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Comparison of range-wide chloroplast microsatellite and needle trait 
variation patterns in Pinus mugo Turra (dwarf mountain pine)
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In this study, range-wide genetic variation was analysed in 553  Pinus mugo
Turra (dwarf mountain pine) individuals from 21 locations using 11 chloroplast
microsatellites. Our main goal was to assess the spatial distribution of neutral
genetic variation. We also used data from a previous study on the morpholo-
gical variation of needles from 18 stands of P. mugo. In total, 22 needle char-
acteristics were reanalysed and compared to microsatellite data to describe
the distribution of morphological variation in the context of neutral genetic
variation. We hypothesised that the chloroplast microsatellite and needle trait
variation patterns would not entirely overlap. The results indicate the recent
divergence of P. mugo populations derived from a formerly larger distribution.
We identified 4 genetic and 3 morphological clusters whose spatial distribution
overlapped only to some extent. The distribution of genetic variation showed
a south-north pattern with signs of admixture in the Alps and Carpathians. Two
south-westernmost stands from Italy were evidently isolated from the others.
In contrast, morphological variation tended to display a west-east pattern. A
separate group based on needle traits was formed mostly by eastern stands
and was not observed by microsatellite analysis.  In addition, a few needle
characteristics  significantly correlated with longitude and climate variables.
These findings suggest that eastern populations of P. mugo may be of different
origin and/or that some needle characteristics may be adaptively important in
these locations. The potential roles of past demographic events, phenotypic
plasticity and local adaptation in shaping the patterns of genetic and morpho-
logical variation in P. mugo are discussed.

Keywords:  Adaptation,  cpSSRs,  Genetic  Diversity,  Morphological  Variation,
Neutral Genetic Markers, Phenotypic Plasticity

Introduction
Late  Quaternary  history,  including  the

postglacial  recolonisation of  tree  species,
has  been traced back  using  palynological
and  macrofossil  records,  and  molecular
markers  (e.g.,  Jackson  et  al.  1997,  Afzal-
Rafii & Dodd 2007, Pyhäjärvi et al. 2008). In
general,  the  distribution  of  the  present
genetic  variation  observed  in  forest  tree
species  is  the  outcome  of  postglacial  re-
colonisation  that  began  approximately
18,000 years  ago from  refugia  located  in
Southern Europe (Huntley 1990). The tradi-
tional view is that during the last glaciation
trees were restricted to southern refugia.

However,  growing  evidence  supporting
the simultaneous presence of tree species
in  Central  and  Eastern  Europe  has  called
this view into question (Willis & Vanandel
2004). Such populations may have experi-
enced  repeated  retreats  and  expansions
during warm and cold periods of the Pleis-
tocene,  being alternately  isolated or  con-
nected  by  gene  flow.  In  addition,  cold-
adapted  alpine  species  could  have  mi-
grated to higher elevations during warmer
interglacials, as they do now due to climate
warming.  Consequently,  these  species
could have differentiated due to isolation
and genetic drift  (Robledo-Arnuncio et al.

2005). The influence of isolation and past
range shifts on the present differentiation
of  such  populations  remains  largely  un-
known, as patterns of genetic and morpho-
logical variation across distribution ranges
of tree species are usually not well charac-
terised.

Pinus mugo  Turra (dwarf mountain pine)
is one of the keystone forest tree species
of mountain areas in Europe. This species
forms shrubs up to a few metres in height.
It is common in the Carpathians and East-
ern Alps, where it prevents avalanches and
soil  erosion,  and  is  a  member  of  the  P.
mugo complex – phenotypically  a very di-
verged group of  closely related pine spe-
cies. P. mugo is also closely related to Pinus
sylvestris L., which has the widest Eurasian
distribution range of all pine species and is
the  only  relative  capable  of  hybridising
with  pines  from  the  P.  mugo complex
within their present range (Wachowiak et
al. 2014).

Palynological  records  are  insufficient  to
infer  historical  demographic  processes  of
P.  mugo and  other  species  from  the  P.
mugo complex  because  the  pollen  of  its
members is very similar to the pollen of  P.
sylvestris and  Pinus nigra Arn. (Willis et al.
1998). Macrofossil data also cannot distin-
guish  the  species  properly  (García-Amo-
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rena  et  al.  2007).  Mitochondrial  genetic
markers initially developed for  P. sylvestris
(Soranzo et al. 2000, Pyhäjärvi et al. 2008)
show  a  too  low  resolution  for  fine-scale
phylogeographic  studies  in  P.  mugo (Wa-
chowiak  et  al.  2013).  Moreover,  studies
concerning  the  neutral  genetic  differenti-
ation  of  the  species  are  limited  only  to
some  areas  of  its  present  range  (Lewan-
dowski et al. 2000,  Slavov & Zhelev 2004,
Heuertz  et  al.  2010,  Sannikov  et  al.  2011,
Dzialuk  et  al.  2012).  In  contrast,  the mor-
phological  differentiation  of  P.  mugo has
been  widely  studied.  Eastern  populations
of P. mugo have been shown to differ from
other  populations  with  regard  to  needle
trait  variation  (Boratynska  &  Pashkevich
2001, Boratynska et al. 2004, 2015).

In this study, we used a set of chloroplast
microsatellite loci and needle characterist-
ics  to  assess  the  patterns  of  the  genetic
and  morphological  diversity  of  P.  mugo
populations  covering  the  native  range of
the  species.  Chloroplast  DNA  (cpDNA)  in
conifers does not recombine, and the gen-
ome is transferred uniparentally by pollen.
Because cpDNA microsatellites are thought
to show neutral  variation,  we used these
markers to see which locations may be of
different  origin  and  have  distinct  demo-
graphic history. Overall, low differentiation
at neutral markers is expected for high-out-
crossing  and  wind-pollinated  species,  in
which  gene  flow  has  a  highly  homogen-
ising  effect  on  genetic  diversity  across  a
large geographic range. Morphological dif-
ferentiation  may  result  from  population

divergence  due  to  isolation  and  genetic
drift  or  from  natural  selection  for  adapt-
ively important traits. Additionally, environ-
mental differences can affect plastic traits,
contributing  to  morphological  differenti-
ation.  In  this  paper,  we aimed  (1)  to  de-
scribe  the  distribution  of  neutral  genetic
variation at cpSSRs and (2) to describe the
distribution  of  morphological  variation  in
the context of neutral genetic variation. In
addition, by comparing the present distri-
bution of  genetic  and morphological  vari-
ation and correlating morphological  traits
with climate conditions, we tested wheth-
er the factors that shape the distribution of
morphological  variation  were  (1)  demo-
graphic factors,  (2)  environmental  factors
or (3) a combination of demographic and
environmental factors.

Materials and methods

Plant material
The  genetic  variation  at  chloroplast  mi-

crosatellites was screened in 21 native pop-
ulations of P. mugo (553 trees). These pop-
ulations  cover  the  natural  distribution
range of  P.  mugo and its  putative refugia
from  the  Carpathians,  Alps  and  Balkans
(Fig. 1, Tab. S1 in Supplementary material).
For  18  stands  (615  trees),  the  morpholo-
gical  data were extracted and reanalysed
from  Boratynska  et  al.  (2015).  Morpholo-
gical data were unavailable for 3 locations
in the Alps (A4, Austria; A5, Italy;  and A7,
Slovenia). Both the genetic and morpholo-
gical variation were studied using the same

individuals,  but  needle  traits  were  meas-
ured in a higher number of trees. The num-
ber of analysed specimens in particular po-
pulations for both genetic  and morpholo-
gical surveys is given in Tab. S1.

Two-year-old dwarf shoots (brachyblasts)
were collected from each individual in Sep-
tember 1999-2005 depending on the popu-
lation (Tab. S1). The shoots were collected
from adult trees in the field from the sunny
side  of  a  crown.  The  sampled  individuals
were separated by at least 40 m to avoid
sampling from the same genet. For genetic
analyses, the needles were dried at 37 °C,
and 50-100 mg of tissue was used for DNA
extraction.  For  the morphological  survey,
ten needles were used for each individual
(6150 needles in total).  The needle length
was  measured  in  the  field  using  fresh
material. All of the other needle character-
istics  were  assessed  after  the  samples
were preserved in 70% ethanol. A detailed
description of  the sampling and measure-
ment procedures can be found in Boratyn-
ska & Bobowicz (2000) and  Boratynska &
Boratynski (2007).

Microsatellite analyses
Dry  needle  samples  were  ground  in  an

MM 400 Mixer Mill (Retsch, Germany), and
genomic DNA was extracted following the
protocol described by Dumolin et al. (1995)
with a final incubation with RNase A at 60
°C for 30 min. The DNA concentration was
measured using a BioPhotometer (Eppen-
dorf  AG,  Germany).  We  studied  11  pa-
ternally  inherited  cpSSR loci  out  of  14  ini-
tially  tested:  Pt15169,  Pt26081,  Pt30204,
Pt71936 (Vendramin et al. 1996); PCP1289,
PCP26106, PCP30277, PCP36567, PCP41131,
PCP45071  and  PCP87314  (Provan  et  al.
1998). PCR amplification was performed in
a  total  volume  of  10  μl  in  two  multiplex
reactions (Tab. S2 in Supplementary mater-
ial)  using  the  Qiagen  Multiplex  PCR® kit
(Qiagen, Germany) and Applied Biosystems
Veriti® and 2720® thermal cyclers (Life Tech-
nologies,  USA).  Each  reaction  contained
approximately 30-45 ng of template DNA,
1x Qiagen Multiplex PCR Master Mix, 0.5x
Q-Solution and 0.05-0.1 μM (each) forward
and reverse primers. The forward primer in
each pair was labelled with a specific fluor-
escent dye. The standard amplification pro-
cedure started with an initial denaturation
at 95 °C for 15 min, followed by 31 cycles
with 30 sec denaturation at 94 °C, 45 sec
annealing, and 1:30 min extension at 72 °C,
with a final extension at 72 °C for 10 min.
The PCR products were run on an Applied
Biosystems  3130  Genetic  Analyzer® (Life
Technologies, USA) with the GeneScan 500
LIZ® Size  Standard  (Life  Technologies,
USA), and the raw data were scored with
GeneMapper® software ver. 4.0 (Life Tech-
nologies, USA). The raw data were conver-
ted into discrete allele sizes using the least-
square  minimisation  algorithm  implemen-
ted in AlleloBin software (Idury & Cardon
1997).

To assess the overall patterns of genetic
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Fig. 1 - Geographic location of the populations of P. mugo analysed in this study. Col-
ours represent 4 genetic clusters defined as a result of the spatial  genetic mixture
analysis conducted using BAPS software (G1: red; G2:  yellow; G3:  blue;  G4: green).
Symbols show 3 morphological clusters supported by statistical analyses of needle
traits (M1: vertical line; M2: four-pointed star; M3: triangle). The range of the species is
shaded in grey.
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Genetic and morphological variation of Pinus mugo Turra

variation,  we calculated the total  number
of alleles (AN),  effective number of alleles
(AE), frequency of the most frequent allele
(FMFA), diversity (Ah) and unbiased diversity
(Auh) at each microsatellite locus using the
software  GenAlEx  ver.  6.5  (Peakall  &
Smouse  2006).  Because  the  chloroplast
genome does not recombine or have a het-
erozygous nature, all of the alleles found in
a single individual were combined to form
haplotypes. We then analysed the genetic
diversity  of  each population with  the fol-
lowing parameters using the software Hap-
lotype Analysis ver. 1.05 (Eliades & Eliades
2009):  the  total  number  of  haplotypes
(HN), frequency of the most frequent hap-
lotype (FMFH), number of private haplotypes
(HP), effective number of haplotypes (HE),
haplotypic  richness  (HR),  Nei’s  index  of
genetic  diversity  estimated  without  bias
(He – Nei 1973) and mean genetic distance
among  individuals  (D2

sh – Goldstein  et  al.
1995).

We assessed the interpopulation differen-
tiation by the hierarchical  analysis  of  mo-
lecular  variance  (AMOVA)  using  both  FST

and RST computed for  all  pairs  of  popula-
tions  in  GenAlEx  ver.  6.5  (1000  permuta-
tions).  The FST SSR distance type is  based
solely  on the  number  of  different  alleles,
whereas RST  is  based on allele size, which
means that it takes into account not only
the identity of the alleles but also the mag-
nitude of the difference among their sizes
(Hardy et al. 2003). The analyses were per-
formed among all  populations and within
and among groups of populations grouped
according  to  their  location  into  different
mountain regions as well as among genetic
clusters as defined by BAPS software (see
below). The matrices of pairwise differenti-
ation among BAPS clusters were also calcu-
lated using SPAGeDi software ver. 1.5 (Har-
dy  &  Vekemans  2002),  as  we  suspected
that  some  of  them  may  have  been  only
slightly differentiated.

The  possible  existence  of  a  phylogeo-
graphic  structure  of  the  P.  mugo popula-
tions was tested by comparing RST and per-
muted RST (pRST) with 10,000 permutations
using SPAGeDi ver. 1.5. If RST is significantly
higher  than pRST,  then allele  size  contrib-
utes  to  genetic  differentiation  and  can
indicate phylogeographic structure (Hardy
et  al.  2003).  Furthermore,  we  conducted
the  Mantel  test  implemented  in  GenAlEx
ver. 6.5 to determine whether population
differentiation was caused by isolation by
distance  (IBD  –  1000  permutations).  For
this purpose, we tested the pairwise popu-
lation geographic distance against the pair-
wise  population  linearised  FST [FST/(1-  FST)]
and  RST [RST/(1-  RST)]  values  computed  in
SPAGeDi ver. 1.5.

The  populations  were  grouped  via  Prin-
cipal  Coordinates  Analysis  (PCoA)  of  the
pairwise  population  FST and  RST distance
matrix in GenAlEx ver. 6.5. Additionally, we
used a  Bayesian clustering approach con-
ducted using BAPS ver. 6.0 (Corander et al.
2008).  We  performed  both  a  non-spatial

and  a  spatial  genetic  mixture  analysis  to
identify  separate  genetic  clusters  across
populations  and  to  locate  their  spatial
boundaries. To this end, we initially tested
all  possible  numbers  of  groups  (K  =  1-21)
with 10 independent runs and repeated the
analysis with 50 replicates for K = 3-6.

Morphological analysis
The  morphological  variation  of  P.  mugo

was  studied using 22  needle  characterist-
ics.  The  data  included  measurements  of
the  needles  themselves,  epidermal  cells,
resin  canals  and  stomata.  We  also  used
information  about  the  types  of  scleren-
chyma cells between vascular bundles and
around resin canals.  A full  list of the ana-
lysed characteristics is presented in Tab. S5
(Supplementary material).

Data  from  needle  measurements  were
assessed  for  symmetry,  unimodality  and
homoscedasticity and standardised prior to
subsequent  analyses  as  described  by  Bo-
ratynska et al. (2015). We used STATISTICA®

software ver. 9.0 (StatSoft, Tulsa, OK, USA)
to  calculate  the  arithmetic  means,  stand-
ard deviations and coefficients of variation
for each needle characteristic. Geographic,
Euclidean  and  Mahalanobis  distances
among the studied populations were com-
puted for use in the Mantel test in GenAlEx
ver. 6.5 (1000 permutations).

To arrange the populations into groups,
we  constructed  a  dendrogram  of  the
closest  Euclidean  and  Mahalanobis  dis-
tances  separating the  P.  mugo stands  ac-
cording to Ward’s method, supplemented
by  K-means  clustering.  These  methods
assign populations to clusters that optim-
ally show differentiation between popula-
tions.  Additionally,  relationships  among
particular locations were illustrated on the
biplots of a discrimination analysis. Finally,
the  needle  characteristics  showing  the
greatest discriminatory power were identi-
fied.

Relationship between genetic and 
morphological variation

To test whether there were any relation-
ships between the genetic and morpholo-
gical  data,  we  carried  out  the  Pearson’s
correlation  analysis  implemented  in  the
software  PAST  ver.  3.10  (Hammer  et  al.
2001).  To  this  end,  we  tested  haplotypic
diversity  measures  vs. mean values  calcu-
lated  for  needle  traits.  We also  searched
for any associations  between the genetic
or morphological data and the geographic
location of  the analysed  P.  mugo popula-
tions  (latitude,  longitude  and  altitude).
Because  morphological  differences  may
stem  from  adaptation  to  climate  condi-
tions that differ for particular populations,
the  mean  values  calculated  for  needle
traits were also correlated with the climate
conditions listed in Tab. S6 (Supplementary
material).  The False Discovery Rate (FDR)
was  calculated  to  control  for  false  posit-
ives.

Results

Size variants and haplotype diversity
The final  dataset  consisted of  11  marker

loci out of 14 initially tested. Locus Pt45002
was excluded from further analyses,  as it
was poorly amplified; Pt36480 gave a com-
plex  pattern  that  could  not  have  been
properly  analysed;  and  PCP102652  was
monomorphic (allele 114 bp). The number
of size variants scored for each locus (AN)
ranged from 3 for PCP1289 and PCP36567
to 14  for  PCP41131  (mean AN =  6.63).  The
effective  number  of  alleles  (AE)  ranged
from 1.19 for PCP1289 to 3.37 for Pt30204
(mean AE = 2.49). Furthermore, the region
PCP1289  was  also  the  least  diverse,  with
only 3 alleles  and a 91% frequency of  the
most frequent variant  (Tab.  S3  in  Supple-
mentary  material).  Overall,  we  scored  73
alleles,  among  which  14  were  private  for
particular populations. Private alleles were
found  most  commonly  in  PCP41131  (7  al-
leles),  the only  cpSSR locus that  also dis-
played a complex mutation model, having
size differences of not only 1 but also 2 or 3
bp.

The combination of alleles yielded 311 ha-
plotypes for 553 analysed individuals from
21  populations.  Among  them,  201  (65%)
were  population-private  and  272  (87%)
were private for the defined mountain re-
gions. The average number of haplotypes
(HN)  found in  each population  was 19.23.
Each of the two most abundant haplotypes
was  found  in  12  individuals.  These  two
most common variants  were identified  in
the  northern  part  of  the  P.  mugo range,
namely in the Sudetes (Poland – SUD1-4), in
two Alpine stands (Maritime Alps, Italy – A1
and Berchtesgaden Alps, Austria – A3) and
in  one  population  from  the  Eastern  Car-
pathians  (Rodna  Mountains,  Romania  –
CAR2).  The number of  private haplotypes
was high in the Carpathians and Apennines
and in the Balkan region but generally low
in the Alps and the lowest in the Sudetes
(Tab.  1).  Indeed,  populations  from  the
Sudetes had the highest number of shared
haplotypes among all of the studied popu-
lations  and  mountain  regions  (Tab.  S4  in
Supplementary material).

There was substantial haplotypic diversity
within each population (average He = 0.96),
with a mean genetic distance among indi-
viduals  (D2

sh)  of  9.18.  The  mean  effective
number of  haplotypes (HE) reached 15.03,
and  the  average  haplotypic  richness  (HR)
was 16.93. The peripheral population from
Monte Baldo in the Italian Alps (A5 – Fig. 1,
Tab. S1) had the lowest values for all of the
measured  genetic  parameters:  HN =  11  (8
private), He = 0.90, D2

sh = 4.86, HE = 7.35 and
HR =  9.76.  In  contrast,  3  populations  dis-
played the highest haplotype diversity val-
ues,  namely  the  populations  from  the
Ammergau  Alps  in  Germany  (A2),  the
Southern  Carpathians  in  Romania  (CAR4)
and  the  Vitosha  Mountains  in  Bulgaria
(BAL3 – Tab. 1 and Fig. S1 in Supplementary
material).
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Interpopulation differentiation and 
phylogeographic structure based on 
cpSSR data

Weak  but  significant  differentiation
among  populations  was  revealed  by  the
AMOVA. The results were very similar  for
FST and  RST,  with  6.4%  and  6.7%  pairwise
population  differentiation,  respectively.
The remaining 93.6% and 93.3% of the total
molecular  variance  was due to  differenti-
ation within populations. When we group-
ed  the  P.  mugo locations  into  mountain
regions,  the  variance  amounted  to  3%
among regions  and to 4% among popula-
tions  within  the  regions  for  both FST and
RST. Thus, disjunctive mountain distribution
explains  the  observed  genetic  structure
only to small extent. A slightly higher value
of molecular variance was found between

genetic  clusters  defined using BAPS soft-
ware  for  both  FST and  RST (5%  among
clusters and 3-4% among populations with-
in the clusters – Tab. 2).

Comparisons  between  the  values  of  RST

and pRST did not support the existence of
phylogeographic  structure  among  the  P.
mugo stands, as the difference was not sig-
nificant (RST = 0.0672 > pRST = 0.0657; p =
0.438). On the other hand, the Mantel test
showed  a  relevant  correlation  between
pairwise  geographic  distances  separating
the  P. mugo populations and linearised FST

(r = 0.325; p < 0.001), indicating the possib-
ility  of  IBD.  However,  the correlation was
weak and not significant for linearised RST

(r = 0.133; p = 0.080).
Regarding the PCoA results, the first two

axes explained jointly 62.15% and 77.20% of

the total variation for pairwise population
FST and RST, respectively. In the case of RST,
the  population  from  Monte  Baldo  in  the
Italian  Alps  (A5),  which  was  the  least  di-
verse  of  all  populations,  as  mentioned
earlier (Tab. 1), was clearly separated from
the rest of the P. mugo stands. Weaker dif-
ferentiation  was  detected  for  the  peri-
pheral population from the Maritime Alps
in Italy (A1) and the isolated stand from the
Apennines (APN), which clustered togeth-
er on one side of the second axis. One pop-
ulation  from the Southern  Carpathians  in
Romania (CAR4) was also separated from
the rest, especially from the stand located
in Monte Baldo in the Italian Alps (A5) and
A1  with  APN.  The  PCoA performed  using
pairwise  population  FST yielded  a  slightly
different  result  –  the  A5  stand  clustered
together  with  the  population  from  the
Ammergau Alps in Germany (A2) and close
to one population from the Kamnik-Savinja
Alps in Slovenia, one population from the
Tatra Mountains in Poland and two stands
from  the  Balkans  (A7,  CAR1,  BAL2  and
BAL4, respectively). With some exceptions,
the  overall  pattern  of  differentiation was
closer  to  the  geographic  location  of  the
populations,  with  the  A1  and APN stands
separated from the rest along the first axis
(Fig. 2).

The  spatial  and  non-spatial  genetic  mix-
ture  analysis  gave  highly  similar  results.
The  best  partition  yielded  4  groups  that
mostly  corresponded  to  their  geographic
location. The only difference between the
spatial  and non-spatial  algorithm was the
membership of the BAL5 population, which
was  assigned  to  the  G4  and  G3  cluster,
respectively. In accordance with the PCoA
results performed on the RST distance, the
population from Monte Baldo in the Italian
Alps (A5  – cluster G1) was separated from
the  other  stands.  Populations  from  the
Maritime Alps  in  Italy  (A1)  and the  Apen-
nines  (APN)  formed  the  second  cluster
(G2).  All  of  the  stands  from  the  Sudetes
(SUD1-4), one Carpathian (CAR2) and three
Alpine populations (A3, A4 and A6) group-
ed  together  (G3).  Populations  from  the
Balkan  region  formed  the  fourth  largest
cluster  (G4),  along  with  most  stands  loc-
ated  in  the  Carpathians  (CAR1,  CAR3  and
CAR4) and two populations from the Alps
(A2 and A7 – Fig. 1). The highest between-
group  differentiation  (with  RST values
greatly exceeding FST ones) was generally
observed for pairs with G1. The differenti-
ation among G2, G3 and G4 was markedly
lower,  and  the  RST  values  were  similar  to
the FST results (Tab. 3).

Variation in needle characteristics
Morphological variation in the studied  P.

mugo populations depended on the trait.
The most  stable traits  were the ratio  be-
tween  the  thickness  and  width  of  the
needle, and the number of stomata on a 2-
mm-long section of the needle on both the
convex  and  flat  sides  (NT/NW,  NSC  and
NSF, respectively). On the other hand, the
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Tab. 1 -  Haplotypic diversity within  P.mugo populations. (N): number of individuals;
(HN): number of haplotypes; (FMFH): frequency of the most frequent haplotype in a par-
ticular population; (HP): number of private haplotypes; (HE): effective number of hap-
lotypes; (HR): haplotypic richness; (He): Nei’s index of diversity estimated without bias
(Nei 1973); (D2

sh): mean genetic distance among individuals (Goldstein et al. 1995).

Population N HN FMFH HP HE HR He D2
sh

SUD1 30 20 0.17 7 14.06 16.05 0.96 11.70
SUD2 30 22 0.13 7 16.66 17.49 0.97 8.27
SUD3 29 23 0.10 11 19.55 18.79 0.98 9.94
SUD4 30 19 0.13 7 14.51 15.45 0.96 12.96
A1 25 17 0.24 11 10.24 15.48 0.94 8.33
A2 30 26 0.07 16 23.68 20.46 0.99 8.10
A3 25 17 0.12 11 13.29 15.52 0.96 8.09
A4 25 14 0.24 8 8.80 12.64 0.92 8.75
A5 25 11 0.24 8 7.35 9.76 0.90 4.86
A6 25 20 0.12 10 16.02 18.32 0.97 10.72
A7 26 20 0.23 12 11.65 17.61 0.95 9.47
CAR1 24 18 0.13 14 15.15 17.00 0.97 10.84
CAR2 25 17 0.16 13 13.29 15.56 0.96 8.57
CAR3 25 18 0.12 13 15.24 16.52 0.97 12.09
CAR4 25 23 0.08 17 21.55 21.16 0.99 8.88
APN 25 16 0.25 14 12.25 14.60 0.95 6.52
BAL1 25 21 0.16 12 16.02 19.24 0.97 9.94
BAL2 29 20 0.17 11 13.34 16.21 0.95 5.78
BAL3 24 22 0.08 16 20.57 21.00 0.99 8.56
BAL4 25 19 0.16 13 14.53 17.40 0.97 8.97
BAL5 25 21 0.12 15 17.85 19.28 0.98 11.48
Mean 26.28 19.23 0.15 11.71 15.03 16.93 0.96 9.18
SE 0.49 0.73 0.01 0.67 0.89 0.60 0.00 0.44

Tab. 2 - Analysis of molecular variance (AMOVA) based on FST and RST among the  P.
mugo populations (p < 0.001).

Grouping
Method

Source of
Variation df

Variance
component

Variance (%) Φ statistics

FST RST FST RST FST RST

Mountain
Regions

Among populations 20 0.214 0.678 6 7 0.064 0.067
Within populations 532 3.108 9.404 94 93 - -
Among regions 8 0.090 0.268 3 3 0.027 0.026
Among populations 
within regions

12 0.136 0.444 4 4 0.042 0.045

Within populations 532 3.108 9.404 93 93 - -
BAPS Among clusters 3 0.163 0.492 5 5 0.048 0.048

Among populations 
within clusters

17 0.109 0.360 3 4 0.034 0.037

Within populations 532 3.107 9.404 92 91 - -
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Genetic and morphological variation of Pinus mugo Turra

types  of  sclerenchyma cells  between vas-
cular bundles and around resin canals were
highly  variable (Tab.  S5 in Supplementary
material).  A  moderate  correlation  was
found between geographic vs. Euclidean (r
=  0.417,  p  <  0.001)  and  Mahalanobis  (r  =
0.448, p < 0.001) distances.

Clustering of populations based on 
morphological data

The  morphological  analysis  supported  3
clusters that generally did not correspond
to  the  groups  defined  by  the  spatial  ge-
netic  mixture  analysis  conducted  using
BAPS software. Despite this finding, popu-
lations A1 and APN formed a uniform group
(cluster M1) separated from the others, as
we  described  above  for  the  cpSSRs.  The
second  group  (M2)  included  the  eastern-
most  stands  of  P.  mugo (CAR2,  CAR3,
CAR4, BAL3 and BAL5) and one population
from the Alps (A6). The remaining popula-
tions  were  assigned  to  the  third  cluster
(M3), in which the Sudetes formed a con-
densed group (Fig. 1).

In  the  discrimination  analysis  between
the two first  discriminatory  variables,  the
M1 cluster (A1, APN) was obviously separ-
ated from the rest along the first discrimin-
atory variable that covered approximately
91.41% of  the total  variation.  This  variable
was  determined  by  the  number  of  resin
canals  (NRC)  and  the  types  of  scleren-
chyma cells between the vascular bundles
of the needles. The two remaining morpho-
logical  clusters  (M2,  including  A6,  CAR2,
CAR3,  CAR4,  BAL3  and  BAL5;  and  M3,
including SUD1, SUD2, SUD3, SUD4, A2, A3,
CAR1,  BAL1,  BAL2 and BAL4) were not as
differentiated.  Still,  they could have been
defined  along  the  second  discriminatory
variable  that  accounted  for  8.59%  of  the
total  variation  and  included  the  types  of
sclerenchyma cells  between vascular bun-
dles  and  around  the  resin  canals  of  the
needles (Fig. 3).

Correlations among needle traits, 
genetic data, geographical variables 
and climate conditions

We  found  that  the  mean  values  calcu-
lated  for  needle  traits  did  not  correlate
with the haplotypic diversity measures. Ne-
vertheless,  there  were  a  few  significant
correlations between the mean values cal-
culated  for  needle  traits  and  the  geo-
graphic  location  of  the  populations.  The
number of resin canals (NRC), needle width
(NW), needle thickness (NT) and thickness
of epidermal cells (TE) showed a strong ne-
gative correlation with longitude (r ranging
from -0.67 to -0.82; p < 0.05). Additionally,
the  width of  epidermal  cells  (WE)  correl-
ated with altitude (r = -0.61; p < 0.05).

Regarding climate conditions, the needle
length (NL) negatively correlated with the
annual  mean  temperature,  the  maximum
temperature  of  the  warmest  month  and
the  mean  temperature  of  the  warmest
quarter (r ranging from -0.59 to -0.63; p <
0.05). NRC showed a strong positive asso-

iForest 10: 250-258 254

Tab. 3 - Pairwise FST (lower diagonal) and RST (upper diagonal) values between popula-
tion groups identified by BAPS software (p < 0.001).

Groups G1 G2 G3 G4
G1 - 0.411 0.213 0.144
G2 0.162 - 0.054 0.075
G3 0.098 0.060 - 0.026
G4 0.083 0.116 0.036 -

Fig. 2 - Prin-
cipal Coordin-
ates Analysis 
(PCoA) of the
P. mugo pop-
ulations 
showing the 
first two 
axes: (A) 
based on 
pairwise pop-
ulation FST; 
(B) based on 
pairwise pop-
ulation RST. 
Colours cor-
respond to 
genetic clus-
ters defined 
using BAPS 
software 
shown in Fig. 
1.

Fig. 3 - Dis-
crimination 
analysis of 
the P. mugo 
populations 
plotted along
the two first 
discriminat-
ory variables. 
Symbols cor-
respond to 
the different 
morpholo-
gical clusters 
shown in Fig. 
1.
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ciation with the precipitation of the driest
month and the driest quarter (r = 0.65; p <
0.05). Finally, the ratio between the width
and  thickness  of  epidermal  cells  (WE/TE)
negatively  correlated  with  the  minimum
temperature of the coldest month and the
mean temperature of the driest and cold-
est quarter (r = -0.66 to -0.68; p < 0.05).

Discussion

Genetic diversity and differentiation
We found that P. mugo shows a high level

of haplotype variation assessed for cpSSRs
that  is  similar  or  even  higher  than  that
found in other conifers (Robledo-Arnuncio
et al. 2005, Terrab et al. 2007). In our study,
genetic  differentiation  between  P.  mugo
populations was also comparable to some
previous  findings  in  smaller  areas  of  the
species range (FST = 0.041, Slavov & Zhelev
2004; FST = 0.076, GST = 0.070, Heuertz et al.
2010; FST = 0.069 in the Carpathians and FST

= 0.033 in the Alps, Sannikov et al. 2011; FST

= 0.083, RST = 0.137, Dzialuk et al. 2012; and
GST = 0.020 for isoenzymes and GST = 0.017
for cpSSRs, Boratynska et al. 2014). Indeed,
low genetic differentiation is expected for
highly  outcrossing  species  that  usually
show  high  genetic  diversity  at  neutral
markers.

Distinct vicariant gene pools for  P. mugo
might  have  originated  from  major  moun-
tain ranges, similar to other conifers (Ven-
dramin  et  al.  1996,  Afzal-Rafii  &  Dodd
2007). Nonetheless, studying the differen-
tiation  of  cpSSRs,  which  in  pines  are  pa-
ternally  inherited  and  transferred  by  pol-
len, is complicated by multiple private hap-
lotypes  due  to  the small  number  of  indi-
viduals sampled. This fact makes it difficult
to unambiguously partition genetic diversi-
ty  into within-  and among-population dif-
ferentiation. Tree species show substantial
genetic  diversity;  therefore,  a  very  large
sample  size  would  be  required  to  over-
come this  problem. This  may be why the
genetic  differentiation  among  mountain
regions  estimated  in  our  dataset  (FST =
0.027, RST = 0.026) was considerably lower
than that reported by  Dzialuk et al. (2012)
(FST = 0.119, RST = 0.196) and Boratynska et
al.  (2014) (FST =  0.120).  A  markedly  larger
area  and  more  mountain  ranges  with  a
slightly different set of  cpDNA microsatel-
lite markers were analysed in our study. As
a  result,  we  identified  311  distinct  haplo-
types compared to 168 reported by Dzialuk
et  al.  (2012) and 163 by  Boratynska et  al.
(2014).  In  addition,  the  strength  of  geo-
graphic barriers to gene flow may be differ-
ent within various mountain ranges as well
as  among  them.  Finally,  the  transport  of
pollen between now-disjunctive stands of
P.  mugo may  have  occurred  more  fre-
quently  in  the past  during cooler  periods
when populations occupied areas at lower
elevations. It is very likely that P. mugo cov-
ered a broader area during cold periods of
the Pleistocene, as high quantities of Pinus
pollen, described as “sylvestris” or “diplo-

xylon” type, were usually interpreted as P.
mugo, especially in mountain areas outside
the geographic range of P. sylvestris during
the Last  Glacial  Maximum (LGM) and the
Holocene (Farcas et  al.  1999,  Latalowa et
al. 2004). The high haplotypic diversity and
low interpopulation divergence of P. mugo
found in our study are consistent with the
hypothesis  assuming  a  relatively  recent
fragmentation of a historically larger popu-
lation of this species (Robledo-Arnuncio et
al. 2005). Despite the overall weak genetic
divergence among mountain regions, there
was at least one population in each range
that  displayed  higher  values  of  genetic
diversity  parameters  than  those  of  other
populations  in  the  same  mountain  chain
(namely,  SUD3,  A2,  A6,  CAR4 and BAL3).
Such  source  populations  may  represent
themselves  or  be  located close  to  glacial
refugial populations. A similar low genetic
differentiation  among  mountain  popula-
tions  was  observed  in  a  few  studies  for
other  conifers,  e.g.,  Picea mexicana  Martí-
nez (Ledig et al. 2002) or P. sylvestris (Rob-
ledo-Arnuncio et al. 2005).

Interestingly, our analysis yielded almost
identical  results  of  interpopulation  differ-
entiation  regardless  of  the  SSR  distance
type  used  (FST vs. RST).  FST better  reflects
the effects of genetic drift and gene flow,
whereas RST is more sensitive to the effect
of  mutations  because it  accounts  for  the
evolutionary distance between alleles (Bal-
loux  &  Goudet  2002).  We  therefore  con-
clude that the differentiation among the P.
mugo populations  in  our  study  generally
results from genetic drift. The not signific-
ant outcome of the permutation test indic-
ates that the effects of mutations can be
largely neglected because any new muta-
tions  are  quickly  spread  by  gene  flow,
whose rate is much higher than the muta-
tion rate (Hardy et al. 2003).

Grouping of populations
A comparison of  genetic  and morpholo-

gical data showed that clusters defined for
cpSSRs  and  morphological  characteristics
did  not  overlap  for  most  of  the  species’
range. Morphological traits tended to have
a west-east pattern, with the Eastern and
Southern  Carpathians  forming  a  separate
group  along  with  two  populations  from
Bulgaria (BAL3 and BAL5). Surprisingly, the
population  from  the  Carnic  Alps  in  Italy
(A6)  was  morphologically  very  similar  to
the  group  formed  by  the  easternmost
stands of P. mugo. Nevertheless, such simil-
arities probably evolved separately and did
not  result  from the  same origin  of  these
populations.  On  the  other  hand,  clusters
defined by the cpSSR analysis had a rather
south-north pattern, with evident signs of
genetic admixture between putative refu-
gia  located  in  the  particular  mountain
chains.

Bayesian  clustering  revealed  4  and  3
groups for  genetic  and needle  trait  data,
respectively.  Only  one  population  was
assigned  to  the  first  genetic  cluster  (G1),

namely A5, which is a peripheral stand loc-
ated in Monte Baldo in the Italian Alps. The
haplotypic diversity of  A5 was the lowest
of all populations, lower even compared to
the  most  geographically  isolated  stand
from the Apennines (APN). Such an appar-
ent decline in the measured genetic para-
meters  and  a  low  number  of  haplotypes
shared  with  other  populations  were  the
reasons why A5 was genetically very differ-
ent from all the other P. mugo populations
and  therefore  did  not  cluster  with  any
other  stand.  It  is  possible  that  A5 experi-
enced a genetic bottleneck that resulted in
a  reduction  of  its  genetic  diversity.  We
found only 11 haplotypes (mean HN = 19.23)
in this location among 25 individuals. Addi-
tionally, the mean genetic distance among
the samples from this population was the
lowest of all populations tested (D2

sh = 4.86
vs. mean D2

sh = 9.18). It is not likely that 11
cpSSRs would combine into identical haplo-
types present in individuals from the same
population as a result of homoplasy. Non-
etheless,  the methods used to detect  ge-
netic  bottlenecks  are  based  on  the  fact
that  populations  experiencing  reductions
in  size  tend  to  lose  rare  alleles.  Conse-
quently,  their  heterozygosity  decreases
but not as fast as allelic diversity. As a res-
ult, the observed heterozygosity is greater
than expected from the observed number
of  alleles.  Nuclear  genome  markers  are
therefore  the  most  suitable for  analysing
fluctuations in population size.

Another  southwestern-most  population
of  P. mugo from the Maritime Alps in Italy
(A1) and the isolated stand from the Apen-
nines  (APN)  formed  the  second  genetic
cluster (G2), which was evidently different
from  the  other  populations.  The  genetic
distinctiveness of A5, A1 and APN is most
likely the result of their isolation, especially
because A1 and APN were also assigned to
one  group  based  on  morphological  data,
and  because  that  group  was  separated
from  the  other  populations  (A5  was  not
included in the morphological survey). This
is not surprising considering the peripheral-
ity  of  these  stands.  In  addition,  the  two
groups (G1  vs. G2)  were  highly  differenti-
ated. As RST = 0.411 greatly exceeded FST =
0.162, mutations played an important role
in this region, and the effect of gene flow
was not as  pronounced compared to the
whole dataset. These results are generally
consistent  with  the  assumption  that  the
rate of gene flow is lower at the range mar-
gins than at the range centre (Eckert et al.
2008). We also hypothesise that the gene
pool  of  A1  might  have  been  affected  by
gene flow  from  Pinus  uncinata (Ramond)
Domin that grows in the Western Alps and
in the Pyrenees as shown by Heuertz et al.
(2010). This possibility was discussed by Bo-
ratynska & Boratynski (2007) and Boratyn-
ska et al. (2015). Finally, APN may have ori-
ginated from an Apennine glacial refugium
with  limited  expansion  into  the  Alps.
Stronger  spatial  genetic  structure  and
greater  genetic  differentiation  are  expec-
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ted among populations inhabiting refugial
areas  compared  to  areas  recolonised  re-
cently (Leonardi et al. 2012) unless the ef-
fect  of  genetic  drift  is  strong  and  pro-
longed  in  refugial  populations  (De  Lafon-
taine et al. 2013). In our study, a significant
signal of IBD in the Mantel test observed
for the whole dataset became not signific-
ant when populations A5, A1 and APN were
excluded.  This  result  supports  the  hypo-
thesis that P. mugo in the Apennines and/or
Western Alps has a different origin, where-
as  other  populations  have diverged relat-
ively recently from a larger distribution of
the species. Evidence of different origins of
the  Apennine  vs. Alpine  populations  has
been reported for other conifers, e.g., for
P. sylvestris (Belletti et al. 2012) and  Abies
alba Mill. (Piovani et al. 2010).

The remaining populations from the Alps
belonged to different genetic clusters (G3
and G4),  contrary to what was  described
by  Heuertz  et  al.  (2010).  However,  this  is
probably the effect of a much higher num-
ber of analysed cpSSRs (11 vs. 3) and differ-
ent study design (large vs. small area of the
P. mugo range). Indeed, when we analysed
only a subset of the loci used in our study
(5 out of 11  cpSSR loci,  including Pt26081,
PCP1289,  PCP30277,  PCP36567  and  PCP8-
7314), we found that only APN/A1 popula-
tions differed from the rest. Some genetic
substructure  within  the populations  of  P.
mugo from the Eastern Alps was also de-
tected by Mosca et al. (2012).

Our  data  indicate  that  the  smallest  ge-
netic  and  morphological  differences  are
among  populations  from  the  Sudetes.
These populations  are quite  close to  one
another, yet they occupy different parts of
the  mountain  landscape  (the  postglacial
cirque, mountain peak, plateau and moun-
tain side). All  Sudeten locations belonged
to a single genetic (G3) and morphological
cluster (M3), suggesting a common popu-
lation history. It seems that populations of
P.  mugo located  in  the  Sudetes  may  be
more recent than the Alpine and Carpath-
ian  populations.  It  is  possible  that  they
were  established  as  an  outcome  of
founder events at the end of the last gla-
cial period (Boratynska et al. 2014). Consid-
ering their genetic similarity to some popu-
lations from the Alps, they may have been
established by Alpine migrants. Low barri-
ers  to  gene  flow  among  these  mountain
ranges are also a possible explanation.

Most  populations  from the Carpathians,
all Balkan populations and two Alpine pop-
ulations were assigned to the last genetic
cluster (G4), which was only slightly differ-
entiated from G3 (FST = 0.036, RST = 0.026),
which  included  all  Sudeten  and  a  few
Alpine stands. Nevertheless, only the east-
ernmost populations (M2) displayed differ-
ences in needle traits. This result suggests
their different origin and longer separation
during  the  Pleistocene  (Boratynska  et  al.
2015),  which  were  postulated  previously
(Boratynska et al. 2004), and/or that some
needle  traits  have  adaptive  importance.

Additionally, Wachowiak et al. (2011) found
a different mitotype in one Ukrainian popu-
lation of P. mugo. Small differences among
Bulgarian  populations  of  P.  mugo were
detected by  Slavov & Zhelev (2004) using
allozymes (FST = 0.041), comparable to the
results  of  our  study  for  cpSSRs  (FST =
0.032). Despite these findings, the genetic
variation of  P.  mugo in  the Balkan region
and Carpathians is largely unknown. How-
ever,  considering  the  morphological  dis-
similarities found among populations from
Bulgaria (BAL3, BAL4 and BAL5), it seems
that this region may have been colonised
by  individuals  from  two  different  areas,
namely, from the Alps and from the South-
ern Carpathians.

Demographic history vs. environmental 
conditions

The distinct  character  of  eastern  stands
of P. mugo with regard to needle trait vari-
ation can be explained by their origin from
a different Pleistocene refugium, as hypo-
thesized  by  Boratynska  et  al.  (2004).  P.
mugo could  have  survived the  glacial  pe-
riod in the Eastern and Southern Carpathi-
ans. Unfortunately,  it  is difficult  to unam-
biguously confirm this hypothesis. Palyno-
logical  data  are  not  suitable  because,  as
mentioned  earlier,  the  pollen  of  P.  mugo
greatly resembles that of  P. sylvestris and
P. nigra. However, the presence of P. mugo
was reported in lake sediments in northern
Romania and in the Pirin Mountains in Bul-
garia during the end of last glacial  period
(Boratynska et al. 2004). Therefore, the hy-
pothesis of a different origin of eastern  P.
mugo cannot be entirely excluded.

A specific  phenotype is  an effect of  the
interplay  between  a  genotype  and  the
environmental  conditions.  Environmental
pressure may lead to a favourable pheno-
type via local adaptation, which is genetic-
ally  determined,  or  phenotypic  plasticity,
which involves no changes in a genotype
but rather  in expression patterns.  Pheno-
typic  plasticity  has  been  observed  in  the
case of some needle characteristics of con-
ifers, such as needle length (Matziris 1983,
Tiwari  et al.  2013) and longevity (Reich et
al.  1996),  as  well  as  stomatal  density  (Ti-
wari et al. 2013) and the number of stoma-
tal  rows  (Matziris  1983,  Androsiuk  et  al.
2011).  However,  some  needle  traits  are
highly  heritable,  indicating strong genetic
control,  e.g.,  thickness  of  epidermis  (Fe-
dorkov  2002),  number  of  stomata  per
needle length on convex and flat sides and
number of serrations (Matziris 1983). The-
refore,  the correlation of  such traits  with
local environmental conditions is very likely
to have a genetic basis.

Although  we  have  limited  information
about  the  heritability  of  the  needle  mor-
phological  and  anatomical  traits  analysed
in our study, a comparison of the genetic
and  morphological  variation  of  P.  mugo
indicates that some needle characteristics
may be adaptively important. The eastern-
most populations of P. mugo can be distin-

guished  from  the  others  by  the  types  of
sclerenchyma  cells  between  the  vascular
bundles  and  around  the  resin  canals  of
needles.  The variability  of  needle scleren-
chyma cell types and their utility in distin-
guishing  the  taxa  of  two-needle  pines  in
the subsection  Sylvestres in Europe at the
population  level  has  already  been  ascer-
tained by  Boratynska & Boratynski (2007).
Nevertheless, it is unknown whether these
traits have any adaptive importance. How-
ever, we found a strong negative correla-
tion between longitude and the number of
resin  canals,  needle  width,  needle  thick-
ness and thickness of epidermal cells (NRC,
NW, NT and TE, respectively). Lower values
of  NRC and TE were also reported for  P.
mugo in Ukraine (Boratynska & Pashkevich
2001).  Needles of  P. mugo in the east are
narrower and thinner and therefore have
fewer  resin  canals  and  thinner  epidermal
cells.  These  characteristics  appear  to  be
plastic in pines, but TE was shown to have
a  hereditary  nature  (Fedorkov  2002).  A
thicker  epidermis  is  considered  to  be
adaptive  in  xeric  conditions,  as  it  limits
transpiration (Kanuf & Bilan 1974).  In our
study,  the  ratio  between  the  width  and
thickness of epidermal cells negatively cor-
related with the minimum temperature of
the coldest month and the mean temperat-
ure of the coldest quarter. This means that
the  higher  the  temperature  is,  the  nar-
rower and thicker epidermal cells are. This
result is consistent with the adaptive signi-
ficance of a thicker epidermis under xeric
conditions. In the case of needles that are
narrower and thinner (as in eastern popula-
tions  of  P.  mugo),  their  smaller  area  can
also result in reduced water loss despite a
thin  epidermis.  Furthermore,  Fedorkov
(2002) showed  that  the  thickness  of  the
integumentary  tissues  of  needles  of  P.
sylvestris is  inversely  correlated  with  the
level  of  atmospheric  pollution.  The evolu-
tionary  significance  of  NRC has  not  been
widely  studied,  but  the  relationship  be-
tween NRC and resistance to some insects
has been shown (Overhulsen & Cara 1981).
NRC  may  be  important  in  wetter  condi-
tions, as according to our results it correl-
ates  with  the  precipitation  of  the  driest
month  and  the  driest  quarter.  Neverthe-
less, whether these correlations stem from
natural selection or are the effect of phen-
otypic plasticity remains unknown. A well-
designed common garden study is required
to verify this hypothesis.  The only charac-
teristic  that  is  obviously  plastic  is  the
needle  length (NL),  which negatively  cor-
relates with temperature.

Conclusions
Our  results  indicate  that  patterns  of

chloroplast microsatellite  and needle trait
variation in  P. mugo overlap only partially.
In  general,  we  found  significant  but  low
genetic  differentiation  between  P.  mugo
populations across a large geographic area.
However, we were still able to distinguish
genetically differentiated groups of  popu-
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lations  using  cpSSRs.  The  results  suggest
that the divergence of P. mugo started rel-
atively recently, following the reduction of
a previously larger distribution that is com-
patible with signatures of nucleotide poly-
morphisms at nuclear gene loci (Wachow-
iak  et  al.  2013).  However,  morphological
variation did not correspond with the pat-
tern of  genetic  differentiation.  Therefore,
differentiation at morphological traits may
be a result of adaptive variation related to
local  environmental  conditions.  Nonethe-
less,  more information about the heredit-
ary nature and evolutionary significance of
needle traits is needed to make unambigu-
ous  conclusions  about  their  adaptive  po-
tential and to check whether they emerged
as  a  result  of  genetic  changes  or  pheno-
typic plasticity.  Information about genetic
variation  at  genes  underlying  adaptive
traits  complementing  morphological  and
ecological  data  at  distinct  populations
would help to solve this issue and to make
future  predictions  regarding  the  adaptive
potential  and response of  P.  mugo,  espe-
cially in the light of ongoing environmental
changes.

Acknowledgements
We would like to thank Monika Litkowiec

for  technical  assistance  and  Blazej  Woj-
kiewicz for constructive comments on the
previous  version  of  the  manuscript.  The
work was financially supported by the Pol-
ish National Science Centre (Grant No. DEC-
2012/05/E/NZ9/03476).

References
Afzal-Rafii  Z,  Dodd RS (2007).  Chloroplast DNA

supports  a  hypothesis  of  glacial  refugia  over
postglacial  recolonization  in  disjunct  popula-
tions  of  black  pine  (Pinus  nigra)  in  western
Europe.  Molecular  Ecology  16:  723-736.  -  doi:
10.1111/j.1365-294X.2006.03183.x

Androsiuk  P,  Kaczmarek  Z,  Urbaniak  L  (2011).
The morphological traits of needles as markers
of  geographical  differentiation  in  European
Pinus sylvestris populations. Dendrobiology 65:
3-16.  [online]  URL:  http://yadda.icm.edu.pl/yad
da/element/bwmeta1.element.agro-b9cdae7a-
569e-4b05-9e78-f145cbced9f1/c/65_03_16.pdf

Balloux F, Goudet J (2002). Statistical properties
of population differentiation estimators under
stepwise  mutation  in  a  finite  island  model.
Molecular  Ecology 11:  771-783.  -  doi:  10.1046/j.
1365-294X.2002.01474.x

Belletti  P,  Ferrazzini  D,  Piotti  A,  Monteleone I,
Ducci  F  (2012).  Genetic  variation  and  diver-
gence in Scots pine (Pinus sylvestris L.) within
its  natural range in Italy.  European Journal of
Forest Research 131: 1127-1138. - doi: 10.1007/s10
342-011-0584-3

Boratynska  K,  Bobowicz  MA (2000).  Variability
of  Pinus uncinata Ramond ex DC as expressed
in  needle  traits.  Dendrobiology  45:  7-16.
[online]  URL:  http://agro.icm.edu.pl/agro/ele-
ment/bwmeta1.element.agro-article-b385c80a-
ad1e-49e9-ad4f-c001292f069e

Boratynska  K,  Boratynski  A  (2007).  Taxonomic
differences among closely related pines  Pinus
sylvestris, P. mugo, P. uncinata, P. rotundata and

P. uliginosa as revealed in needle sclerenchyma
cells.  Flora  -  Morphology,  Distribution,  Func-
tional  Ecology  of  Plants  202:  555-569.  -  doi:
10.1016/j.flora.2006.11.004

Boratynska K,  Dzialuk A,  Lewandowski  A,  Mar-
cysiak  K,  Jasinska  AK,  Sobierajska  K,  To-
maszewski  D,  Burczyk  J,  Boratynski  A  (2014).
Geographic  distribution  of  quantitative  traits
variation and genetic variability in natural pop-
ulations of  Pinus mugo in Central Europe. Den-
drobiology  72:  65-84.  -  doi:  10.12657/denbio.
072.006

Boratynska K, Jasinska AK, Boratynski A (2015).
Taxonomic  and  geographic  differentiation  of
Pinus mugo complex on the needle character-
istics. Systematics and Biodiversity 13: 581-595. -
doi: 10.1080/14772000.2015.1058300

Boratynska K,  Muchewicz E,  Drojma M (2004).
Pinus  mugo Turra  geographic  differentiation
based on needle characters. Dendrobiology 51:
9-17. [online] URL:  http://agro.icm.edu.pl/agro/
element/bwmeta1.element.agro-article-89606
c94-f272-40ff-95b0-34e9045bca22

Boratynska K, Pashkevich NA (2001).  Variability
in  needle  traits  of  Pinus  mugo Turra  in  the
Ukrainian  Carpathians.  Acta  Societatis  Botan-
icorum  Poloniae  70:  181-186.  -  doi:  10.5586/
asbp.2001.023

Corander J, Marttinen P, Siren J, Tang J (2008).
Enhanced Bayesian modelling in BAPS software
for learning genetic structures of populations.
BMC  Bioinformatics  9  (1):  539.  -  doi:  10.1186/
1471-2105-9-539

De Lafontaine G, Ducousso A,  Lefèvre S,  Mag-
nanou E,  Petit  RJ  (2013).  Stronger spatial  ge-
netic  structure  in  recolonized  areas  than  in
refugia in the European beech. Molecular Eco-
logy 22: 4397-4412. - doi: 10.1111/mec.12403

Dumolin S, Demesure B, Petit RJ (1995). Inherit-
ance  of  chloroplast  and  mitochondrial  gen-
omes in pedunculate oak investigated with an
efficient PCR method. Theoretical and Applied
Genetics 91: 1253-1256. - doi:  10.1007/BF002209
37

Dzialuk A, Boratynski A, Boratynska K, Burczyk J
(2012). Geographic patterns of genetic diversity
of  Pinus mugo (Pinaceae) in Central European
mountains.  Dendrobiology  68:  31-41.  [online]
URL:  http://agro.icm.edu.pl/agro/element/bwm
eta1.element.agro-4ed13396-979f-4147-9103-bc
ef5c01567b

Eliades  N-G,  Eliades  DG  (2009).  HAPLOTYPE
ANALYSIS: software for analysis of haplotypes
data. Distributed by the authors. Forest Genet-
ics and Forest Tree Breeding, Georg-Augst Uni-
versity  Goettingen,  Germany.  [online]  URL:
http://www.uni-goettingen.de/en/134935.html

Eckert  CG,  Samis  KE, Lougheed SC (2008).  Ge-
netic  variation  across  species'  geographical
ranges:  the  central-marginal  hypothesis  and
beyond.  Molecular  Ecology 17  (5):  1170-1188.  -
doi: 10.1111/j.1365-294X.2007.03659.x

Farcas  S,  De  Beaulieu  J-L,  Reille  M,  Coldea  G,
Diaconeasa B, Goeury C, Goslar T, Jull T (1999).
First  14C datings  of  Late Glacial  and  Holocene
pollen  sequences  from  Romanian  Carpathes.
Comptes Rendus de l’Académie des Sciences -
Series III - Sciences de la Vie 322: 799-807. - doi:
10.1016/S0764-4469(00)80039-6

Fedorkov AL (2002). Variation in the anatomical
characters  of  needles  and  their  resistance  to

technogenic and climatic stress in Scotch pine.
Russian  Journal  of  Ecology  33:  65-67.  -  doi:
10.1023/A:1013632008066

García-Amorena  I,  Gómez  Manzaneque  F,
Rubiales JM, Granja HM, Soares De Carvalho G,
Morla  C  (2007).  The  Late  Quaternary  coastal
forests of western Iberia: a study of their ma-
croremains.  Palaeogeography,  Palaeoclimato-
logy, Palaeoecology 254: 448-461. - doi: 10.1016/
j.palaeo.2007.07.003

Goldstein DB, Linares AR, Cavalli Sforza LL, Feld-
man MW (1995). An evaluation of genetic dis-
tances for use with microsatellite loci. Genetics
139: 463-471. [online] URL: http://www.genetic-
s.org/content/genetics/139/1/463.full.pdf

Hammer O, Harper DAT, Ryan PD (2001). PAST:
paleontological statistics software package for
education  and  data  analysis.  Paleontologia
Electronica 4: 9.

Hardy OJ, Charbonnel N, Fréville H, Heuertz M
(2003). Microsatellite allele sizes: a simple test
to assess their significance on genetic differen-
tiation.  Genetics  163:  1467-1482.  [online]  URL:
http://www.genetics.org/content/163/4/1467.sh
ort

Hardy OJ, Vekemans X (2002). SPAGeDi: a versat-
ile  computer  program  to  analyse  spatial  ge-
netic structure at the individual or population
levels.  Molecular  Ecology  Notes  2:  618-620.  -
doi: 10.1046/j.1471-8286.2002.00305.x

Heuertz M, Teufel J, González-Martínez SC, Soto
A,  Fady B, Alía  R,  Vendramin GG (2010).  Geo-
graphy  determines  genetic  relationships  be-
tween species  of  mountain  pine  (Pinus mugo
complex)  in  western  Europe.  Journal  of  Bio-
geography 37: 541-556. - doi: 10.1111/j.1365-2699.
2009.02223.x

Huntley B (1990).  European vegetation history:
palaeovegetation  maps  from  pollen  data  –
13,000 yr BP to present. Journal of Quaternary
Science 5: 103-122. - doi: 10.1002/jqs.3390050203

Idury  RM,  Cardon LR (1997).  A  simple method
for  automated  allele  binning  in  microsatellite
markers.  Genome  Research  7:  1104-1109.  [on-
line] URL: http://genome.cshlp.org/content/7/11
/1104.short

Jackson ST, Overpeck JT, Webb-III T, Keattch SE,
Anderson KH (1997). Mapped plant-macrofossil
and pollen records of late quaternary vegeta-
tion change in Eastern North America. Quatern-
ary Science Reviews 16 (1): 1-70. - doi:  10.1016/
S0277-3791(96)00047-9

Kanuf  TA,  Bilan MV (1974).  Needle variation in
loblolly pine from mesic and xeric seed sources.
Forest Science 20: 88-90.

Latalowa M, Tobolski K, Nalepka D (2004). Pinus
L.  subgenus  Pinus (subgen.  Diploxylon (Koeh-
ne) Pilger) - Pine. In: “Late glacial and holocene
history of vegetation in Poland based on isopol-
len maps” (Ralska-Jasiewiczowa M ed). W. Sza-
fer  Institute  of  Botany,  Kraków,  Poland,  pp.
165-177.

Ledig  FT,  Hodgskiss  PD,  Jacob-Cervantes  V
(2002).  Genetic  diversity,  mating  system,  and
conservation of a Mexican subalpine relict,  Pi-
cea mexicana Martínez. Conservation Genetics
3: 113-122. - doi: 10.1023/A:1015297621884

Leonardi S, Piovani P, Scalfi M, Piotti A, Giannini
R, Menozzi P (2012). Effect of habitat fragment-
ation on the genetic diversity and structure of
peripheral populations of beech in Central Italy.

257 iForest 10: 250-258

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

http://dx.doi.org/10.1111/j.1365-294X.2006.03183.x
http://dx.doi.org/10.1023/A:1015297621884
http://dx.doi.org/10.1016/S0277-3791(96)00047-9
http://dx.doi.org/10.1016/S0277-3791(96)00047-9
http://dx.doi.org/10.1002/jqs.3390050203
http://dx.doi.org/10.1111/j.1365-2699.2009.02223.x
http://dx.doi.org/10.1111/j.1365-2699.2009.02223.x
http://dx.doi.org/10.1046/j.1471-8286.2002.00305.x
http://www.genetics.org/content/163/4/1467.short
http://www.genetics.org/content/163/4/1467.short
http://www.genetics.org/content/genetics/139/1/463.full.pdf
http://www.genetics.org/content/genetics/139/1/463.full.pdf
http://dx.doi.org/10.1016/j.palaeo.2007.07.003
http://dx.doi.org/10.1016/j.palaeo.2007.07.003
http://dx.doi.org/10.1023/A:1013632008066
http://dx.doi.org/10.1016/S0764-4469(00)80039-6
http://www.uni-goettingen.de/en/134935.html
http://dx.doi.org/10.1007/BF00220937
http://dx.doi.org/10.1007/BF00220937
http://dx.doi.org/10.1111/mec.12403
http://dx.doi.org/10.1186/1471-2105-9-539
http://dx.doi.org/10.1186/1471-2105-9-539
http://dx.doi.org/10.5586/asbp.2001.023
http://dx.doi.org/10.5586/asbp.2001.023
http://dx.doi.org/10.1080/14772000.2015.1058300
http://dx.doi.org/10.12657/denbio.072.006
http://dx.doi.org/10.12657/denbio.072.006
http://dx.doi.org/10.1016/j.flora.2006.11.004
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-b385c80a-ad1e-49e9-ad4f-c001292f069e
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-b385c80a-ad1e-49e9-ad4f-c001292f069e
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-b385c80a-ad1e-49e9-ad4f-c001292f069e
http://dx.doi.org/10.1007/s10342-011-0584-3
http://dx.doi.org/10.1007/s10342-011-0584-3
http://dx.doi.org/10.1046/j.1365-294X.2002.01474.x
http://dx.doi.org/10.1046/j.1365-294X.2002.01474.x
http://genome.cshlp.org/content/7/11/1104.short
http://genome.cshlp.org/content/7/11/1104.short
http://dx.doi.org/10.1111/j.1365-294X.2007.03659.x
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-4ed13396-979f-4147-9103-bcef5c01567b
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-4ed13396-979f-4147-9103-bcef5c01567b
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-4ed13396-979f-4147-9103-bcef5c01567b
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-89606c94-f272-40ff-95b0-34e9045bca22
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-89606c94-f272-40ff-95b0-34e9045bca22
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-89606c94-f272-40ff-95b0-34e9045bca22
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.agro-b9cdae7a-569e-4b05-9e78-f145cbced9f1/c/65_03_16.pdf
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.agro-b9cdae7a-569e-4b05-9e78-f145cbced9f1/c/65_03_16.pdf
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.agro-b9cdae7a-569e-4b05-9e78-f145cbced9f1/c/65_03_16.pdf


Genetic and morphological variation of Pinus mugo Turra

Journal of Heredity 103: 408-417. - doi: 10.1093/
jhered/ess004

Lewandowski  A,  Boratynski  A,  Mejnartowicz  L
(2000). Allozyme investigations on the genetic
differentiation between closely related pines -
Pinus sylvestris, P. mugo, P. uncinata, and P. uli-
ginosa (Pinaceae). Plant Systematics and Evolu-
tion 221: 15-24. - doi: 10.1007/BF01086377

Matziris DI (1983). Genetic variation in morpho-
logical and anatomical needle characteristics in
the Black pine of Peloponnesos. Silvae Genet-
ica 33: 164-169.

Mosca E, Eckert AJ, Di Pierro EA, Rocchini D, La
Porta N, Belletti  P,  Neale DB (2012).  The geo-
graphical  and  environmental  determinants  of
genetic diversity for four alpine conifers of the
European  Alps.  Molecular  Ecology  21:  5530-
5545. - doi: 10.1111/mec.12043

Nei M (1973).  Analysis of gene diversity in sub-
divided  populations.  Proceedings  of  the  Na-
tional Academy of Sciences USA 70: 3321-3323. -
doi: 10.1073/pnas.70.12.3321

Overhulsen D, Cara RI (1981). Occluded resin ca-
nals  associated  with  egg  cavities  made  by
shoot  infecting  Pissodes.  Forest  Science  27:
297-298.

Peakall  R,  Smouse  PE  (2006).  GENALEX  6:  ge-
netic analysis in Excel. Population genetic soft-
ware for teaching and research. Molecular Eco-
logy Notes 6: 288-295. - doi:  10.1111/j.1471-8286.
2005.01155.x

Piovani P, Leonardi S, Piotti A, Menozzi P (2010).
Conservation  genetics  of  small  relic  popula-
tions of silver fir (Abies alba Mill.) in the north-
ern Apennines. Plant Biosystems 144: 683-691. -
doi: 10.1080/11263504.2010.496199

Provan  J,  Soranzo  N,  Wilson  NJ,  McNicol  JW,
Forrest GI,  Cottrell  J,  Powell  W (1998).  Gene-
pool  variation  in  Caledonian  and  European
Scots pine (Pinus sylvestris L.) revealed by chlo-
roplast  simple-sequence  repeats.  Proceedings
of the Royal Society B: Biological Sciences 265:
1697-1705. - doi: 10.1098/rspb.1998.0491

Pyhäjärvi  T,  Salmela  MJ,  Savolainen  O  (2008).
Colonization routes of  Pinus sylvestris inferred
from  distribution  of  mitochondrial  DNA  vari-
ation. Tree Genetics and Genomes 4: 247-254. -
doi: 10.1007/s11295-007-0105-1

Reich PB, Oleksyn J, Modrzynski J, Tjoelker MG
(1996).  Evidence that longer needle retention

of spruce and pine populations at  high eleva-
tions and high latitudes is largely a phenotypic
response.  Tree  Physiology  16:  643-647.  -  doi:
10.1093/treephys/16.7.643

Robledo-Arnuncio  JJ,  Collada  C,  Alía  R,  Gil  L
(2005).  Genetic  structure of montane isolates
of Pinus sylvestris L. in a Mediterranean refugial
area.  Journal  of  Biogeography  32:  595-605.  -
doi: 10.1111/j.1365-2699.2004.01196.x

Sannikov  SN,  Petrova  IV,  Schweingruber  F,
Egorov EV, Parpan TV (2011). Genetic differenti-
ation of  Pinus mugo Turra  and  P.  sylvestris  L.
populations  in  the  Ukrainian  Carpathians  and
the Swiss Alps. Russian Journal of Ecology 42:
270-276. - doi: 10.1134/S1067413611040151

Slavov GT, Zhelev P (2004). Allozyme variation,
differentiation,  and  inbreeding  in  populations
of  Pinus mugo in Bulgaria. Canadian Journal of
Forest  Research  34:  2611-2617.  -  doi:  10.1139/
x04-127

Soranzo N, Alía  R,  Provan J,  Powell  W (2000).
Patterns  of  variation  at  a  mitochondrial  se-
quence-tagged-site locus provides new insights
into the postglacial history of European  Pinus
sylvestris populations.  Molecular  Ecology  9:
1205-1211.  -  doi:  10.1046/j.1365-294x.2000.0099
4.x

Terrab A, Talavera S, Arista M, Paun O, Stuessy
TF,  Tremetsberger  K (2007).  Genetic  diversity
at  chloroplast  microsatellites  (cpSSRs)  and
geographic  structure  in  endangered  west
Mediterranean  firs  (Abies spp.,  Pinaceae).
Taxon 56: 409-416. [online] URL: http://www.in-
gentaconnect.com/content/iapt/tax/2007/0000
0056/00000002/art00012

Tiwari SP, Kumar P, Yadav D, Chauhan DK (2013).
Comparative  morphological,  epidermal,  and
anatomical studies of  Pinus roxburghii needles
at different altitudes in the North-West Indian
Himalayas. Turkish Journal of Botany 37: 65-73.
[online] URL:  http://journals.tubitak.gov.tr/bot-
any/abstract.htm?id=13295

Vendramin  GG,  Lelli  L,  Rossi  P,  Morgante  M
(1996). A set of primers for the amplification of
20 chloroplast microsatellites in Pinaceae. Mol-
ecular Ecology 5: 595-598. - doi: 10.1111/j.1365-29
4X.1996.tb00353.x

Wachowiak  W,  Boratynska  K,  Cavers  S  (2013).
Geographical  patterns  of  nucleotide  diversity
and population differentiation in three closely

related  European  pine  species  in  the  Pinus
mugo complex.  Botanical  Journal  of  the  Lin-
nean  Society  172:  225-238.  -  doi:  10.1111/boj.
12049

Wachowiak W, Cavers S,  Zukowska WB (2014).
Interspecific gene flow and ecological selection
in a pine (Pinus sp.) contact zone. Plant System-
atics and Evolution 301: 1643-1652. - doi: 10.1007
/s00606-014-1182-x

Wachowiak  W,  Palmé  AE,  Savolainen O (2011).
Speciation history of three closely related pines
Pinus  mugo (T.),  P.  uliginosa (N.)  and  P.  syl-
vestris (L.).  Molecular Ecology 20: 1729-1743. -
doi: 10.1111/j.1365-294X.2011.05037.x

Willis  K,  Vanandel  T  (2004).  Trees  or no trees?
The  environments  of  central  and  eastern  Eu-
rope during the Last Glaciation. Quaternary Sci-
ence Reviews 23: 2369-2387. - doi: 10.1016/j.qua
scirev.2004.06.002

Willis KJ, Bennett KD, Birks HJB (1998). The late
Quaternary  dynamics  of  pines  in  Europe.  In:
“Ecology and biogeography of Pinus” (Richard-
son DM ed). Cambridge University Press, Cam-
bridge, UK, pp. 107-121.

Supplementary Material

Tab.  S1 -  List  of  the  P.  mugo populations
analysed in the study. 

Tab.  S2 -  Composition  of  the  2  multiplex
PCRs used in this study.

Tab. S3 - Characteristics of the 11 cpSSR loci
studied.

Tab.  S4 -  Geographic distance (km, lower
diagonal)  and  number  of  shared  haplo-
types  (upper  diagonal)  between  the  P.
mugo populations. 

Tab.  S5 -  List  and descriptive  statistics  of
the  needle  traits  analysed  in  this  study
based on 6150 measurements. 

Tab.  S6 -  Climate  conditions  for  the  ana-
lysed  P.  mugo populations  retrieved from
the WorldClim database. 

Link: Zukowska_1860@suppl001.pdf

iForest 10: 250-258 258

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

http://dx.doi.org/10.1016/j.quascirev.2004.06.002
http://dx.doi.org/10.1016/j.quascirev.2004.06.002
http://dx.doi.org/10.1111/j.1365-294X.2011.05037.x
http://dx.doi.org/10.1007/s00606-014-1182-x
http://dx.doi.org/10.1007/s00606-014-1182-x
http://dx.doi.org/10.1111/boj.12049
http://dx.doi.org/10.1111/boj.12049
http://dx.doi.org/10.1111/j.1365-294X.1996.tb00353.x
http://dx.doi.org/10.1111/j.1365-294X.1996.tb00353.x
http://journals.tubitak.gov.tr/botany/abstract.htm?id=13295
http://journals.tubitak.gov.tr/botany/abstract.htm?id=13295
http://www.ingentaconnect.com/content/iapt/tax/2007/00000056/00000002/art00012
http://www.ingentaconnect.com/content/iapt/tax/2007/00000056/00000002/art00012
http://www.ingentaconnect.com/content/iapt/tax/2007/00000056/00000002/art00012
http://dx.doi.org/10.1046/j.1365-294x.2000.00994.x
http://dx.doi.org/10.1046/j.1365-294x.2000.00994.x
http://dx.doi.org/10.1139/x04-127
http://dx.doi.org/10.1139/x04-127
http://dx.doi.org/10.1134/S1067413611040151
http://dx.doi.org/10.1111/j.1365-2699.2004.01196.x
http://dx.doi.org/10.1093/treephys/16.7.643
http://dx.doi.org/10.1007/s11295-007-0105-1
http://dx.doi.org/10.1098/rspb.1998.0491
http://dx.doi.org/10.1080/11263504.2010.496199
http://dx.doi.org/10.1111/j.1471-8286.2005.01155.x
http://dx.doi.org/10.1111/j.1471-8286.2005.01155.x
http://dx.doi.org/10.1073/pnas.70.12.3321
http://dx.doi.org/10.1111/mec.12043
http://dx.doi.org/10.1007/BF01086377
http://dx.doi.org/10.1093/jhered/ess004
http://dx.doi.org/10.1093/jhered/ess004
http://www.sisef.it/iforest/pdf/Zukowska_1860@suppl001.pdf

	Comparison of range-wide chloroplast microsatellite and needle trait variation patterns in Pinus mugo Turra (dwarf mountain pine)
	Introduction
	Materials and methods
	Plant material
	Microsatellite analyses
	Morphological analysis
	Relationship between genetic and morphological variation

	Results
	Size variants and haplotype diversity
	Interpopulation differentiation and phylogeographic structure based on cpSSR data
	Variation in needle characteristics
	Clustering of populations based on morphological data
	Correlations among needle traits, genetic data, geographical variables and climate conditions

	Discussion
	Genetic diversity and differentiation
	Grouping of populations
	Demographic history vs. environmental conditions

	Conclusions
	Acknowledgements
	References
	Supplementary Material


