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Abstract: Divergence in genetic as well as phenotypic structures can be expected in species with disjunctive
geographic ranges and restricted gene flow among isolated populations. Dwarf mountain pine has such a
disjunctive geographic range in the mountains of Central Europe. We hypothesised that populations of
Pinus mugo from the Giant Mts. differ from Alpine and Carpathian populations to a greater extent than
differentiation within these regions; furthermore, these differences would be detectable at both the genetic
and phenotypic levels. To verify this hypothesis, the diversity and differentiation within and among eleven
populations from the Giant Mts., Carpathians and Alps were analysed using 19 isozyme isozyme loci, 17
needle and 15 cone morphological characters. Moreover, the data on 10 chloroplast microsatellites used in
the previous study, were reanalysed. The differences between the three regions were greater than among
populations within them. The microsatellites and isozymes clearly differentiated between regions, while
in the multivariate analyses of cone and needle characters the Alpine and Carpathian populations were
intermingled but distinct from those sampled in the Giant Mts. The significant genetic structuring among
regions may result from an ancient fragmentation and long lasting geographic isolation between the Giant
Mts., Alps and Tatras. The populations from the Giant Mts., the northernmost within the geographic range
of P. mugo, presented lower level of genetic variation then those from the Alps and Carpathians. The pattern
of genetic structure observed in dwarf mountain pine may be characteristic of wind-pollinated trees with a
disjunctive geographic distribution
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Introduction

The major topics in evolutionary biology and con-
servation genetics is determining the level of genetic
diversity within population and the differentiation be-
tween populations. Factors such as natural selection,
genetic drift and mutations promote evolution by
increasing differentiation among populations, while
gene flow is an obstacle to such differentiation. It is
generally accepted that genetic and morphological
divergence of taxa starts with differentiation of their
populations resulting from spatial isolation, which
prevents, or at least strongly reduces, gene flow (Ab-
bott et al. 2008; Comes et al. 2008). For this reason
it can operate much more easily among populations
within particular regions but not among regions. The
level of differences between regions could additional-
ly be intensified due to genetic drift and bottlenecks
effects (Hampe and Petit 2005).

Pines are wind pollinated and produce large
amounts of pollen (Koski 1970; Sugita et al. 1999;
Sjogren et al. 2008). In spite of this and very effective
pollen dispersal (Johansen 1991; Sjogren et al. 2008),
the division of geographic range should hinder the ex-
change of genetic material between populations, be-
cause the effective pollen transport distance is much
shorter than the potential one. Even within the same
stand of P sylvestris, transport of pollen is limited
(Burczyk and Chalupka 1997; Smouse et al. 2001).

The dwarf mountain pine P. mugo Turra (= P. mugo
subsp. P. mugo sensu Christensen 1987) is a pros-
trate, polycormic shrub which occurs in the mountain
massifs of Central and Southern Europe and forms
specific plant communities in the subalpine climate-
vegetation layer above the upper forest line (Ozenda
1988; Jirdsek 1996; Poldini et al. 2004; Tsaryk et al.
2006). Inside its major occurrence centres, P. mugo
can be found on the massifs, which are sufficient-
ly high that subalpine communities of the species
can be developed (Ozenda 1988; Christensen 1987;
Tsaryk et al. 2006). Its lowest localities, however, can
be found much below the tree line, but only under
special site conditions (Gostynska-Jakuszewska 1976;
Christensen 1987). The geographic range of P. mugo
is disjunctive, divided into several dozen parts (Jalas
and Suominen 1973; Tsaryk et al. 2006) that have
been isolated from each other from the moment the
Holocene climate started to warm (Obidowicz 1996;
Willis et al. 2000; Wolfrath et al. 2001; Rybnic¢ek and
Rybnickova 2002; Latatowa et al. 2004).

The area of distribution of P mugo repeatedly
spread during periods with cool temperatures and
regressed during warm periods of the Pleistocene
(Willis et al. 2000; Wolfrath et al. 2001; Latatowa et
al. 2004); this is similar to the case of P. uncinata on
the Iberian Peninsula (Ramil-Rego et al. 1998; Ben-
ito Garzén et al. 2007) and follows the general role

proposed by Hewitt (1996). The reduced gene flow
between regions during warm periods, random ge-
netic drift and/or possible founder effects influenced
the spatial genetic and morphological structure of
the populations (Young et al. 1996; Hampe and Pet-
it 2005). The strength of particular genetic and de-
mographic processes was probably modified by cold
versus warm periods of Pleistocene (Hewitt 2000).
These hypotheses seem to find confirmation in the
variation of P. mugo. The isoenzymatic differentiation
of P mugo complex between the East Carpathians
and Swiss Alps was found to be high (Sannikov et al.
2011), but it could also result from taxonomic differ-
ences between Carpathian (P. mugo s. str.) and alpine
(possibly P. uncinata influenced) populations. A high
level of differences in chloroplast microsatellite loci
between the Carpathians, Sudetes and Alps was re-
cently described (Dzialuk et al. 2012), but rather low
at selected nucleotide loci (Wachowiak et al. 2013).
The significant morphological differences between P
mugo from the Carpathians, Sudetes and Abruzzi Mts.
were also found (Staszkiewicz and Tyszkiewicz 1976;
Boratynska et al. 2005; Boratynska and Boratynski
2007).

The populations of P. mugo in the Giant Mts. could
also be younger from the Alpine and Carpathian
ones, established as result of the founder events, at
the end of last glacial period and forming the “lead-
ing edge” of the species geographic range (Hampe
and Petit 2005). In this case they should present the
low level of within-population diversity and high lev-
el of differentiation.

The aim of the study was verification of both hy-
potheses using isoenzyme markers as well as mor-
phological traits of cones and needles. The cpDNA
markers were reanalysed and results from all four
data sets were compared using similar statistics.

Material and methods

Plant material

Samples were collected in three geographic re-
gions: the Giant Mts. (Sudetes), the Alps and the
Tatra Mts. (W Carpathians) from six, two and three
populations, respectively (Table 1). Material for
cpDNA, isoenzymatic and morphological examina-
tions was collected from the same individuals, 30
or more, in each population, at distances of about
30-40 m from each other to avoid possible duplicate
sampling from the same genet, as P. mugo frequent-
ly spreads vegetatively (Prus-Glowacki et al. 2005;
Tsaryk et al. 2006). Ten two-year-old dwarf shoots
with needles, ten one-year-old needles and ten cones
with seeds were sampled separately from each indi-
vidual. The young needles for DNA analyses were
dried and stored at —20°C (for details see Dzialuk et
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Table 1. Geographic location of the tested Pinus mugo populations and basic climatic data retrieved from DIVA GIS: AMT
— Annual Mean Temperature; AP — Annual Precipitation; TMin — average minimal temperature of the coldest month;
TMax - average maximal temperature of the warmest month; MTCQU - mean temperature of the coldest quarter
(December, January, February); MTW — mean temperature of the warmest quarter (June, July, August); PWM - precip-
itation in the wettest month; PWQU - precipitation in the wettest quarter (June, July, August)

Voucher Alti-

Code Location speci- Eami N/ ‘ide AMT TMin TMax MTCQU MTWQU AP LV PW
ongit. (E) M QU
mens [m]
Sudetes, Giant Mts. KOR  50°44°44”/ 1400- _ _
GM 1 Réwnia below Sniezka 48739 15°47°41” 1420 3.64 8.6 163 5.0 11.8 882 108 320
. KOR
Sudetes, Giant Mts. be- o
! . 01465 50°47°40”/ 1350-
GM 2 tsvzv;ze;li Labski Szczyt and KOR 15°33°15” 1450 243 -8.8 14.1 —-5.5 10.2 984 115 338
enea 41988
Sudetes, Giant Mts. o A A A
GM3 slopes of $niezkaabove ~ KOR 2O 44407/ 1300- 5 00 g6 163 —50 118 882 108 320
R .. 15°47’50 1500
Kociot Lomniczki
Sudetes, Giant Mts. 50°44°417/
GM 4 Kociol Matego Stawu near KOR 15°47'34” 1200 3.64 —-8.6 16.3 -5.0 11.8 882 108 320
Samotnia
Sudetes, Giant Mts. Czar- 50°47°05”/ _ _
GM 5 ny Kociot Jagnigtkowski KOR 15°35'30” 1180 3.08 8.7 15.2 5.2 11.1 928 111 326
Sudetes, Giant Mts. Wiel- 50°46’55”/
GM 6 ki Kociot Sniesny KOR 15°34°00” 1250 2.63 —-8.8 145 —-5.4 10.5 971 114 336
Carpathians, Tatra Mts. o
' N ) KOR 49°13°09”/ 1680-
™ 1 Dohn‘a Pieciu Stawow 41987 20°03°05” 1710 1.04 -109 13.2 -7.0 8.9 1440 195 526
Polskich
Carpathians, Tatra Mts. N .
iy . 49°13°07”/ 1600~
™ 2 s.lopes of Grze$—Wotowiec KOR 19°45'50” 1650 1.12 -11.0 13.5 -7.0 9.1 1433 195 523
ridge
Alps, NW slopes of 47°31°30”/ 1850- _ _
Al Kreuzspitze Mt 10°5512” 1900 3.15 8.4 15.8 4.5 10.7 1134 149 417
Alps, SW slopes of Hoch- 47°26°00”/ _ _
A2 konig Mt 13°05°00” 1500 2.51 10.5 16.6 5.8 10.6 1467 175 515
A3 Passo di Pramollo KOR 4163 03125,‘;55,,/ 1530 3.47 —-9.4 17.6 —4.7 11.5 1208 138 407

al. 2012). The seeds were extracted from the cones
and stored at —20°C until further isoenzymatic anal-
yses. The empty cones were used for biometrical
analyses. The length of ten two-year-old needles,
each from a different dwarf shoot, were measured
immediately after collection and then put into 70%
alcohol to preserve them until anatomical analyses.

Laboratory treatment

Isozymes

Due to particular feature of the conifer seeds, each
mother tree was analysed using no less than 10 mac-
rogametophytes, to reconstruct it diploid genotype
(Pastorino and Gregorius 2002). The tissue was ho-
mogenised using Tris/HCl, (pH 7.5) homogenising
buffer containing 4% PVP (K-15), 0.07% Na-EDTA,
0.2% DTT and 0.13% albumin. The separation of
isozymes on starch gels was conducted using two
buffer systems. The first was in electrode buffer of
pH 8.2 containing 0.3 M boron acid, 0.06 M lithium
hydroxide and in gel buffer balanced with citric acid
to pH 8.2, containing 0.03 M Tris and 10% electrode

buffer (Ridgeway et al. 1970). The second system
was in electrode buffer of pH 7.5 containing 0.013
M Tris and 0.043 M citrate acid, and the gel buffer
was prepared by a 1:10 dilution of electrode buffer in
distilled water (Siciliano and Shaw 1976). The elec-
trophoresis has been conducted using currents with
an amperage of 60 mA and voltage of 250 V for the
first and 120 V for the second buffer system.

Thirteen enzyme systems were studied (Enzyme
Commission number and locus abbreviations are put
in parentheses): alcohol dehydrogenase (EC 1.1.1.1,
Adh), fluorescent esterase (EC 3.1.1.2, Fle), gluta-
mate dehydrogenase (EC 1.4.1.2, Gdh), glutamate
oxalo-acetate transmitase (EC 2.6.1.1, Got 1, Got 2,
Got 3), isocitrate dehydrogenase (EC 1.1.1.42, Idh),
leucine aminopeptidase (EC 3.4.11.1, Lap 1, Lap 2),
menadione reductase (EC 1.6.99.2, Men), malate de-
hydrogenase (EC 1.1.1.37, Mdh 1, Mdh 3), 6-phos-
pholuconate dehydrogenase (EC 1.1.1.44, 6Pdh 1,
6Pgd2), phosphoglucoisomerase (EC 5.3.1.9, Pgi),
phosphoglucomutase (EC 2.7.5.1, Pgm 1, Pgm 2),
shikimate dehydrogenase (EC 1.1.1.25, Shdh) and
sorbitol dehydrogenase (EC 1.1.1.14, Srdh).
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Fig. 1. Distribution of Pinus mugo (shaded area, after Jalas and Suominen (1973), simplified) and the sites sampled in the
study; acronyms as in Table 1

The electrophoresis of Fle, Gdh, Got, Lap, Pgi, Pgm
and Srdh was conducted in the first buffer system,
and Adh, Mdh, Men, 6Pgd and Shda in the second.
Each gel was cut after electrophoresis and every slice
was coloured to the activity of another enzyme using
a standardised set of painting mixtures (Cheliak and
Pitel 1984). The separation of isozymes on starch
gels and genetic interpretation of the results were
performed as described by Odrzykoski (2002). Al-
leles at each locus were numbered according to their
electrophoretic migration, and the most anodally mi-
grating band was named 1, the next 2, and so on.

cpDNA

Details on amplification of 10 cpSSR loci in a
single multiplex PCR reaction are given elsewhere
(Dzialuk et al. 2009, 2012).

Phenotypic characteristics

The needles and cones of every individual with-
in a sample were characterised separately. Specimen
variation was determined on the basis of ten needles,
each from a separate brachyblast, and on the basis of

ten cones. In total, morphological differentiation of P
mugo was analysed on the basis of 1910, 900 and 660
needles and cones from the Giant Mts., Alps and Ta-
tras, respectively. Some of the data had been utilised
earlier to describe the variation in local populations
and/or taxonomical comparisons (Boratynska and
Bobowicz 2001; Boratynska et al. 2003, 2005) and in
the Giant Mts. separately (Sobierajska and Boratyns-
ka 2008; Sobierajska et al. 2010).

The 17 needle and 15 cone characteristics were
examined (Table 2). The needle traits were select-
ed from published papers on P. mugo agg. taxonomy
(Boratynska and Bobowicz 2001; Boratynska and Bo-
ratynski 2007), the cone traits from papers concern-
ing P. sylvestris (Staszkiewicz 1968) and P. mugo agg.
variation and taxonomy (Marcysiak and Boratynski
2007).

Statistical data analysis
Genetic diversity

On the basis of the estimated allele frequencies in
isozyme loci, the mean number of alleles per locus
(A), effective number of alleles per locus (A), per-



69

ity...

iabil

1C var

iation and genet

1tative traits var

Geographic distribution of quant

" e = LSLO 8660 8% I 007/S¥0 0 0T ¢6'1/8°0 §9 0TI LVT/¥8°0 (NDD/WdD =) ATI_SUIWASE 900D
" o - 0000 1960 €1T #87¢ €I'8/9TT T9T €T TLY/80T OTE 1ST  €H'L/S60 /1v=) ssowpnp,/psus] siskydode opeas ymww
e o - LE€0  ¥660 0TI €80 8IT/S¥0 €¢I €40 0TI/8%0 T'LL  LLO TYT/EH0 (Mv/ 1V =) yipis/q3ud] sishydode o[ess suo)
e o + 0000  T960 TEL LEO TL0/0T0 LT €¥0  ¥9°0/ST0 6'ST  0F0  0L°0/€T0 (NSD/T1D=) Joquinu a[eds/y18us] auo)
- - - 19T0 7660 86 ¥91 [1'¢/00T 801  S9T TI'T/0L0 %0 19T #ST/€L0 (aD/10=) Ie19ureIp [eWIXEW,/YIZUS] BUOD
e s s+ €00 6L60 0TI VLSS 09/0C €€l €€0F  SS/8CT 8TI  649¢  8S/FT  WOD [Wrw] JUSWIINSESUW 2ABIUOI SUOD
- - - 7800 9860 VIl 90%b 89/61 €€ OWvk  6L/06 9T  6S€h  99/81  WdD [ww] yuswamsesw Juernqmoid suo)
[ww] xode auod pue Ja1aWeIp
. . «  ¥9S0 1660 S8 9¢VI St/L €€l 9% 1T/ 941 ¥SEl ST/ WAD [EWITXEUI U99M12q JUTOpIU 1B I919WEIp 9U0D
- - + 0000 8760 €I ¥O°€ 6'S/€T  SE€l 9€E  €5/€T S9I  8TE  TY9T NV [wuw] xade afeds pue oquin usam1dq DUBISIT
o « s+ 0000 ¥S6'0  SLT 81T 8¥%/80 €SI 08T  L¥/9T L€T I¥T  9S/L0 IV [ww] stsdydode areds jo ssauydIyL
- - « 9000 €460 LOI €TL €01/ST 9€l  86°L STI/LS 601 SE€L  LOI/TY MV [ww] stsdydode o[eas jo yapiay
- w s+ 1000 S96°0 611 T6'S €6/8C §SI  8LS  06/6€ €LI LSS  96/6T IV [wu] sisdydode apeds jo yduay
- - - 9€00 7860 TII €198 8TI/Lv 9% ¥€9L  LO1/€S §'ST  LLLL TI€1/S¥ NSO Taquunu a[eds dU0)
- - «  FIFO  S660 801 LO6I TE/IL TIT  LL6T  LW/PT €01 7881  9T/TI ao [wrw] 1919WeIp [eWIXeW 2U0)
* - s 6£8°0 6660 6¢I 8I'I¢ 8S/ST  L'ST €k  9%/61  ¥¥I  $E0E  6%/91 10 [wur] y8ua] suo)
SOMISTIv1dEIEBYD U0D
" wx s+ 0000  6£60 %Sk §9S 00I/0 06T €179 001/% <¢€9 ¢Sy  001/0  Ldsd [9] BUTTI] S5Te] PUE S[[EM UL UITA ST[33 —
- s = 6890 8660 TE6 61¢ 86/0  1TIl ¥'ST ¥L/0 9°€9  60F  00I/0  T9Sd [%] s192 orerpaULIRIUL —
- - - 8000 9460 I'SLT b€ 99/0  8SLT €9 €0 VTUT T8 86/0  Jusd [%] 192 a1-21qy —
ASd ‘Jeued uIsal punoJe s[[ad NE\AEUEU‘BUW
" - « 0000  LS6'0 800I L7T9 001/0  L/T €49  00L/0T ¥%9% <TI19  001/0  IASd [%] suown] 981e] pUE S[[EA UIY1 YIIM S[[3D —
" - . 689°0 8660 F00I 1°ST L6/0  TLIT ¥T¢ 001/ TTIL 0T T6/0 1ASd [%] ererpounrorur —
- - « 0000  S€6'0 S6¥T ¥'E 0S/0  S6IT 0T 0S/0  L'8TCT L'L £6/0  ASASd [%] s[> snoIqy-Twos —
- - - 9000  ¥/60 07T0¢ SO 07/0 00 00 9/0  TOLT L0 8/0 dASd [%] 192 241-21qy —
ASd :S9[punq JendseA Usomlaq S[[9d wE\wr_uEw.aUW
(HE/ME=) ONEI SSaUwpIY
- o - V00  ¥860 88 L£O 08°0/%1°0 98 LE0  99°0/¥T0 69  9€0  SS0/¥T0 stuLppodAy yam sturaprds /yipim stuneprdy
e - s  THO0  ¥860 L€ 650 88°0/0V'0 T€ 850  L60/SK0 L€ 650  €L°0/L¥O (MN/HN=) ODEI YIPIs/SSAUDIYI S[PIIN
we - « O0CI'0 6860 ¥6 O €€°€/SL0 €L S¢'T  STT/3L0 16 OV 08T/SLO (4SY/DS¥=) ONEI SMOJ [EIBWOIS
e - - 860 ¥66'0 €£7TE O0SI v/l LST 081 €IW/LT €97  L91 68¢/%1  OW (HN/MNXJGA=) JUS1YFI0D $,190IeN
- - « 0000 1060 08 T 18/9C 09 8¢ 08/L7 9L T 95/0¢  MdI [wn] 1okey [90 straprda jo yIpp
- w s 0000 1880 LL 91 ve/9  SL 1 ¥2/01 LS ST ¥2/01 HE  [wri] 1oke stuwropodAy yim sturaprda jo 1ySoH
- - - 1I€0  ¥660 SIE /8 vIT/Y  9¥C €01 OIT/L1  LVT 86 907/6  AdA [wn] so[punq TendseA UdaM19q DUBISIT
- - - %200 1860 'S  8¢8 ¥801/L0S 9'S €/8  €901/8€9 ¥'L  ¥/8  0611/089 HN [wn] UoN9s-$50ID A[PIIU JO WYSIOH
- - - 9000 V.60 €9  LThl ¥012/0S8 S99  60ST  €I61/98L LL  1I8V1 ¥E61/€601 MN [tw] UON29S—-SSOID APIIU JO YIPIAL
. - - 6TI'0 6860 181 LIV 8/0 LT 8TV 8/0  TIT €v¥ 8/0 oY S[EUED UISAI JO J0qUINN
- « - 0000 €560 L9 V681 L9°ST/L9TI 6L €581 €€ST/TL 9L  OL'ST L9VT/LTL  ALS 9PIS JE]j UO EILWOIS JO JOqUINN]
- - - €000 1660 99 LO61  L9LT/ST 6L  6L81 L997/ST 8L €681 €€ST/€Tl OIS PIS X9AUOD UO EIBWOIS JO JOGUINN]
- e s ST00 1860 0TI 1.9 /e SEl SYL €I/v SE€l LL9 11/% ISy 9PIs ([EIXEPE) JE[j UO SMOIT BIEWIOIS JO IqUINN
IpIS
" e =« S8T0 €660 STl 1T6 91/s  TEI 166 SI/S 971 8T6 S1/5 oSy ([PIXPQE) XOAUO? UO SMOI BIBWIONS JO EEwZ
wx w5 - 0000 ¥S6'0  O¥I €8'T¥ ¥9/T¢ €11 SLPy  T9/9T  €€1  8€9%F  0L/0€ N [wwr] ya8usy 3[p3aN
SOMSTISIJBIRYD 9[Po9N
WO WO/V WLV d Y A uBdW  XBW/UIN A uBSW  XBW/UIN A UBSW  XBW/UI\
/WL apoD I9108IRYD)
1537 SI[[ep\—[eSNDY SUOI39I UoaMIaq WD WL v
JO/puUe s Juspnig UOIIBUTWILIDSI "SI JUBID suenedie) sdiy

(3x1 99s uoneuedxe

J10J) 1591 ST[[eA\-[eSNIY JO/PUE 1531, S, AN[N], Aq paien(ead "SI JUeID) pue ene], ‘sd[y 9U3 woj 08nw snuid JO SAUOD PUE SI[PIAU JO SITEI) PISATBUE UIMII] SIOUIIP JO
(S0°02d — & ‘T0°0X d — «+) [2A9] 2ouedYIUSIS pue (Y JO 2douedYIUSIS — J *anjea y [enyed — ) 1omod uoneurwLsIp ‘(AD) UOBLIEA JO JUSIYJI0D ‘(Uedw) sanjea 98eIoAy ‘7 d[qel,



70 Krystyna Boratynska et al.

centage of polymorphic loci (P, 95% criterion), ex-
pected heterozygosity (H), observed heterozygosity
(H,) and fixation index (F,) were calculated for each
population and geographic region using GenAlEx 6.5
software (Peakall and Smouse 2012) and GDA soft-
ware (Lewis and Zaykin 2001).

For chloroplast microsatellites, the data from Dzia-
luk et al. (2012) were reanalysed. The least squares
method (Idury and Cardon 1997) was used for bin-
ning of allele lengths, then the haplotypes were iden-
tified by allele combinations of polymorphic SSRs.
The variation within populations was measured by
estimating the total number of haplotypes (A,), num-
ber of private haplotypes (P,), frequency of the most
common haplotype in a particular population (C,),
the effective number of haplotypes (N), haplotypic
richness (H, Mousadik and Petit 1996), unbiased
haplotype diversity (H) and the mean genetic dis-
tance between individuals within populations (D?,
Goldstein et al. 1995, applied to cpSSRs by Morgante
et al. 1998).

The statistical significance of differences in the
genetic parameters between geographic regions was
evaluated by the Kruskal-Wallis test using the pro-
gram PAST 2.17 (Hammer et al. 2001). Spatial pat-
terns of genetic variability were visualised by Pear-
son’s correlation analysis between intra-population
parameters of genetic variation and geographic data
for each population (latitude, longitude and alti-
tude). Additional, genetic diversity parameters were
regressed on climatic data retrieved from DIVA-GIS
database (Hijmans et al. 2012).

Morphological comparisons

The Shapiro-Wilk’s test was used to assess the
symmetry and unimodality of the data The ho-
moscedasticity of the data was checked using the
Brown-Forsythe test as implemented by STATISTI-
CA (StatSoft) to assess the possibility of using par-
ametric statistical tests (Zar 1999; Sokal and Rohlf
2003). The arithmetic means and standard devia-
tions were calculated for each population and region.
Prior to the analyses, all data were standardized us-
ing STATISTICA (StatSoft) procedures to avoid pos-
sible influences from the various types of traits used.
The level of diversity of particular characteristics was
compared using the Student’s t-test (Boratynska et
al. 2005).

Relationships between traits were checked using
the Pearson’s correlation coefficient and discrimina-
tion analysis, which also identified the power of each
trait to discriminate between regions (Sokal and Ro-
hlf 2003; Tabachnik and Fidell 2007). The possible
dependence of phenotypic traits on the geographic
data and climatic conditions of each population was
verified via regression analysis.

Differentiation and grouping of
populations

We estimated genetic structure among popula-
tions using the widely accepted Nei’s G, statistic.
Additionally, the phylogeographic structure of chlo-
roplast haplotypes was assessed by the permutation
test of N, and G, values for significant differentia-
tion. G, is solely based on allele frequencies, while
N, takes into account similarities or relatedness
among haplotypes. A N__higher than the estimated
G, suggests that allele size mutations contributed to
population differentiation; thus alleles within pop-
ulations are more related than alleles in the overall
sample. The program Permut & CpSSR v. 2.0 (Pons
and Petit 1996) was applied to compare G, vs. N,
values using 10,000 random permutations. Because
Jost (2008) has shown that, when using highly poly-
morphic markers, G, does not provide a straightfor-
ward assessment of how different populations are,
we also computed the D estimator. The significance
of D estimates was evaluated using bootstrap resa-
mpling in GenAlEx 6.5 (Peakall and Smouse 2006,
2012) and SPADE (Chao and Shen 2010).

The hypothesis that dwarf pines from the same
geographic region (mountain range) are more closely
similar genetically and morphologically was tested
using three approaches. First, their genetic differen-
tiation was quantified using a hierarchical analysis of
molecular variance (AMOVA). Total genetic variation
was partitioned into (1) among regions (Tatra Mts.,
Giant Mts., Alps), (2) among populations within re-
gions, and (3) within populations. The significance
was tested by resampling with 1,000 randomizations
using the program Arlequin ver. 3.5.1.2 (Excoffier
and Lischer 2010). The distribution of variation of
every phenotypic trait between regions, populations
and individuals was tested by ANOVA.

Second, to determine if genetic differences between
populations corresponded to geographic distribution
patterns, the genetic distance (D) of Nei (1972) for
isozymes and cpSSRs and Euclidean distance (D,,)
for morphological traits were used to construct un-
rooted trees using the NEIGHBOR and DRAWTREE
options in the PHYLIP package v 3.68 (Felsenstein
1995). The neighbour joining (NJ) method was used
for building trees, because Kalinowski (2009) has
recently shown the algorithm describes genetic re-
lationships between populations that have an isola-
tion-by-distance structure more faithfully than UP-
GMA. To analyze how well a tree fit the genetic data
the tree was calculated from, the R? parameter was
calculated using the TreeFit program (Kalinowski
2009). If R? is near 1.0, the tree represents a good
summary of the genetic relationships shown in the
distance matrix. Values less than 0.90 suggest the
tree should not be used to describe population struc-
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ture. The statistical confidence in the topology of the
trees was also measured by bootstrapping 10,000 NJ
trees in PowerMarker v.3.25 software (Liu and Muse
2005). The CONSENSE software from the PHYLIP
v 3.68 package (Felsenstein 1995) was used to con-
struct consensus trees.

Third, to confirm the spatial pattern of genetic
grouping, a principal coordinate analysis (PCoA) was
performed and the ordination of the populations on
the first two principal coordinates was plotted using
GenAlEx 6.5 software (Peakall and Smouse 2012). To
test whether population differentiation was caused
by isolation by distance (IBD, Wright 1943), we con-
ducted a Mantel test by regressing the genetic dif-
ferentiation between populations (F,/(1-F) for
isozymes and cpSSRs (D, /(1-D,,) for traits) versus
the log geographic distance. The test was carried out
on 9,999 permutations of the data with GenAlEx 6.5
software (Peakall and Smouse 2012).

Additionally, the significance of differences be-
tween mathematical means of morphological traits
for the three regions was verified using the t-Stu-
dent’s for non-biased and the Kruskal-Wallis tests for
biased data (Sokal and Rohlf 2003).

Results
Genetic diversity within populations

Estimates of genetic diversity within populations
are shown in Table 3. Among 19 isozyme loci, Pgi 1
was monomorphic in the whole sampled populations
and thus excluded from further statistical analyses.
Additionally, Got 1, Mdh 1, Pgi 2, Pgm 1 were mono-
morphic in at least one population. The most highly
polymorphic was Adh 2, with 7 alleles, and Gdh, Got
2, Shdh 1, each with 6 alleles. On average, all loci had
at least 3 alleles. Averaged across all populations, the
percentage of polymorphic loci (95% criterion) was
86%, with the minimum percentage in GM 1 (79%)
and the maximum in TM 1 and A 1 (92%). At the re-
gional level, the mean percentage of polymorphic loci
was slightly higher in the Tatras Mts. region (90%)
than in populations from the Giant Mts. (85%) and
the Alps (88%) (Table 3). Among 98 alleles identified
in tested populations of P. mugo, 12 were identified as
private (3 in the Tatras Mts., 3 in the Giant Mts. and
6 in the Alps) and 15 as region private (6 in the Giant
Mts., 3 in the Tatras Mts. and 6 in the Alps).

Across populations, allele number per locus
ranged between 2.7 and 3.0. On average, the num-
ber of alleles differed significantly between regions
(Kruskal-Wallis test: y2=6.2, p=0.035), being the
highest in the Alps. A similar pattern was observed
for effective number of alleles (32=6.4, p=0.039).

Table 3. Estimates of genetic diversity for eleven P. mugo populations and means for three geographic regions (bold) based
on twenty-four isozyme loci and nine chloroplast microsatellites

isozymes cpSSR

Region/Pop

A A, P(%) H H, F N A P C N, H, H, D,
GM_1 31 271 1.47 79 0.276 0.270 -0.018 32 22 4 0.09 17.66 20.05 0.974 6.47
GM_2 30 2.71 1.54 83 0.310 0.303 —0.028 31 21 3 010 17.47 19.58 0.974 4.70
GM_3 29 2.79  1.45 88 0.299 0.269 —0.083" | 32 19 5 0.09 16.00 17.42 0.968 8.03
GM_4 30 2.83 1.54 88 0.311 0.310 0.017 | 31 21 7 016 1478 19.52 0963 6.14
GM_5 30 2.67 1.47 83 0.318 0.271 —-0.131""| 33 20 1 015 1378 17.80 0956 9.28
GM_6 30 2.79 1.52 88 0.300 0.288 —0.025 32 21 7 0.16 1506 19.11 0.964 6.58
Giant Mts. 30  2.75 1.50 85 0.302 0.285 -—0.044" | 32 21 6 0.16 15.79 18.91 0.967 6.87
T™M_1 29 3.04 1.59 92 0.313 0.310 0.013 33 23 11 0.15 16.75 20.51 0.970 7.05
T™_ 2 30 2.75 1.53 88 0.297 0.305 0.033 33 25 15 0.15 1729 22.08 0972 6.56
TatraMts. 30 290 1.56 90 0.305 0.307 0.023 | 33 24 20 0.15 17.02 21.30 0.971 6.81
Al 23 3.04 1.64 92 0.368 0.338 -0.073 30 28 26 0.07 26.47 27.00 0.990 7.66
A2 29 292 1.61 88 0.336  0.328 —0.009 30 26 21 0.07 23.68 25.00 0.991 5.38
A3 30 292 1.55 83 0.299 0.299 0.008 30 23 16 0.10 19.57 22.00 0.982 6.56
Alps 27 296 1.60 88 0.334 0.322 -0.023 | 30 26 21 0.10 23.24 24.67 0.987 6.54
Total 29.2 2.83 1.54 86 0.311 0.299 -0.026" | 31.5 22.6 11 0.12 18.05 2092 0973 6.77

isozymes: N, mean number of individuals analysed per locus; A, mean number of alleles per locus; A, effective number of alleles per
locus; P, percentage of polymorphic loci (95 % criterion); H , observed heterozygosity; H, mean unbiased estimate of expected heterozy-

gosity; F

s’

fixation index; * p<0.05, ** p<0.01, *** p<0.001

cpSSR: A,, number of haplotypes, P,, number of private haplotypes; C,, frequency of the most common haplotype in a particular popu-

lation; N, effective number of haplotypes; H,, haplotypic richness; H, Nei’s index of genetic diversity estimated without bias; D?

genetic distance between individuals within populations

» Mmean
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The highest observed average heterozygosity (H )
for a population was found in A 1 (H,=0.368) and the
lowest in GM 1 (H,=0.276). Although populations
from the Alps had hlgher values of average observed
heterozygosity, no statistical differences were found
for populations within regions (Kruskal-Wallis test:
x*=1.8, p=0.411). A similar pattern was observed
for expected heterozygosity (H,; Kruskal-Wallis test:
12=4.5, p=0.104).

Although the mean fixation index (F,,= —0.026)
indicated a significant deficiency of homozygotes
(p<0.05) in the whole sample, an excess of heterozy-
gotes was statistically significant only in populations
from the Giant Mts. (p<0.01). Unlike other regions,
the Tatras Mts. showed a deficiency of heterozygotes
(but it was not significant) (Table 3). No statistical
differences in fixation indices were found between
populations (Kruskal-Wallis test: y2=3.9, p=0.144).

Among ten chloroplast microsatellite loci, nine
were polymorphic. Prior to data analysis, the mono-
morphic locus (PCP 102652) was discarded. With
respect to cpSSRs, we identified a total of 51 alleles
(variances) with an average of 3.7 alleles per pop-
ulation and marker. The most highly polymorphic
locus was Pt71936 with 8 followed by Pt45002
and PCP41131, each with 7 alleles. The variants
were combined in 163 different haplotypes out of
4,233,600 mathematically possible combinations.
From these, no haplotype was common among all
populations, 121 were private (observed in a single
population) and 148 were region private (observed
in a single geographic region). The most common
haplotype was detected in all populations from the
Giant Mts. and in one population from the Tatra Mts.

310 . ISOZymes R?=0.497; p=0.015
3.00 -
2.90 4
<
2.80 1
270 GM 1+ GM 2
GM 5¢
2.60 T T T T T
46 47 48 49 50 51 52
Latitude (°N)
2 -CPSSR R?=0.665; p=0.002
26
24
£ 221
20
18
16 T
46 47 48 49 50 51 52

Latitude (°N)

At the regional level, slightly smaller numbers
of haplotypes, private haplotypes and haplotyp-
ic richness were observed in the Giant Mts. (21, 6
and 18.91, respectively) than in the Tatra Mts. (24,
20 and 21.30, respectively) or the Alps (26, 21 and
24.67, respectively). The differences between re-
gions were statistically significant for these param-
eters (Kruskal-Wallis test: y2=7.7, p=0.020; y2=8.2,
p=0.016; y*=7.8, p=0.020, respectively). Similarly,
a higher probability of randomly sampling two iden-
tical haplotypes (N) was observed in the Giant Mts.
than in the Tatras Mts. or the Alps (Kruskal-Wallis
test: x2=6.2, p=0.044). As a result of the low hap-
lotype frequencies, very high within population di-
versity values were found (H,=0.973), with the high-
est values in the Alps (Kruskal-Wallis test: y2=6.2,
p=0.043). No statistical differences in genetic dis-
tance between individuals within populations were
found between populations (Kruskal-Wallis test:
x*=0.2, p=0.918), with mean D?,=6.77.

The Pearson correlation analysis revealed that the
genetic diversity within P. mugo populations in Cen-
tral Europe is significantly positively correlated with
altitude but decreases with increasing latitude (Fig.
2). When the mean number of alleles per isozyme
locus (A) and haplotypic richness (H,) for chloro-
plast DNA were correlated with the geographic var-
iables, a positive correlation was observed versus al-
titude (R>=0.560; p=0.008 and R*=0.655; p=0.003,
respectively), while the correlation with latitude
was negative (R?=0.497; p=0.015 and R?=0.665;
p=0.002, respectively). No correlations were found
between the isozyme or chloroplast genetic diversity
parameters versus longitude (p=0.483 and p=0.252,

34 ,isozymes R?=0.560; p=0.008
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Fig. 2. Pearson’s correlation analysis between mean number of alleles per isozyme locus (A) and cpSSR haplotype richness
(H,) of P mugo populations versus geographic data (latitude and altitude)
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respectively). Therefore, higher intra-population di-
versity was observed in the Alps, with lower values
in the Tatras and Giant Mts. The regression analy-
ses revealed no effect of most climatic conditions on
genetic diversity parameters. Marginally significant
positive relationships between annual precipitation,
precipitation in the wettest month, precipitation in
the wettest quarter and the mean number of alleles
per isozyme locus (R?=0.312, p=0.074; R?=0.314,
p=0.073; R?=0.331, p=0.064, respectively), as well
as precipitation in the wettest month and cpSSR hap-
lotype richness (R?=0.325, p=0.067) were detected.
Only haplotypic richness increased significantly with
increasing annual precipitation and precipitation in
the wettest quarter (R?=0.365, p=0.049; R?=0.369,
p=0.048, respectively).

Morphological variation

The most of data examined had a normal or very
close to normal frequency distribution, which ena-
bled us to use multivariate statistical methods for fur-
ther analyses. Only PSV and PSR data were excluded
from further analyses because of biased frequencies.

The average values of both needle and cone traits
differed between the three geographic groups of pop-
ulations at very low yet in most cases statistically sig-
nificant levels. In the discrimination analysis, 10 char-
acters discriminated between groups at a statistically
significant level, with p<0.05. Eight out of 15 cone
characteristics in the same test discriminated at a sig-
nificant level between the Alps, Tatras and Giant Mts.
(Table 2). Student’s t-test showed that all characte-
ristics, except for STC from needles and CPM and the
CL/CD ratio of cones, differentiated at a significant
level between at least one pair of groups.

The variation in particular characteristics of nee-
dles and cones from the Alps, Tatras and Giant Mts.
was found to be at similar levels. The CV values of
the needle traits were statistically the same in the
Alps and Tatras. The different CV values between
the Alps and Giant Mts. have NH, WBD and MC
(t=3.470, p=0.008, t=4.255, p=0.003 and t=4.175,
p=0.003, respectively), and between the Tatras and
Giant Mts. WBD and MC (t=3.967, p=0.005 and
t=4.753, p=0.002, respectively). The CV values of
the cone characteristics were also similar, with sig-
nificant differences in CM between populations from
the Alps and Tatras and between the Alps and Giant
Mts. (t=-10.61, p=0.001, t=-3.735, p=0.006, re-
spectively). However, significant differences in CV at
p<0.05 were detected for CL, CDM, CPM CCM and
the AL/AW ratio between Tatras and Giant Mts. pop-
ulations, and for AL, CDM, and AL/AW, AL/AT and
CPM/CCM ratios between Alpine and Giant Mts.
populations.

The values of morphological characteristics cor-
related with each other. Positive, statistically signif-
icant connections were detected among groups of
dimensional characteristics of needles and among
dimensional characteristics of cones. The correlation
between the cone and needle characters was gener-
ally weak; however, a few significant dependencies
were found, as for example AT to NW and NH (r,,,
.,=0.23 and 0.27, respectively, p<0.05 in both cases).

The regression analysis revealed that none of the
needle phenotypic characteristics correlated either to
geographic coordinates or to the altitude of the ana-
lysed P. mugo populations, but some traits revealed a
significant dependence on climatic factors. EH and EW
positively correlated with the minimal temperature of
the coldest month and mean temperature of the cold-
est quarter (R>=0.76, p=0.005, R?=0.63, p=0.0034,
and R?*=0.63, p=0.003, R*=0.60, p=0.005, respec-
tively). The same needle traits negatively correlated
with the mean precipitation in the wettest month
(R?=0.56, p=0.008) and wettest quarter (R?=0.53,
p=0.011).

Most cone traits were dependent neither on geo-
graphic position nor climatic conditions. Only AW
negatively correlated with minimal temperatures in
the coldest month and quarter (R>=0.44, p=0.027
and R?=0.39, p=0.042, respectively). AU correlated
positively to altitude and to precipitation in the wet-
test month (R?=0.52, p=0.012, R>=0.40, p=0.038,
respectively), and cone asymmetry (CPM/CCM) neg-
atively to geographic longitude and positively to max-
imum temperature of the warmest month, as well as
to mean temperature of the driest quarter (R?=0.58,
p=0.007, R?=0.46, p=0.023 and R*=0.56, p=0.008,
respectively).

St

Differentiation between populations

In the overall dataset, the estimated coefficient
of genetic differentiation among populations (G,,)
was low but significant for isozymes (G, =0.027,
p<0.001) and cpSSRs (G,, =0.017, p<0.001). Com-
parisons of cpSSR’s G, vs. N, (N, =0.022, p<0.001)
indicated insignificant differences (p>0.05) for hap-
lotype differentiation measures, suggesting a lack of
phylogeographic structure. Jost’s D was significant
but much higher for chloroplast microsatellites than
for isozymes (D, =0.013, p<0.001; D =0.620,
p<0.001).

A hierarchical AMOVA using isozymes revealed
that variation among regions accounted for 4%, while
among populations within regions and within pop-
ulations for 3% and 93% of the total variation, re-
spectively. However, chloroplast SSRs confirmed the
presence of a much more pronounced and significant
differentiation among regions (®,,=0.121; p=0.001)
(Table 4). A hierarchical ANOVA on particular traits

cpSSR
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Fig. 3. Consensus of 10,000 NJ trees inferred from comparative analysis of eleven P. mugo populations. Branches are labe-
led with bootstrap support above 50%

of needles and cones detected the major portion of EH, and among cone traits for AU and CL/CSN and
variation located among individuals and then among CPM/CCM ratios. The distribution of variance for
populations (Table 5). Between the Alps, Tatras and these characteristics revealed a higher proportion
Giant Mts. only small amounts of variation were between regions than between populations within a
found among the needle traits, significant only for region (Table 5).
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Fig. 4. Principal Coordinates Analysis (PCoA) calculated from the genetic (isozymes and cpSSR) and phenotypic (needle
and cone) characteristics of the 11 P mugo populations; population acronyms as in Table 1

The pattern of population grouping is visualized in
consensus NJ trees (Fig. 3). The R? values were high
(above 0.9) for all dendrograms, indicating accurately
depicted genetic relationships between populations.
In general, NJ analyses clustered all populations to-
gether within regions (mountain systems). Isozymes
and cpSSRs revealed pronounced separation between
regions, and this geographic grouping was support-
ed by high bootstrap values (Fig. 3). The Giant Mts.
region was more strongly differentiated compared
with the others on all dendrograms; however, this
tendency was less evident using morphological char-
acteristics of needles and cones. There were excep-
tions to this geographic trend, e.g. the appearance
in the Giant Mts. group of single populations from
the Tatras and Alps (needle traits) or the grouping of
the GM 4 population within the Alpine cluster (cone
traits). Additionally, dendrograms based on morpho-
logical characteristics had lower bootstrap supports
than those based on isozymes or chloroplast micro-
satellites. The dendrograms also revealed the Tatras
region was more similar to the Alpine, forming a sin-
gle mixed group, nevertheless distinct from the Giant
Mts., as shown by morphological traits.

The PCoA confirmed the geographic pattern of
the groupings. The first two axes of the PCoA using
isozymes, cpSSR, needle and cone traits accounted
for 57.89%, 85.28%, 41.82% and 35.78% of the total
variance, respectively. The PCoA based on isozymes,
cpSSR and cone traits clearly separated the 11 Pinus
mugo populations into three groups, similar to that
observed in the NJ analyses. The grouping of pop-
ulations using needle characters was less evident.
In spite of this, six populations from the Giant Mts.
clustered together in a large group with a single Al-
pine population (Fig. 4).

A significant IBD pattern was observed when ge-
netic differentiation was correlated with the log-
arithm of pairwise spatial distances among popu-
lations based on isozymes (R?*=0.129; p=0.008),
cpSSRs  (R*=0.407; p=0.002) and needle traits
(R?=0.151; p=0.032) (Fig. 5). This correlation was
significant only when all populations were analysed,
regardless of region. Within regions (the Giant Mts.
and Alps) there was no correlation between genet-
ic differentiation and geographic separation. No
IBD was found either using cone traits (R?=0.030;
p=0.214).

Table 4. Analysis of molecular variance (AMOVA) based on isozyme and cpSSR data assuming a geographic population
structuring based on isolation in three regions: Giant Mts., Tatra Mts. and Alps.

Markers Source of variance df Variance component Variation (%)  statistic p
Among regions 2 0.316 4 0.041 0.001
isozymes Among populations within regions 8 0.244 3 0.033 0.001
Within populations 310 7.122 93 0.073 0.001
Among regions 2 0.350 12 0.121 0.001
cpSSR Among populations within regions 8 0.016 1 0.006 0.093
Within populations 336 2.540 87 0.126 0.001
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Table 5. Analysis of variance (ANOVA) based on phenotypic needle and cone data assuming a geographical population
structuring among the regions Giant Mts., Tatra Mts. and Alps.

Trait Source of variance df Variance Variation (%) F Ratio p
component
Needle traits
NL Among regions 2 3.623 7 2.2296 0.1642
Among populations within regions 9 8.917 17 9.8476 <.0001
Among individuals 391 32.020 62 48.6020 0.0000
RSC Among regions 2 0.018 1 1.1385 0.3629
Among populations within regions 9 0.388 14 10.7650 <.0001
Among individuals 391 1.170 42 10.8240 0.0000
RSF Among regions 2 0.068 4 1.6279 0.2496
Among populations within regions 9 0.340 18 15.6940 <.0001
Among individuals 391 0.665 34 8.7439 <.0001
STC Among regions 2 —-0.076 -2 0.2023 0.8206
Among populations within regions 9 0.260 7 5.0881 <.0001
Among individuals 391 1.900 51 12.8080 0.0000
STF Among regions 2 —0.0100 -3 0.2934 0.7527
Among populations within regions 9 0.414 11 7.6927 <.0001
Among individuals 391 1.843 49 12.2460 0.0000
RC Among regions 2 -0.022 -2 0.4587 0.6464
Among populations within regions 9 0.119 10 6.5141 <.0001
Among individuals 391 0.653 55 15.6930 0.0000
NwW Among regions 2 1120.627 6 1.9703 0.1956
Among populations within regions 9 3582.564 19 12.9460 <.0001
Among individuals 391 9255.427 50 20.5600 0.0000
NH Among regions 2 388.062 7 2.2224 0.1648
Among populations within regions 9 981.975 18 12.5010 <.0001
Among individuals 391 2626.010 48 19.2700 0.0000
VBD Among regions 2 16.972 2 1.4998 0.2751
Among populations within regions 9 94.584 8 5.6584 <.0001
Among individuals 391 616.808 54 15.7410 0.0000
EH Among regions 2 0.751 13 12.323 0.0028
Among populations within regions 9 0.187 3 6.1424 <.0001
Among individuals 391 0.745 13 2.7248 <.0001
EW Among regions 2 2.702 10 3.5355 0.0741
Among populations within regions 9 3.264 12 11.5690 <.0001
Among individuals 391 8.829 34 8.4663 <.0001
MC Among regions 2 15.413 0 1.11240 0.3708
Among populations within regions 9 396.655 10 6.9910 <.0001
Among individuals 391 2003.946 52 14.9380 0.0000
RSC/RSF  Among regions 2 0.0006 1 3.2894 0.0877
Among populations within regions 9 0.0005 1 2.1442 0.0252
Among individuals 391 0.0087 12 2.5033 <.0001
NH/NW  Among regions 2 —0.0001 -3 0.1849 0.8343
Among populations within regions 9 0.0002 12 13.3770 <.0001
Among individuals 391 0.0004 25 4.6939 <.0001
EW/EH Among regions 2 0.000001 0 1.0847 0.3793
Among populations within regions 9 0.00015 4 6.2866 <.0001
Among individuals 391 0.00065 18 3.2437 <.0001
Cone traits
CL Among regions 2 —0.0535 -0 0.9074 0.4365
Among populations within regions 9 1.5050 5 3.7612 0.0002
Among individuals 362 15.7820 57 14.8010 0.0000
CD Among regions 2 —0.0178 -0 0.8922 0.4423
Among populations within regions 9 0.472 8 5.0576 <.0001

Among individuals 362 3.356 55 14.2310 0.0000
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CSN Among regions 22.573 12 3.8530 0.0613
Among populations within regions 25.762 14 10.7660 <.0001
Among individuals 362 75.529 41 12.8820 0.0000
AL Among regions 0.027 3 1.6887 0.2376
Among populations within regions 0.120 12 8.3625 <.0001
Among individuals 362 0.463 45 11.4320 0.0000
AW Among regions 0.104 9 3.2485 0.0861
Among populations within regions 0.151 15 10.5060 <.0001
Among individuals 362 0.447 40 10.9330 0.0000
AT Among regions 0.026 8 1.9998 0.1909
Among populations within regions 0.091 29 24.6550 <.0001
Among individuals 362 0.110 35 12.5640 0.0000
AU Among regions 0.032 9 5.2508 0.0298
Among populations within regions 0.021 6 4.3926 <.0001
Among individuals 362 0.172 46 11.5430 0.0000
CDM Among regions -0.821 -10 0.3168 0.7363
Among populations within regions 4.234 50 43.9110 <.0001
Among individuals 362 2.813 33 12.2860 0.0000
CPM Among regions —0.481 -1 0.1916 0.8288
Among populations within regions 1.317 3 2.6819 0.0050
Among individuals 362 22.581 57 14.0980 0.0000
CCM Among regions 1.444 4 3.6336 0.0677
Among populations within regions 1.305 4 3.0639 0.0015
Among individuals 362 17.973 50 11.9350 0.0000
CL/CD Among regions —-0.001 -3 0.1889 0.8310
Among populations within regions 0.004 9 6.5339 <.0001
Among individuals 362 0.021 48 10.6960 0.0000
CL/CSN Among regions 0.0006 13 7.2883 0.0125
Among populations within regions 0.0003 6 4.4299 <.0001
Among individuals 362 0.0024 48 14.3720 0.0000
AL/AW Among regions 0.0017 3.4416 0.0767
Among populations within regions 0.0021 8.0621 <.0001
Among individuals 362 0.0082 36 7.9026  <.0001*
AL/AT Among regions —0.0089 -1 0.8778 0.4484
Among populations within regions 0.2552 38 37.6100 <.0001*
Among individuals 362 0.1912 29 8.6874  <.0001*
CPM/CCM Among regions 0.0011 7 5.7533 0.0234*
Among populations within regions 0.0007 4 8.3508  <.0001*
Among individuals 362 0.0015 10 2.1045 <.0001*
Discussion of the species’ geographic range, that were proba-

Genetic diversity

Genetic variation within most outcrossing forest
tree species is high in comparison to other organisms
(Hamrick and Godt 1996). The level of genetic di-
versity found in isozymes in the studied populations
of P. mugo does not differ radically from that report-
ed for another gymnosperm species characterised
by a broad geographic rangeand is also similar to,
but slightly higher than, levels observed earlier in
the dwarf mountain pine and closely related taxa
from the P. mugo agg. (Prus-Glowacki et al.1998; Le-
wandowski et al. 2000; Odrzykoski 2002; Slavov and
Zhelev 2004). The higher level of genetic diversity in
our study may result from analysing a higher number
of populations representing the three distinct centres

bly isolated for a long period during of Pleistocene
(Latalowa et al. 2004; Jankovskd 2008; Jankovskd and
Pokorny 2008).

The non-conformity with Hardy-Weinberg pro-
portions suggests nonrandom mating and indicates
a nonequlibrium population genetic structure.
However, while significant departures with excess
heterozygotes were observed for the whole dataset
(F,=-0.026). Contrary to our results, a great defi-
ciency in heterozygotes was observed earlier for 15
Bulgarian populations of P. mugo (F, =0.252) and
two from the Tatras Mts. (F, =0.283) (Slavov and
Zhelev 2004). The latter is partially consistent with
our results, because we found a statistically insignifi-
cant excess of homozygotes in these mountains.

The level of diversity revealed in cpSSR loci has
been discussed in a separate paper (Dzialuk et al.
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2012). It also appeared similar to that reported for
P. uncinata (Dzialuk et al. 2009), P. mugo complex
(Heuertz et al. 2010) and P. mugo s.s. (Sannikov et
al. 2011), in each case based on material sampled in
their natural localities. A study on material collected
from populations of P. mugo agg. introduced in Lithu-
ania also showed a high level of diversity interpreted
as origin from different mother regions (Danusevi-
Cius et al. 2013).

In this study we found greater diversity of P. mugo
in the Alps than in other mountains in Central Eu-
rope. Similarly to our observations, Sannikov et al.
(2011) found greater genetic diversity of P. mugo in
the Alps (A=2.9; H=0.305; H =0.310) compared
to the Carpathians (A=2.3; H=0.197; H =0.187).
Greater genetic diversity in the Alps compared to the
Apennines was also observed for Abies alba Mill. (Pi-
ovani et al. 2010), but the reverse relation was found
for Pinus cembra L. (Hohn et al. 2009). The greater
genetic diversity of P mugo found in the Alps could
result from 1) differentiation of the P. mugo popula-
tions during Pleistocene cold periods and indepen-
dent, long lasting genetic processes in the isolated
populations, which then came together in the Holo-
cene (Thiel-Egenter et al. 2011), or 2) hybridisation
between P. mugo and P. uncinata (Christensen 1987;
Lewandowski et al. 2000).

The distribution of genetic within-population di-
versity that we found in P. mugo in Central Europe
represents the classical postglacial colonization the-
ory of “southern richness to northern purity” (He-
witt 2000), where glacial refugia harbour high levels
of genetic diversity and recolonizing populations are
usually composed of subsets of the genetic diversi-
ty present in the refugial source population (Comes
and Kadereit 1998; Taberlet et al. 1998). Sequential

founder effects, bottlenecks and long term isolation
of populations within geographically separate refu-
gia may lead to genetic differentiation due to drift
(Provan and Bennett 2008). Unfortunately, the loca-
tions of glacial populations of P. mugo complex are
poorly known.

Our finding is also in line with the “leading edge”
concept, as concern the level of within-population
genetic variation (Hampe and Petit 2005).

Morphological variation

Values of variation coefficients of morphological
and anatomical characters of needles and cones for
samples representing the Giant Mts., Tatras and Alps
did not differ at a statistically significant level. Sam-
ples of P. mugo from the Giant Mts., the northernmost
localities of the species (Jalas and Suominen 1973;
Boratynski 1994), have similar levels of morpholog-
ical variation as those from the central part of its ge-
ographic range (Staszkiewicz and Tyszkiewicz 1976;
Boratynska et al. 2005). Generally, cone characters
are more variable than those of needles (Boratyns-
ka et al. 2005), when the frequencies of sclerenchy-
ma cells between vascular bundles and around resin
canals are excluded. These data are strongly biased
and extremely variable (Boratynska and Boratynski
2007), which is also expressed in our data (Table 2).

The phenotypic characteristics of trees is an out-
come of the interaction between the genetic consti-
tution of the species and the environmental condi-
tions. Nevertheless, in our data only a few among
the analysed set of phenotypic traits of needles and
cones revealed relations to geographic position and/
or climate conditions in place of origin. This can re-
sult from not too high differentiation of the site and
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climate conditions in the subalpine vegetation layer
of the Alps, Tatras and Giant Mts. (Table 1), where
P. mugo plant community is formed (Ozenda 1988;
Jirasek 1996; Poldini et al. 2004; Tsaryk et al. 2006).
Only the epidermal cells were higher and somewhat
broader (EH and EW) on the sites with higher mini-
mal temperatures during winter and lower precipita-
tion during the summer season. The thicker epider-
mis and hypodermis may be an adaptation to winter
and early spring frosts, which can desiccate the nee-
dles (Wieser and Tausz 2007), and/or to higher in-
solation and higher UV-radiation in the regions with
less precipitation during the summer (Wieser 2007).

The only detected cone asymmetry (CPM/CCM)
positive correlation to geographic longitude could
have resulted from contact and possible hybridiza-
tion between P. mugo with P. uncinata in the west-
ernmost localities we sampled in the present study.
Nevertheless, the cones were also more asymmetric
in localities with higher temperatures in the hot and
dry periods of the year, which is difficult to explain. It
should be stressed that most of the analysed needle
and cone traits were resistant to influences of climat-
ic conditions.

The generally weak correlation of the analysed
phenotypic traits to environmental factors could al-
low us to expect their genetic conditioning and, con-
sequently, similar pattern of diversity, as was found
using genetic markers. In reality, analyses of the mor-
phological characters of cones and the morphologi-
cal and anatomical characters of needles confirmed
closer relations among populations within the three
regions than between them (Fig. 3). In spite of the
differences between the Alpine, Carpathian and Gi-
ant Mts. populations detected by Student’s test and
discrimination analysis (Table 2), only a few particu-
lar traits were responsible for a significant portion
of the variance between these regions revealed by
ANOVA (Table 5). A possible adaptation of morpho-
logical traits of needles and cones to the local en-
vironmental conditions of particular populations, al-
though not fully confirmed in the present study, can
be responsible for intermingled conglomerations on
the NJ unrooted trees (Fig. 3) and PCoA scatter-plots
(Fig. 4) constructed based on the phenotypic charac-
teristics.

Differentiation and genetic structure

The analysis of genetic differentiation in P. mugo
revealed slight differences among geographic regions
in Central Europe (Dzialuk et al. 2012) but, as we
expected, the recently introduced Jost D estimator of
population structure was significantly higher in this
study for the more polymorphic chloroplast mark-
ers (DCPSSR =0.620) than for isozymes (D, =0.013).
Taking into account the very large number of private

haplotypes in our study (above 74%), the very low
value of G, ., =0.017 seems to be a very biased es-
timator. Because traditional measures of differentia-
tion (such as G.,) can approach zero even if popula-
tions are completely differentiated, there is ongoing
discussion about the new estimators of genetic popu-
lation differentiation (Jost 2008; Gerlach et al. 2010).

In this study we used different types of genetic
markers. Compared to nuclear markers, chloroplast
DNA can better detect genetic structure because of
its uniparental inheritance, nearly neutral evolution,
low evolutionary rate, zero recombination and small-
er effective population size than the nuclear genome
(Provan et al. 1999; Wicke et al. 2011; Wachowiak et
al. 2013). During the last few years, molecular data
on cpDNA have been applied extensively in studies
on the genetic diversity, population structure and
phylogeography of P. mugo complex (Heuertz et al.
2010; Dzialuk et al. 2009, 2012; Danusevicius et al.
2013).

The weak taxonomic differentiation with clear
phylogeographic structure in P. mugo s.l., identified
using three cpSSRs by Heuertz et al. (2010), was only
partially confirmed in our study. In fact, we found low
but significant differentiation among mountain rang-
es by analysis of molecular variance (AMOVA), with
4 and 12% variation at the isozyme and chloroplast
markers, respectively. Similarly, our estimates of the
differentiation parameters were relatively low (G,
=0.027 and GSTcpSSR=O'017)’ as one would expect in
species with extensive gene flow, a complex demo-
graphic history (Heuertz et al. 2010) and nonequlib-
rium genetic structure (Slavov and Zhelev 2004).
Comparable or greater differentiation was observed
in natural populations of P. mugo s.1 (G, =0.070,
F_=0.076, Heuertz et al. 2010), in P. mugo in the
Carpathians and Alps (F_,=0.069 and F_=0.036, re-
spectively, Sannikov et al. 2011) in P. mugo in Bulgaria
(F,;,=0.041, Slavov and Zhelev 2004). However, in
contrast to Heuertz et al. (2010), we didn’t find phy-
logeographic structure in P. mugo populations; this
may be an effect of the greater number of cpSSR loci
used (nine versus three) and the smaller geographic
area of our study and/or the taxonomy (P. mugo s.s.
versus P. mugo s.1.).

It is well known that genetic variation is structured
according to geography in P. mugo s.l. (Heuertz et al.
2010; Sannikov et al. 2011). More specifically, as we
reported on cpSSR data (Dzialuk et al. 2012), vicar-
iant gene pools for P. mugo s.s. lie in the Alps, Tatras
Mts. and Giant Mts. Distinct vicariant gene pools for
P. mugo complex can be expected on major mountain
chains in the species range, similar to other conifers
(Vendramin et al. 1999; Afzal-Rafii and Dodd 2007;
Hohn et al. 2009). Although the absence of geo-
graphic structure of P. mugo was observed recently by
Danusevicius et al. (2013) in plantations and by Wa-
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chowiak et al. (2013) in P. mugo complex, we found
isolation by distance structure and clear geographic
structure in the autochthonous populations. The
results obtained using isozymes, DNA markers and
morphological characters differed between popula-
tions of P. mugo sampled in the Alps, Tatras and Giant
Mts. The cpSSR markers showed a closer connection
between populations sampled in the Tatras Mts. and
Giant Mts., while isozymes between the Tatras Mts.
and Alps (Figs. 2 and 3). A close relation between
the Alps and Tatras Mts. can be an effect of long
distance pollen transportation by anticyclonic circu-
lations in the Giant Mts. during May-June (Kwiat-
kowski and Holdys 1985). The winds from the south
and southwest, especially the dynamic foens, are able
to transport P. mugo pollen from the Alps (Sjogren
et al. 2008). As the chloroplast DNA in the species
of the Pinaceae family is paternally inherited (Mo-
gensen 1996), the connection between populations
of P. mugo from the Alps and the Giant Mts. may be
evidence of such long distance pollen transport. This
kind of influence, however, could have been much
greater during cold periods in the Pleistocene, when
the P. mugo geographic range covered a much larger
area than at present (Jankovskd 2001; Latalowa et al.
2004; Jankovska 2008; Jankovskd and Pokorny 2008)
and the distances between the Alps and Giant Mts.
centres of the species were shorter.

A closer connection between populations of P. mugo
from the Alps and Tatras was detected by analysis of
isozymes (Fig. 2), which are generally considered to
be neutral (Kimura and Ohta 1974) and, therefore,
suitable indicators to describe historical processes.
In view of this, our result can be interpreted as a
possible exchange of genes via small, cryptic refugia
between the Tatras and Alps during the cold periods
of the Pleistocene (Jankovskd 2008; Jankovskd and
Pokorny 2008). Macrofossils of the species have been
reported from the end of the Late Glacial Maximum
(LGM) and early Holocene from altitudes of about
600 m in the West Carpathians (Obidowicz 1996;
Rybni¢ek and Rybnickovd 2002). Unfortunately, the
pollen of P. mugo has not been distinguished from that
of P. sylvestris, making direct interpretation of palyno-
logical reports impossible (Burga 1988; Latalowa et
al. 2004; Jankovska 2008). However, very high per-
centages of Pinus pollen, determined as “sylvestris” or
“diploxylon” type, have frequently been interpreted as
the presence of P. mugo, especially in records from the
LGM and early Holocene in the mountainous regions
(Latatowa et al. 2004). This suggests a broader area
of distribution of P. mugo during the cold periods of
the Pleistocene, similar to what was proposed for P,
uncinata within the Iberian Peninsula (Ramil-Rego et
al. 1998; Benito Garzén et al. 2007; Dzialuk et al.
2009).

In conclusion we can state that our study shows
clear geographic structure despite low differentia-
tion of P. mugo populations in Central Europe. The
distribution of genetic diversity suggests northward
movement of the species according to the postglacial
colonization theory of “southern richness to north-
ern purity”. However, this should be viewed with
caution and needs to be further confirmed, because
of small number of geographic regions in the spe-
cies range investigated. Meanwhile, paleobotanical
evidence provides unambiguous support for glacial
refugia of P. mugo s.1. in the Alps and Czech Republic.
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