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Abstract

The complex of Salix retusa includes S. retusa s.s., S serpyllifolia and S. kitaibeliana, small, prostrate willows
occurring in the subalpine and alpine vegetation belts of the mountains of Central Europe: the Pyrenees,
Alps, Apennines, Dynaric Alps, Carpathians and Rila. The systematic positions of these taxa are not fully
resolved and are still disputed. The aim of the present study was to biometrically verify differences in leaf
characteristics between these taxa.

Material was collected from 47 populations, each represented by 25-52 individuals (33 on average). The
study was based on 14 leaf morphological characters measured from scans using Win Folia software. The
principal component analysis (PCA), Ward’s agglomeration method, the K-means cluster analysis (K-MCA)
and Kruskal-Wallis tests were applied to verify the relationships between taxa and their populations.
Differences between average leaf characteristics of S. retusa s.s., S. serpyllifolia and S. kitaibeliana were de-
tected. The Pyrenean populations of S. retusa s.s. appeared more similar to S. serpyllifolia. Within the Alpine
populations of S. serpyllifolia, several individuals resembling S. retusa s.s. were detected, and vice versa, with-
in populations of S. retusa s.s., and there were also individuals similar to S. serpyllifolia. The controversial
S. kitaibeliana was found to be typical of the Tatra Mountains.

The results support close taxonomic relations, but also the separate status of S. retusa, S. serpyllifolia and
S. kitaibeliana. The differences between them are mainly of a quantitative nature.
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Introduction separate species (e.g. Rechinger, 1957, 1964; Jalas &
Suominen, 1976; Martini & Paiero, 1988; Skvortsov,

The complex of Salix retusa L. includes S. retu- 1999; Horandl et al., 2002, and literature cited here-
sa s.s., S. serpyllifolia Scop. and S. kitaibeliana Willd.  in). However, Salix kitaibeliana has not only been con-
(Rechinger, 1964; Dostdl, 1989) (Supplementary Figs  sidered a separate species, mostly in the local floras
1-4). Salix serpyllifolia has generally been treated as a  of the Carpathians (e.g. Szafer, 1921; Pawlowski,
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1956; Koblizek, 2006; but also Rechinger, 1964),
but it has also been treated as a subspecies, S. retu-
sa subsp. kitatbeliana (Willd.) Jav. (Baldie, 1952), and
variety, S. retusa var. kitaibeliana (Willd.) Rchb., and
finally, most frequently, as a synonym of S. retusa (e.g.
Skvortsov, 1999; Mirek et al., 2002; Danilik, 2009).

The differences between these three taxa, inde-
pendent of their systematic rank, are predominant-
ly quantitative. Salix serpyllifolia has significantly
smaller organs, while S. kitaibeliana has larger or-
gans than S. retusa s.s. The leaves of S. serpyllifolia are
less than half as long and wide as those of S. retusa
s.s. (Rechinger, 1964) and the whole shrub is more
compact, resembling ‘miniaturised’ S. retusa s.s.
(Skvortsov, 1999). Salix retusa s.s. and S. serpyllifolia
sometimes grow side by side in the Alps and usually
the specimens can be easily distinguished in the field
(Martini & Paiero, 1988; Skvortsov, 1999).

The leaves of S. kitaibeliana are more or less twice
as long and broad as those of S. retusa, and their
apex can sometimes be rounded, obtuse or even
acute, not retuse (Rechinger, 1964; Dostal, 1989).
However, in nature, many intermediate specimens
between S. retusa s.s. and S. kitaibeliana can be ob-
served, and the differences between these taxa are
unclear (Pawlowski, 1956; Zielinski, 1977; Hardig
et al., 2000). This has been the main reason for a
lack of recognition between S. retusa and S. kitaibelia-
na (e.g. Zielinski, 1977; Skvortsov, 1999). The latter
two taxa have been reported from different local en-
vironmental conditions in the Tatra Mountains: S. re-
tusa s.s. is found on calcium-containing substrates,
while S. kitaibeliana is found on siliceous rocks, main-
ly in moist places close to water sources and streams
(Pawtowski, 1972; Dostédl, 1989; Koblizek, 2006).

Salix retusa s.s. occurs in the mountains of Central
Europe; from the Pyrenees in the West to the East
Carpathians in the East and to the Central Apennines
and Rila in the South. Salix serpyllifolia is considered
as an Alpine subendemic species with only single lo-
calities in the Balkans, while the range of S. kitaibel-
iana is limited to the Carpathians (Pawlowski, 1972;
Jalas & Suominen, 1976; Zajac & Zajac, 2009). All
three taxa grow mainly in alpine zone, and sometimes
in subalpine zone (Pawlowski, 1956, 1972; Baldie,
1967; Horvat et al.,, 1984; Ozenda, 1988; Martini
& Paiero, 1988; Villar et al., 1997; Skvortsov, 1999;
Horandl et al., 2002; Ozenda & Borel, 2003; Zajac &
Zajac, 2009). Their geographic distributions are dis-
continuous, divided into several parts depending on
sufficient altitude of mountain massifs (e.g. Nagy et
al., 2003; Ronikier, 2011). The populations of S. retu-
sa s.s. in the Alps are isolated from the Carpathian,
Balkan and Apennine ones (see Jalas & Suominen,
1976, figs 208 and 209). In addition, large distances
separate populations within the Carpathians and Bal-
kans. The distances between the Pyrenean, Alpine,

Balkan and Carpathian ranges of S. retusa s.s. could
be a reason for further morphological differentiation
of this species, which has not been verified until now.
The same may also have occurred for S. retusa and
S. serpyllifolia in the Alps, as genetic break zones have
been detected between West and East Alpine popu-
lations among species of the Alpine vegetation belts
(Thiel-Egenter et al., 2011), and montane and subal-
pine tree species (Mosca et al., 2012).

Taking into account the above, we hypothesise that
(1) morphological differences between leaf samples
representing particular taxa of S. retusa group will
be detected, (2) the Pyrenean, Alpine, Balkan and
Carpathian populations of S. retusa s.s. will be mor-
phologically different, (3) the populations of S. retusa
s.s. and S. serpyllifolia sampled from the western ver-
sus eastern Alps could be morphologically different
and (4) the populations of S. retusa s.1. (i.e. including
S. kitaibeliana) sampled from calcareous sites will be
morphologically different from those sampled from
substrata of siliceous origin. The aim of the present
study is to verify the above-mentioned hypotheses
using biometrical analyses of leaves, organs most
frequently found in herbarium collections, and thus
validate the basis for distinguishing between S. retusa
s.s., S. serpyllifolia and S. kitaibeliana.

Material and methods

Plant material collection and
measurement procedure

Material was sampled from natural populations
of S. retusa s.l. and S. serpyllifolia; S. kitaibeliana was
not distinguished from S. retusa s.s. during sampling.
Every individual was categorised in the field accord-
ing to morphological characteristics accepted as tax-
onomically important for distinguishing between
S. retusa s.s. and S. serpyllifolia (Rechinger, 1957, 1964;
Skvortsov, 1999). Well-developed, uninjured leaves
were collected from the central part of vegetative
shoots. In order to avoid sampling the same genet
more than once, sampled plants were separated by at
least 10 m, as willows from the S. retusa group repro-
duce vegetatively by sprout rooting (the distance was
sometimes smaller when neighbouring individuals
were of opposite sex) (e.g. Rechinger, 1957; Horandl
et al., 2002; KobliZek, 2006). The 25-52 individuals
(33 on average) from 15 populations of S. serpyllifolia
and 32 populations of S. retusa s.1. (including possible
S. kitaibeliana) were sampled (Table 1). In the Alps,
S. retusa s.s. and S. serpyllifolia were sampled in eight
cases in the same location. Every individual was rep-
resented by 5 leaves, which were dried in herbarium
presses after sampling and stored in dry conditions
until measurement.
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Table 1. Sampled populations of Salix retusa agg.; N — number of sampled individuals

Longitude Latitude Altitude

Code Locality N ] ] [m] Collector
Al France, Alps, Maritime Alps, Auron 30 6.907 44.208 2268 PK, AH
A2* France, Alps, Maritime Alps, Mt Bonette 35 6.833 44.335 2542 PK, AH
A3 France, Alps, Cottian Alps, Col de Vars 30 6.685 44,548 2395 PK, AH
A4* France, Alps, Cottian Alps, Col d‘Izoard 35 6.737 44815 2293 PK, AH
A5 France, Alps, Cottian Alps, Col d‘Izoard 30 6.735 44.820 2378 PK, AH
A6 France, Alps, Graian Alps, Col du Galibier 30 6.403 45.062 2599 PK, AH
A6* France, Alps, Graian Alps, Col du Galibier 34 6.403 45.062 2599 PK, AH

A7a* France, Alps, Graian Alps, Col de I‘Iseran 35 7.042 45.401 2591 PK, AH

A7b* France, Alps, Graian Alps, Val d‘Isere 33 7.010 45.438 2447 PK, AH
A8 France, Alps, Graian Alps, Little St Bernard Pass 30 6.876 45.665 2193 PK, AH
A8* France, Alps, Graian Alps, Little St Bernard Pass 32 6.876 45.665 2193 PK, AH
A9 Switzerland, Alps, Bernese Alps, Crans-Montana, las Violetes 30 7.498 46.342 2233 PK
A9* Switzerland, Alps, Bernese Alps, Crans-Montana, las Violetes 31 7.498 46.342 2233 PK

A10* Switzerland, Alps, Bernese Alps, Simplon Pass, Mt Hiibschhorn 34 8.046 46.248 2167 PK

All Switzerland, Alps, Bernese Alps (Uri Alps), Furka Pass, Rhone Glacier 30 8.389 46.579 2384 PK, AH
All* Switzerland, Alps, Bernese Alps (Uri Alps), Furka Pass, Rhone Glacier 33 8.389 46.579 2384 PK, AH

Al2* Switzerland, Alps, Bernese Alps (Uri Alps), Oberalp Pass 25 8.673 46.660 2075 PK, AH
Al13* Switzerland, Alps, Pennine Alps, Great St. Bernard Pass 35 7.162 45.868 2401 PK, AH
Al4 Switzerland, Alps, Glarus Alps, Pizol 30 9.434 46.980 2215 PK
Al4* Switzerland, Alps, Glarus Alps, Pizol 33 9.434 46.980 2215 PK
Al5 Switzerland, Alps, Western Rhaetian Alps, Fliiela Pass 30 9.941 46.752 2398 PK, AH
Al6 Switzerland, Alps, Western Rhaetian Alps, Fuorn Pass (Ofen Pass) 30 10.293 46.639 2157 PK, AH
Al7 Italy, Alps, Sarntaler Alpen, Kénigsangerspitze (Monte Pascolo) 30 11.581 46.708 2318 PK, AH
Al17* Italy, Alps, Sarntaler Alpen, Kénigsangerspitze (Monte Pascolo) 32 11.581 46.708 2318 PK, AH
Al8 Italy, Alps, Dolomites, Rosengarten 30 11.617 46.416 2236 PK, AH
A18* Italy, Alps, Dolomites, Rosengarten 31 11.617 46.416 2236 PK, AH
Al19 Italy, Alps, Dolomites, Rolle Pass 30 11.795 46.308 2267 PK, AH
A20 Italy, Alps, Adamello-Presanella Alps, Mt Presanella 30 10.580 46.239 2573 PK
A20*  TItaly, Alps, Adamello-Presanella Alps, Mt Presanella 35 10.580 46.239 2573 PK
A21 Italy, Alps, Adamello-Presanella Alps, Croce Domini Pass 30 10.414 45915 2086 PK, AH
Apl Italy, Apennines, Abruzzi Apennines, Corno Grande 30 13.563 42.460 2473 PK
Ap2 Italy, Apennines, Sibillini Mts, Monte Vettore 30 13.281 42.822 2362 PK
B1 Bulgaria, Rila Mts, Rila Mts, Mt Mramorec 50 23.472 42.101 2567 PK
B2 Albania, Korab Massif, Korab Massif, Mt Korab 37 20.547 41.783 2596 PK
P2 Spain, Western Pyrenees, Bisaurin 39 -0,635 42,788 2559 PK, AH
P4 Spain, Western Pyrenees, Tendefiera Mts, Mt Sabocos 30 -0,263 42,687 2213 PK, AH
P5 Spain, Western Pyrenees, Pyrenees of Huesca, Bujaruelo valley 36 -0,077 42,702 2049 PK, AH
R1 Romania, Southern Carpathians, Bucegi Mts, Mt Jepii Mici 32 25.483 45.410 2079 PK
R2 Romania, Southern Carpathians, Fagaras Mts, Balea Lake 30 24.616 45.600 2177 PK
R3 Romania, Southern Carpathians, Parang Mts, Mt Carja 30 23.521 45.365 2263 PK
R4 Romania, Eastern Carpathians, Rodna Mts, Mt Pietrosul Rodnei 30 24.638 47.595 2177 PK
T1 Slovakia, Western Carpathians, High Tatras, Vy$né Zabie pleso (tarn) 52 20.091 49.192 1723 PK, PG
T2 Slovakia, Western Carpathians, High Tatras, Zelené Kacacie pleso (tarn) 31 20.116 49.176 1595 PK, PG
T3 Poland, Western Carpathians, Western Tatras, Mt Beskid 35 19.980 49.235 1950 PK
T4 Poland, Western Carpathians, Western Tatras, Mt Jarzabczy Wierch 30 19.795 49.200 1737 PK, PG
T5 Slovakia, Western Carpathians, High Tatras, Sedlo pod Svistovkou Pass 45 20.236 49.205 1920 PK, PG
T8 Poland, Western Carpathians, High Tatras, Black Lake below Mt Rysy 31 20.079 49.187 1575 PK

Asterix (*) - populations of S. serpyllifolia; PK — Piotr Kosinski, AH — Andreas Hilpold, PG — Piotr Gorski.

Each leaf was characterised using 14 characteris- from diagnoses of S. retusa group taxa (Pawtowski,
tics: 7 measured (Fig. 1B) and a further 7 resulting  1956; Rechinger, 1957, 1974; Dostdl, 1989; Koblizek,
from calculations (Table 2). The leaf characteris- 2006). The measurement procedure follows those
tics were chosen based on previous studies on the described by Jasinska et al. (2015) with implementa-
variation of S. herbacea L., S. reticulata L. and Dryas  tion of WinFolia Pro 2003 (Regent Instruments Inc.)
octopetala L. (Marcysiak, 2012a, 2012b, 2014) and  software.
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Fig. 1. A: examples of leaves of three willow taxa from Sa-
lix retusa group (arrows point to leaves close to average
sizes); B: measured leaf characteristics

Statistical analyses

The frequency distribution of leaf characteristics
values was verified using frequency histograms and
the Shapiro-Wilk tests. To assess the possibility of
parametric statistical test usage, the homoscedastic-
ity of variances was verified by Brown-Forsythe test
(Sokal & Rohlf, 2003). The data were standardised
before further analyses to avoid the possible influ-
ence of variation resulting from the different types
of characteristics (Sokal & Rohlf, 2003). For the
statistical analyses, each individual was represented
by an average of measurements of five leaves, and
each population was represented by the average of
all individuals.

The influence of particular characteristics on rela-
tionships among populations and the level of popula-
tion differentiation was evaluated by implementation
of principal component analysis (PCA) and Ward’s
agglomeration method based on Euclidean and Ma-
halanobis distances. These multivariate analyses
were used to verify to which number of main clusters
of populations, and subsequently of individuals, all
data would be grouped and to which extent the popu-
lations/individuals would fit into taxonomic groups.
The relationships among populations and individuals

were illustrated on the scatter-plots of PCA, while
clustering on dendrograms. A K-means cluster anal-
ysis (K-MCA) was performed as a supplementation
of the agglomeration on the closest Euclidean and
Mahalanobis distances. These analyses detected the
number of K-clusters, which optimally illustrated the
differentiation between populations. To determine
the optimal K number, a scree plot was used with
Ad value minimisation, when the succeeding nodes
of agglomeration were added. Afterwards, a classi-
fication matrix was calculated to show the percent-
age of individuals within each population that were
properly included into a particular K group (Sneath
& Sokal, 1973). The K-grouping was presented car-
tographically to show geographic differentiation of
the S. retusa complex.

The arithmetic mean (M), the median (MED),
standard deviation (D) and variation coefficient (V)
were calculated separately for every population and
for each group detected with multivariate analysis,
afterward comprehended as S. retusa s.s., S. serpylli-
folia and S. kitaibeliana, to determine their ranges of
diversity. The level of statistical significance of the
differences between the median values of particular
characteristics between taxa was verified using the
Kruskal-Wallis test for data with skewed distribution
and non-homoscedastic variances (Zar, 1999; Sokal
& Rohlf, 2003). The STATISTICA 13 (Copyright ©
2016 Dell Inc.) and JMP 12.1 (Copyright © 2015
SAS Institute Inc.) software were used for statistical
analyses.

Results

Multivariate differentiation

The distribution of the analysed leaf characteris-
tics generally had skewed distribution and were char-
acterised with non homoscedastic variances. These
circumstances did not allow use of the parametric
tests. For this reason, we showed the medians of
measurements beside the arithmetic means, we used
PCA analysis for grouping the populations, and the
Kruskal-Wallis test to verify the significance of differ-
ences between groups.

PCA divided all compared populations into three
groups in the space between the three first canoni-
cal variables, which accounted for nearly 98% of the
total variation (Fig. 2. 1-2). The right group was
formed by populations sampled as S. serpyllifolia in
the Alps, which differed from the central one, the
S. retusa s.s. from the Pyrenees, Alps, Apennines,
Balkans and the East and South Carpathians. The
populations sampled as S. retusa s.l. in the Tatra
Mountains all formed the left separate group, which
was not as compact as the two previous ones (Fig.
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Fig. 2. Morphological subdivision of Salix retusa complex into three groups: S. retusa s.s., S. serpyllifolia and S. kitaibeliana:
results of PCA for populations (1-2) and for individuals (3—4); lines indicate 90% confidence intervals for each group

of individuals (codes of populations as in Table 1)

2. 1-2). We provisionally named this group S. kitai-
beliana, because the values of dimensional characters
(A, B BL, BW) were the highest when compared to
the other populations. The first canonical variable
was determined mostly by the leaf dimensional char-
acters (A, B, BL, BW, BW50 and BW90) and position
of the leaf maximal width (LBW), the second by ra-
tios of leaf widths (W2 and W3) and leaf area to the
circumference (AP), while the third by the ratio of
leaf length to width (LW).

The result of PCA conducted on the level of in-
dividuals also showed three clouds of individuals
representing S. serpyllifolia, S. retusa s.s. and S. kitai-
beliana, but very close to each other and partly inter-
mingled. Surprisingly, the individuals of S. serpyllifolia

substantially entered the 95% confidence interval of
S. retusa s.s., while individuals of S. kitaibeliana inter-
mingled with those of S. retusa s.s. to a lesser degree
(Fig. 2. 3-4). The differences between taxa are deter-
mined mostly by the first canonical variable, while
the second and third canonical variables showed dif-
ferences between individuals within a taxa.

The clustering on the shortest Euclidean distances
between populations also showed differentiation of
populations to the three main groups. The popula-
tions of S. retusa s.s. sampled in the Alps, Apennines,
Balkans and East and South Carpathians formed one
cluster. Within this group, populations from differ-
ent geographic regions were intermingled and did
not reveal any geographic pattern of differentiation
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tering. Symbols indicate the percentage proportions of individuals included in one of the three K-groups within every
sampled population
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(Fig. 3). The second cluster, provisionally named
S. kitaibeliana, formed populations from the Tatra
Mountains. The third cluster was formed by pop-
ulations of S. serpyllifolia, but also included three
Pyrenean populations of S. retusa s.s. as a separate
sub-cluster. Population differentiation on the basis of
the Mahalanobis distances was similar to that found
on the basis of Euclidean distances (data not shown).

The three groups of populations detected by PCA
and confirmed in the clustering were also detected as
optimal when the K-grouping method was applied.
However, the classification matrix showed that most
of the analysed populations included individuals
from two or even three groups (Fig. 4). Surprisingly,
the individuals classified as S. serpyllifolia prevailed
in populations from the Pyrenees and individuals re-
sembling S. kitaibeliana were detected in the Balkan
and Alpine populations.

The differences between S. retusa s.l. (including
S. kitaibeliana) populations sampled from calcareous
versus siliceous sites have not been detected. The
statistically significant differences were found only
between populations sampled from the siliceous
rocks in the Tatra Mountains and the other popula-
tions in the entire data set of S. retusa s.s.

Differentiation of characteristics

The most variable characteristics were the area
of leaf blade (A) and the leaf form coefficient (FC),
both with variation coefficients higher than 40% in
S. retusa s.s. and S. serpyllifolia (A), and in S. kitaibel-
iana (FC) (Table 2). The average of variation coeffi-
cients for S. retusa s.s., S. kitaibeliana and S. serpylli-
folia were 21.2, 20.2 and 18.6%, respectively (Table
2). The dimensional characteristics were statistical-
ly significantly correlated (p<0.01), with r=0.90 or
higher.

Every characteristic, except for the ratio of leaf
blade width at 90% to width at 50% of the length
(W_3), and leaf blade width at the mid-length to
maximal width (W_2) differed significantly (p<0.01)
between possible combinations of the three taxa
(Table 2). W_2 differed between S. retusa s.s. and S.
kitaibeliana (p<0.01), between S. kitaibeliana and S.
serpyllifolia (p<0.01), and between S. retusa s.s. and
S. serpyllifolia (p<0.05). W_3 did not differ between
S. retusa s.s. and S. serpyllifolia. Despite significant
differences between average values of dimensional
features, the variation ranges of shape characteristics
overlapped significantly (Table 2).

Discussion

All 14 characteristics describing leaf morphol-
ogy separated S. retusa s.s. from S. kitaibeliana, and

S. kitaibeliana from S. serpyllifolia, while 13 charac-
teristics distinguished S. retusa s.s. from S. serpylli-
folia. These results are consistent with the accepted
taxonomic classification of S. retusa s.s. and S. serpy-
llifolia (e.g. Neumann, 1981; Chmelaft et al., 1979;
Dostdl, 1988; Martini & Paiero, 1988; Skvortsov,
1999; Horandl et al., 2002). The very high level of
distinction of S. kitaibeliana from S. retusa s.s. found
in the present study (Table 2, Figs. 1 and 2) confirms
its separate taxonomic status proposed at least for
the Tatra Mountains (Pawlowski, 1956; Rechinger,
1957, 1964; Dostal, 1989; Koblizek, 2006). The com-
bination of dimensional and shape characteristics of
leaves allowed differentiation with a high probability
between S. retusa s.s., S. serpyllifolia and S. kitaibelia-
na, despite partly overlapping variation ranges of par-
ticular characteristics among studied taxa (Table 2).

The leaves of S. retusa s.s. were found as 0.5-3.0
cm long (1.5 cm on average) and 0.3-1.5 cm wide
(0.7 cm on average), while those of S. serpyllifolia were
0.3-1.2 cm long (0.6 cm on average) and 0.2-0.6 cm
wide (0.3 cm on average) (Fig. 1A). These data cor-
respond well with those reported in the literature
(compare Tables 2 and 3). It should be noted, howev-
er, that average values of BL and MW reported from
the Tatra Mountains (e.g. Zapalowicz, 1908; Szafer,
1921; Pawlowski, 1956; KobliZek, 2006) were much
higher than from other parts of the geographic range
of S. retusa s.s. (Table 3). The close systematic rela-
tionships between taxa of the S. retusa complex have
been stressed by Rechinger (1957, 1964), who distin-
guished S. retusa, S. serpyllifolia and S. kitaibeliana. The
lack of differences between S. retusa s.s. and S. kitai-
beliana has been underlined by Skvortsov (1999). This
could result from the limited number of herbarium
materials from the Tatra Mountains that were accessi-
ble for him. The data presented here result from anal-
yses of a large number of individuals and thus, for the
first time, give exact and reliable information on not
only commonly reported leaf dimensional character-
istics, the most frequently used of which is length and
width (BL and BW, respectively in Table 2), but also
five other morphological traits, not reported until
now. From the 224 individuals of S. retusa s.1. sampled
in the Tatra Mountains, 210 had leaf characteristics
that classified them as S. kitaibeliana (Fig. 4).

Every population sampled from the Tatra Moun-
tains had leaf length and widths twice as high as the
average found for all populations of S. retusa s.s. (Ta-
ble 2). This finding could be interpreted as resulting
from the separate geographic position within the ge-
ographic range of S. retusa s.1., but also as having tax-
onomic status. Unfortunately, the populations from
the Tatra Mountains have only been sampled from si-
liceous substrata (Table 1), which was designated as
typical sites of S. kitaibeliana (Pawtowski, 1956, 1972;
Zielinski, 1977; Koblizek, 2006). Nevertheless, the
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Romanian populations (Eastern and Southern Car-
pathians) growing on acid rocks displayed leaf char-
acteristics mostly similar to S. retusa s.s. It is note-
worthy, that five of the six analysed populations from
the Tatra Mountains contained only the typical S.
kitaibeliana individuals, or included single individuals
resembling S. retusa s.s. (Fig. 4). Populations from the
Eastern and Southern Carpathian Mountains (Roma-
nia) and Rila (Bulgaria) included some amount of S.
kitaibeliana individuals. This is similar to that found
in subalpine Pinus mugo Turra populations, where
some individuals typical of the Tatra Mountains were
detected in populations from the East and South Car-
pathians and Bulgarian Mountains (Boratynska et al.,
2015; Dzialuk et al., 2016).

The differences in leaf traits between S. retusa s.s.,
S. serpyllifolia and S. kitaibeliana have mostly been of
quantitative nature. This has been stressed by most
authors (e.g. Pawlowski, 1956, Rechinger, 1957,
1964; Koblizek, 2006). For this reason, all three taxa
were grouped as S. retusa (Rechinger, 1964). Our re-
sults support this opinion.

The marginal populations sampled in the Apen-
nines and in the Albanian Korab Massif contained
an amount of individuals classified as S. serpyllifolia
(Fig. 4), i.e. with smaller leaves than are found for
typical S. retusa. This could be a result of long iso-
lation of marginal populations and from more xeric
conditions. This may be confirmed by the fact that
some individuals from these populations growing in
moist conditions developed longer shoots and larger
leaves (Supplementary Fig. 4). The influence of habi-
tat conditions on the growth of these willows should
be verified in the additional study.

A further new finding of the present study is the
different position of S. retusa from the Western Pyr-
enees. The three populations from this mountain
range appeared to be different from the Alpine and
Carpathian populations and were even grouped to-
gether with the Alpine population of S. serpyllifolia
(Fig. 3). The result of the PCA conducted on the
level of population (Fig. 2) showed that the Pyre-
nean populations were placed between S. retusa s.s.
and S. serpyllifolia. This was also confirmed by the
Kruskal-Wallis test (data not included) performed for
three groups of populations (S. serpyllifolia, S. retusa
s.s. excluding Pyrenees, and Pyrenean populations of
S. retusa), where populations from the Pyrenees dif-
fered significantly both from S. serpyllifolia (13 char-
acteristics) and S. retusa s.s. (all characteristics). The
Pyrenean populations were characterised by inter-
mediate size of leaves (Supplementary Figs 5-6) and
more rounded leaf blades (Supplementary Figs 7-8).
These results may indicate a separate taxonomical
status of Pyrenean populations of S. retusa, but this
should be confirmed in a deeper study.

Conclusion

The results support close taxonomic relationships,
but also the separate status of S. retusa, S. serpyllifolia
and S. kitaibeliana.
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