in
temperate regions is regulated by temper-
ature, rainfall and photoperiod, and re-
flects the environmental adaptivity of trees
(Begum et al. 2013). Radial growth, a result
of cambial activity, of Norway spruce adult
trees in the Alps is affected positively by
high precipitation during May-June period,
while higher mean temperature under the
same period had a negative effect (Schus-
ter & Oberhuber 2013). Therefore, we fo-
cused our environmental association analy-
ses on mean May to June precipitation and
temperature sums. Additionally, a t-test
with Welch’s modification was used to test
for significant difference in mean values of
genetic estimates between groups de-
noted by nominal variables: bedrock (cal-
careous and igneous), as a determinant of
soil formation, and leaf flushing (21-31 May,
1-10 June). Environmental and flushing data
were obtained from the Slovenian Environ-
ment Agency data layers; precipitation and
temperature for the period 1981-2010 and
phenology averages from the 1971-2000
data series.

Genetic diversity of core vs. peripheral Norway spruce populations

Results and discussion

Quality of the selected markers

Null alleles with frequency ranging be-
tween 0.05 and 0.36 (average = 0.21) were
detected in all populations at the SSR locus
EAC1F04. The average frequency of null al-
leles at the other SSR loci was much
smaller. Still, seven population/locus com-
binations had frequency of null alleles
higher than 0.15, and 11 higher than o.10
(but lower then 0.15), accounting for half
of population/locus combinations. There-
fore, the whole dataset was corrected for
null alleles to fit allele frequencies esti-
mated by the EM algorithm implemented
in FreeNA. All values reported for SSRs are
based on this corrected dataset.

The frequencies of null alleles for isoen-
zymes varied between zero and 0.14, on
average 0.01 per population/locus, exceed-
ing 0.10 in five out of 143 population/locus
combinations. Therefore, they were not
corrected to fit allele frequencies esti-
mated by the EM algorithm.

For none of the pairwise loci combina-
tions within each population the null hy-
pothesis of independent assortment of
genotypes could be rejected.

Allele frequency distribution

Isoenzymes

Out of 15 examined loci, 13 were polymor-
phic in at least one of the examined popu-
lations; the two non-polymorphic loci
(Mdh-A, Aat-A) were excluded from further
analysis. Two to seven alleles were de-
tected for each locus, with a total of 49 al-
leles across all populations and loci.
Twenty-four of these were rare (frequency
< 0.05) or absent and 24 common (fre-
quency = 0.05) across all populations. Five
alleles were rare in some and common in
other populations, but there was no pat-
tern in regards to peripheral and core pop-
ulations. However, nine of the rare alleles

(frequencies between 0.008 and 0.014)
were found either in only peripheral (six al-
leles) or core (three alleles) populations, in
five cases in more than two populations
(Fig. 1). On the other hand, only two pri-
vate alleles were found in peripheral popu-
lations (both in populations with tempera-
ture inversion) and three in core popula-
tions.

SSR

All loci were highly polymorphic, with 17
to 53 alleles for each locus, totaling 227 al-
leles across all populations and loci. Of
these, 114 were rare (frequency < 0.05) or
absent and six common (frequency > 0.05)
across all seven studied populations. Ex-
cept for one rare allele at locus PAAC19
(present only in core populations) and one
allele at locus PGL15 (rare in all four periph-
eral populations and common in all three
core populations), no pattern of allele dis-
tribution between peripheral and core pop-
ulations was detected.

Relationships among populations
Previous studies reported that Norway
spruce in Slovenia forms two distinct
demes: (i) the Alpine and the Dinaric deme,
concordant with recolonization from a
glacial refugia identified by Tollefsrud et al.
(2008) in the Eastern Alps; and (ii) a second
deme presumably located in the north Di-
naric mountains. Such evidence was not
confirmed in this study (Fig. 2). The analysis
of population structure revealed that all
populations belong to the same deme,
both using isoenzyme and SSR markers,
thus excluding the effect of hidden popula-
tion structure on the findings of this study.

Isoenzymes

Using our dataset based on 13 polymor-
phic isozyme loci, only one genetic group
was identified by Bayesian clustering (Fig.
2). The lack of genetic differentiation
among populations was confirmed by pair-
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Fig. 2 - Lack of genetic structure among the analyzed populations as identified by Structure for SSR (left panel) and isoenzyme
(right panel) markers. Each sampled tree is represented by a vertical line where a color denotes the part of the genome belonging

to each of the K clusters (2 < K < 7).

wise Fsr estimates between populations,
which were small, ranging from 0.00 to
0.03 (Tab. S1 in Supplementary material),
and were significantly different from zero
(with a = o0.05 after Bonferroni’s correc-
tion) only for population pairs SD-TR (both
inversion) and PP-GS (both upper tree
line). Out of six pairs of populations with
Fsr estimates higher than 0.02, five were
pairs of peripheral populations. Population
genotypic differentiation (as calculated by
Genepop after the application of Bonfer-
roni’s corrections) was significant for nine
population pairs; in six cases these popula-
tion pairs included a peripheral population
(Tab. S1). Differentiation within peripheral
populations, measured as global Fs;, was
twice as high as in core populations (Fsr =
0.007). Inversion populations had the high-
est differentiation among each other (Fs; =
0.021 — Tab. 2). Nevertheless, the Fs; did
not differ significantly between core and
peripheral populations (p = 0.068).

SSRs

All analyzed populations belonged to the
same genetic group based on the results of
Bayesian clustering implemented in Struc-
ture (Fig. 2). The number of detected mi-
grants between all populations after cor-

rection for size was moderately high, 6.6.
Number of migrants estimated was slightly
smaller for core (Nm = 4.8) than for periph-
eral populations (Nm = 6.3). With Nm being
moderately high in both peripheral and
core populations, ample gene flow likely
counterbalances the contemporary effects
of drift in the sampled populations, where-
by all sampled populations seem to belong
to one large panmictic population. Indeed,
no differentiation was observed between
core and peripheral populations using
Bayesian clustering and differentiation was
low for both isoenzymes and SSRs (Fsr.iso =
0.002, Fsrssp = 0.002), although significant
in the latter case (p = 0.013 — Tab. 2). High
gene flow among and between core and
peripheral populations may also be a con-
sequence of the overlap in leaf phenology
(Tab. 1), taken as a proxy of flowering phe-
nology. As estimation of Nm based on the
private alleles method assumes neutrality,
and any kind of selection might lead to bias
(Yamamichi & Innan 2012), Nm was only es-
timated for the neutral SSRs.

Consistent with high Nm, pairwise Fs; val-
ues were mostly low and ranged from zero
to 0.21 (Tab. S2 in Supplementary material).
No systematic difference in differentiation
between peripheral and core populations

Tab. 2 - Genetic differentiation (global Fs; estimates) within and between core and
peripheral populations and types of periphery using isoenzyme and SSR markers.

. Isoenzymes SSRs
Population class
Fsr P Fsr P

Core 0.007 0.016 0.005 0.016
Peripheral 0.013 0.000 0.009 0.000
Upper tree line 0.012 0.001 0.009 0.006
Inversion 0.021 0.000 0.014 0.006
Between upper tree line and inversion 0.000 0.638 0.001 0.186
Between core and peripheral 0.002 0.068 0.002 0.013

107

was observed. Rather, population VP (in-
version) differed significantly from all other
populations except LIP (upper tree line).
Of the seven significant cases of genotypic
differentiation, three were among periph-
eral populations, three among peripheral
and core populations and one among core
populations (Tab. S2). Here, inversion pop-
ulation VP differed significantly only from
the core population CV. Population VP also
exhibited departure from Hardy-Weinberg
equilibrium (see next section).

Despite the extensive gene flow, global
Fsr estimates significantly differed from
zero in peripheral and core populations,
being higher in peripheral than core popu-
lations (p = 0.013 - Tab. 2). Similar to the
isoenzyme dataset, global Fsr was almost
twice as high in peripheral populations
than in the core ones, and three times as
high in inversion then in core populations.

Neither Bayesian nor classical methods
revealed structuring of the studied popula-
tions using the two datasets, and gene
flow was high among populations. Still, ge-
netic differentiation was twice as high in
peripheral then in core populations, in in-
version populations three times as high as
in core populations in both datasets. This is
in concordance with the CPH and consis-
tent with more than 70% of the 37 studies
on plant species reviewed in Eckert et al.
(2008). For forest trees, the same pattern
was observed for Thuja occidentalis (Pan-
dey & Rajora 2012) and Pinus contorta
(Fazekas & Yeh 2001) but not in Lirioden-
dron chinense (Yang et al. 2016) or Pinus
strobus (Rajora et al. 1998).

Genetic diversity estimates
Isoenzymes

Multilocus estimates of genetic diversity,
i.e., allelic richness (Ag), observed heterozy-

iForest 11: 104-110



gosity (Ho), expected heterozygosity (He)
and inbreeding coefficient (Fs) averaged
2.204 * 0.051, 0.175 * 0.004, 0.183 * 0.003
and 0.043 * 0.024, respectively, for periph-
eral populations, and 2.143 * 0.101, 0.168 *
0.016, 0.185 *+ 0.009 and 0.092 * 0.055 for
core populations, respectively. The number
of private alleles and Fis were lower by 62%
and 74% in peripheral than core popula-
tions. Nevertheless, the null hypothesis of
equal means of peripheral and core popula-
tions could not be rejected at a = 0.05 for
neither these two estimates nor any of the
other estimates. Hardy-Weinberg’s equilib-
rium was rejected for two out of 11 popula-
tions: the peripheral population VP and the
core population TB. Isoenzyme diversity es-
timates in each population are presented
in Tab. 3.

SSR

Multilocus estimates of genetic diversity,
i.e., allelic richness (Ag), observed heterozy-
gosity (Ho), expected heterozygosity (He)
and inbreeding coefficient (Fs) averaged
17.158 + 0.219, 0.908 * 0.0213, 0.926 * 0.007
and 0.020 * 0.021, respectively, for periph-
eral populations and 17.680 + 0.624, 0.924
* 0.003, 0.935 = 0.006 and 0.014 = 0.009
for core populations, respectively. Similar
to isoenzymes, the null hypothesis of equal
means of peripheral and core populations
could not be rejected at a = 0.05 for none
of the SSR diversity estimates nor for F,
number of rare and number of private alle-
les. Nevertheless, average Fs was by 157%
higher in peripheral than in core popula-
tions (Tab. 4), opposite to the pattern ob-
served with isoenzymes. Higher F;s in pe-
ripheral populations was also reported for
Picea sitchensis (Gapare & Aitken 2005). De-
spite corrections for null alleles, the Hardy-
Weinberg’s equilibrium was rejected for
population VP (p = 0.04). SSR diversity esti-
mates for each population are presented in
Tab. 4.

None of the datasets exhibited significant
differences in genetic diversity estimates
between core and peripheral populations
for neither richness nor equitability mea-
sures. Moreover, neither the presence and
quantity of rare nor the higher frequency
alleles differed between core and periph-
eral populations, thereby rejecting the ex-
pectations based on the CPH hypothesis.
Similar to Picea sitchensis (Gapare & Aitken
2005), Pinus strobus (Rajora et al. 1998)
and Liriodendron chinense (Yang et al.
2016), genetic diversity in the studied pe-
ripheral Norway spruce populations was
not lower than in core populations. In con-
trast, core populations of Thuja occiden-
talis (Pandey & Rajora 2012) had higher di-
versity of richness measures. Still, the same
study revealed similar expected heterozy-
gosity in both core and peripheral popula-
tions, as found in our study.

Genetic diversity in relation to

environmental factors
Correlation analysis was carried out on
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Genetic diversity of core vs. peripheral Norway spruce populations

Tab. 3 - Estimates of within-population g

enetic diversity, rare and private alleles for

the 11 populations analyzed with isoenzyme makers. (Ag): mean number of alleles per
locus standardized to the smallest sample size of 100 gene copies; (N rare): number of
rare alleles (freq. < 0.05) in a population; (Ny): number of private alleles; (He):

expected heterozygosity; (Ho): observed

heterozygosity; (Fis): mean inbreeding coef-

ficient; (UTL): upper tree line; (INV): inversion; (PERIP): peripheral; (CORE): core pop-
ulation; (*): p<0.05. For population codes, see Tab. 1.

Periphery

Population type Ar Nrare Npriv He Ho Fis
LIP UTL 2.20 11 0 0.184 0.179 0.027
PP UTL 2.20 12 0 0.181 0.184  -0.016
VE UTL 2.13 11 0 0.185 0.179 0.037
GS UTL 2.06 9 0 0.168 0.174  -0.033
TR INV 2.39 15 1 0.188 0.175 0.068
VP INV 2.38 12 1 0.181 0.153 0.159*
SD INV 2.07 9 0 0.193 0.182 0.061
TB CORE 2.00 8 0 0.178 0.143 0.2¢
LP CORE 2.34 14 0 0.202 0.194 0.037
LED CORE 2.10 9 2 0.185 0.179 0.033
SMR CORE 2.13 10 1 0.174 0.157 0.099
Means uTL 2.15 10.75 0 0.180 0.179 0.004
INV 2.28 12 0.67 0.187 0.170 0.096
PERIP 2.20 11.29 0.29 0.183 0.175 0.024
CORE 2.14 10.25 0.75 0.185 0.168 0.092
Change (%) UTL vs. CORE +0.22 +4.88 -100.00 -2.73 +6.39  -95.94
INV vs. CORE +6.42 +17.07  -11.11 +1.51 +1.04 +4.07
PERIP vs. CORE  +3.00 +10.10 -61.90 -1.16 +4.25 -73.91
Pooled uTL 3.11 21 0 0.209 0.206 0.014
samples INV 3.08 19 2 0.220 0.198 0.102*
CORE 3.22 23 4 0.216 0.197  0.088*

the isoenzyme dataset. The only significant
correlation was found between Fis and ele-
vation (p = 0.637, p = 0.035 — Fig. 3); the
populations from lower elevations showed
higher Fis than populations from higher ele-
vations. Temperature and Az tended to-
wards a negative correlation (p =-0.516, p =

Tab. 4 - Estimates of within-population g

0.104), while no pattern was observed be-
tween Az and precipitation (p = 0.345, p =
0.299) nor among other genetic and envi-
ronmental indices. Mean values of genetic
diversities Ag, He, Ho and Fis did not differ
significantly neither between populations
growing on different bedrock nor for pop-

enetic diversity, rare and private alleles for

the 7 populations analyzed with SSR markers. (Ag): mean number of alleles per locus

standardized to the smallest sample size
alleles (freg. < 0.05) in a population; (Neg

of 54 gene copies; (Ngrare): Nnumber of rare
v): number of private alleles; (He): expected

heterozygosity; (Ho): observed heterozygosity; (Fis): mean inbreeding coefficient;
(UTL): upper tree line; (INV): inversion; (PERIP): peripheral; (CORE): core population;
(*): p<0.05. For population codes, see Tab. 1.

Population :’;:ephery Ar Nrare Neriy He Ho Fis
LIP UTL 17.61 67 7 0.936 0.882 0.060
cJ UTL 17.07 56 6 0.928 0.939 0.014
SD INV 17.36 71 7 0.934  0.950 0.018
VP INV 16.59 63 10 0.906 0.862 0.052
SiJ CORE 18.62 73 9 0.944  0.918 0.030
JER CORE 17.92 87 8 0.936 0.926 0.012
cv CORE 16.5 75 6 0.925  0.927  0.001
Means uTL 17.34 62.50 6.50 0.932  0.911 0.037
INV 16.98 67.00 850 0.920 0.906 0.035
PERIP 17.16 64.25 7.70 0.935 0.924 0.036
CORE 17.68 78.33 7.67 0.935 0.924 0.014
Change (%) UTL vs. CORE -1.92 -20.51  -15.58 -0.29 -1.43  +68.29
INV vs. CORE -3.96 -14.10  +10.39 -1.57 -1.91  +24.39
PERIP vs. CORE  -2.96 -17.63 -2.06 -0.96 -1.70 +157.14
Pooled uTL 16.97 107 13 25.460 0.936  0.919*
samples INV 15.72 117 18 25.560 0.929 0.910*
CORE 17.49 149 28 26.110  0.938  0.928*
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Fig. 3 - Plot of F;s esti- 025 ¢
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ulations with different start of leaf flush-
ing.

Conclusions

Our study was based on a limited number
of populations from a geographically re-
stricted area in the center of distribution of
the southern lineage of Norway spruce in
Slovenia. The studied populations were
classified as core and peripheral, i.e., grow-
ing at the range margins (upper tree line,
inversion). The added value of the study is:
(i) the comparison of populations growing
in a geographic area much smaller then
those of similar studies carried out so far,
therefore giving insights on the conformity
to CPH over small distances; (i) addressing
periphery along an altitudinal gradient; and
(iii) comparing the results based on two
types of markers.

Our results showed that differentiation is
higher in peripheral populations according
to predictions from CPH, while genetic di-
versity is similar in peripheral and core pop-
ulations. Moreover, the number of private
and rare alleles were similar among core
and peripheral populations (the number of
private alleles in the isoenzyme dataset
was much lower in peripheral populations,
though not significantly different). This
supports the evidence that peripheral pop-
ulations along an altitudinal gradient may
harbor alleles valuable for future adapta-
tion (Fady et al. 2016).

The studied populations are geographi-
cally close to each other or close to other
Norway spruce populations. Therefore, a
high gene flow among populations is not
surprising given the biology of the species.
Higher differentiation of peripheral popula-
tions at the upper tree line and in inver-
sions might be the result of lower effective
population sizes and shorter lifespan at
higher altitudes (Sakai et al. 2003) or pre-
sumably at the bottom of vegetation inver-
sions, leading to faster adaptation and con-
secutively, differentiation.
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