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Introduction

Abstract. The Sabina section is one of the three groups in the Juniperus genus and the
most diverse. The variability of Mediterranean junipers from the Sabina section is related
to their Tertiary and Pleistocene migrations and long-term isolations. Their contemporary
taxonomic and geographic diversity was influenced by important events such as the migration
of continents, the disappearance of Tethys, orogenic movements or the Messinian salinity
crisis. The results of morphological measurements of seed cones, seeds and branchlets with
leaves of 19 populations of Juniperus phoenicea complex, J. excelsa s.str., J. thurifera subsp.
thurifera and subs. africana, J. foetidissima and J. sabina var. sabina and var. balkanensis
were statistically compiled using univariate statistics and multivariate analysis. The most
important characters differentiating the populations within the taxa were the thickness of the
branchlet and the cone diameter, while between the taxa the ratio of cone diameter to the
width of the seeds and the number of seeds per cone were used for speciation. J. phoenicea
complex is distinguished from the other studied taxa by the greatest number of characters.
J. foetidissima, J. sabina var. sabina and J. canariensis are characterized by the highest
variability of morphological characters, while J. excelsa and J. sabina var. balkanensis — the
lowest. The studies confirmed the ancient nature of the J. phoenicea complex in relation to
other taxa from the Sabina section, as a result of an earlier detachment from the ancestor,
and no loss of variability due to the effects of colonization and isolation in J. canariensis.
In addition, the similarity of J. sabina and J. thurifera was demonstrated, which would
confirm the descent from a common ancestor and similar migration routes from the center
of Europe towards the Iberian Peninsula, as well as further differentiation of J. thurifera
into subspecies caused by isolation due to the opening of the Strait of Gibraltar. The dis-
tinctiveness of J. foetidissima from all the other analyzed taxa was also confirmed, and
some morphological similarity was shown, proving the original character of J. excelsa s.str.
and its similarity to the J. phoenicea complex in this respect.
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Juniperus is the second most diverse genus of all the
coniferous plants and the largest of the 30 members of the
Cupressaceae family. It includes about 75 species (Farjon
2005; Adams 2014) of evergreen trees and shrubs of dif-
ferent heights and habitats (Zohary 1973; Browicz 1982;
Adams 2014). The Juniperus and Cupressus genera and
the Hesperocyparis-Callitropis-Xanthocyparis clade come
from a common ancestor more than 60 million years ago,
most likely from Asia, and the divergence of Juniperus
and Cupressus was about 56 million years ago (Mao et al.
2019). The development of Mediterranean vegetation was
associated with the displacement of continental plates and
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the disappearance of Tethys (Popov et al. 2006; Ivanov
et al. 2011). The diversification of the genus Juniperus
started probably during the Eocene, in the Tethyan belt
of vegetation in Eurasia, and further spread and evolution
in Europe, Asia, Africa, and North America took place in
the Oligocene, and the early Neogene, due to geological
events that started with the collision of Arabia with Eur-
asia (Allen & Armstrong 2008). This event was accom-
panied by marine regressions and transgressions, orogeny
and climate change, which caused, among other events,
the creation of the Mediterranean Sea (Popov et al. 2006;
Ivanov et al. 2011). The emergence of arid habitats with
low rainfall were less suitable to other species (Axelrod
1975; Willis & McElwain 2002; Farjon 2005; Mao et al.
2010), thus resulting in more or less intense speciation
processes in isolated lines of the genus (Mao et al. 2010).
The closure of the Strait of Gibraltar and the Messinian
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salinity crisis in the Miocene (about 5.3 million years
ago) allowed for further migration and exchange of flora
between Europe, Africa and Asia (Bocquet et al. 1978;
Verdu et al. 2003; Kovar-Eder et al. 2006; Favre et al.
2007). The history of the Juniperus was further influenced
by the Pliocene climate cooling, Pleistocene cyclic glaci-
ations, as well as human activities in recent centuries and
competition with other species (Jimenez et al. 2003). High
requirements for access to light and a pioneering nature
make it easier for junipers to colonize new areas. Addi-
tionally, there are arbuscular mycorrhizal fungi, typical
for dry and semi-dry areas (Sanguin et al. 2016), which
may help them survive (Salva-Cotarineu et al. 2021). For
the Juniperus from the Iberian Peninsula and the Balkans,
based on the pollen stratigraphy, spreading has been shown
during the dry periods of the Late Pleistocene and Hol-
ocene and withdrawal in wetter periods, mainly due to
competition with broadleaf trees (Carrién et al. 2001a, b,
2003, 2004, 2010; Tzedakis 2004). Migrations caused by
climate change and often large distances created in this
way between parts of the range of individual species, led to
further differentiation. Long-term variability between pop-
ulations at the molecular level may lead to the emergence
of lower-rank taxa within the species, also identified by
phenotypic characters. In several cases, the emergence of
geographically isolated varieties, subspecies, and even spe-
cies was confirmed, e.g., in the cases of J. thurifera s.lat.
(Boratynski et al. 2013) and J. phoenicea s.lat. (Mazur
et al. 2010, 2018; Romo et al. 2019).

The habitat requirements of junipers are the cause of
small amounts of their preserved remains, because the
dry habitats they choose do not favor the formation of
macrofossils (Kvacek 2002). Moreover, in palynological
studies, juniper pollen is identified only at the genus level
(Carrion et al. 2003). Thus, the history of the evolution
of junipers and possible migration routes or periods of
isolation of species and populations in refuges can only
be traced by studying their current molecular, morpho-
logical, and geographical diversity (Bennet et al. 1991;
Petit et al. 2003).

The existence of three main Juniperus differentiation
centers is presumed: the Mediterranean region, the desert
of Mexico with the southwestern part of USA and central
Asia (western China), while geographic distribution is
mainly limited by climate, biotic interactions and dispersal
ability (Mao et al. 2010; Adams 2014; Salva-Cotarineu
et al. 2021). It is assumed that the processes of hybrid-
ization and speciation still take place within the taxon,
which increase its diversity (Farjon 2005; Mao et al. 2010,
2019; Adams 2014).

The genus Juniperus has been divided into three
monophyletic sections: Caryocedrus (only one species
J. drupacea in the Mediterranean region), Juniperus (syn:
Oxycedrus Spach; 14 species in Mediterranean, East Asia,
and one the circumboreal — J. communis) and Sabina
(Miller) Spach (approx. 60 species in the Mediterranean,
Asia, Africa and southwestern North America) (Farjon
2005; Adams 2014). Sabina is the least homogeneous
of all sections and is divided into three or four groups
(Mao et al. 2010; Adams & Schwarzbach 2013; Adams

2014), two of them with entire leaves: single-seeded
junipers with turbinate cones of eastern hemisphere and
multi-seeded of the eastern and western hemispheres (e.g.:
J. excelsa, J. foetidissima, J. thurifera and J. sabina) and
the next two groups with serrate leaves: junipers of North
America and multi-seeded junipers with only slightly
serrate leaves (treated as ‘pseudoserrate’) of the eastern
hemisphere (J. phoenicea, J. turbinata and J. canarien-
sis), which is the reason why the latter are included in
the multi-seeded group with entire leaves.

The ancestor of the Sabina section was most likely
from Asia (Mao et al. 2010). During the Eocene and the
Oligocene, Sabina were widespread in the Madrean-Teth-
yan vegetation belts on three continents (Axelrod 1975;
Wen & Ickert-Bond 2009; Adams 2014; Wen et al. 2016).
The earliest Sabina divergence event probably took place
in Central or Central and Western Europe, in the Oligo-
cene, with the appearance of a multi-seeded juniper with
slightly serrate leaves (J. phoenicea complex) (Mao et al.
2010). It is assumed that the ancestor of J. phoenicea s.lat.
was part of the Tethian-Madrean flora (Axelrod 1975)
and subsequently migrated to both American continents,
then became the ancestor of a group of American serrat-
ed-leaved junipers (Adams & Schwarzbach 2013; Mao
et al. 2019). The species included in the multi-seeded
junipers with entire leaves, J. excelsa, J. foetidissima,
J. thurifera and J. sabina, are believed to originate from
the same ancestor and their differentiation may have
occurred at the end of the Tertiary due to the cooling of
the climate (Barbero et al. 1994; Jiménez et al. 2003; Mar-
cysiak et al. 2007). As already suggested by Barbero and
co-workers (1994) based on biometric and biochemical
studies by J. excelsa and J. thurifera, the likely migration
route during the Tertiary, from the central European ances-
tor, was two phyletic lines: through the submountain Alps
regions to the Iberian Peninsula along the route northwest
leading to the uprising of J. thurifera and to the northeast
Balkans, which led to the creation of J. excelsa. Such
migration pathways have been confirmed by J. thurif-
era molecular tests (Jiménez et al. 2003) and in the leaf
oil comparisons (Adams et al. 2003). The isolation and
survival of glacials in different refuges should have led
to further differentiation between these species (Hewitt
1996, 1999, 2004).

Currently, the ranges of J. excelsa s.str. and J. foetidis-
sima overlap, while the range of J. thurifera is isolated.
The typical J. excelsa is a mountain taxon, which can
create forests locally and occurs in southeastern Europe
and southwestern Asia at elevations of 500-1500 m. It
can also occur at lower altitudes of about 50—100 m,
for example in the Crimea (Browicz 1982; Boratynski
et al. 1992; Didukh 1992). J. foetidissima grows in areas
similar to the typical J. excelsa and can sometimes be
found together, growing in the mountains of the Eastern
Mediterranean, in Europe and Asia, often on rocks or
rocky slopes, from a Mediterranean to more continental
climate (Browicz 1982; Boratynski et al. 1992; Farjon
2005; Adams 2014). J. thurifera grows in the mountains
in the western part of the Mediterranean Region, in the
Iberian Peninsula, French Alps and Corsica, in West
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Europe and Atlas and Anti-Atlas in North Africa (Farjon
2005; Romo & Boratynski 2005; Boratynski et al. 2013).
J. foetidissima is distinguished from typical J. excelsa and
J. thurifera by a smaller number of seeds, larger seeds and
thicker shoots with leaves (Farjon 2005; Marcysiak et al.
2007; Adams 2014). The distinctiveness of J. foetidissima
is probably also partly due to its mountainous character
and occurrence in higher altitudes, which limited its range
and deepened the distance to the co-occurring J. excelsa
(Browicz 1982; Boratynski et al. 1992; Didukh 1992;
Farjon 2005; Marcysiak et al. 2007).

The distinction between taxa within the J. excelsa
group is debatable. Two subspecies were assumed:
J. excelsa subsp. excelsa and J. excelsa subsp. polycar-
pos, where the typical Greek juniper is characterized
by slightly thinner twigs, smaller seed cones, and more
seeds (Farjon 2005) and occurs in the western part of
the range in a Mediterranean climate — in the Balkan
Peninsula, Anatolia, Syria, Lebanon, Iran, and Crimea
(Jalas & Suominen 1973; Browicz 1982; Boratynnski
et al. 1992; Farjon 2005; Douaihy et al. 2012). Latest
research, mainly Adams and co-workers, based on leaf
essential oils, RAPD, isoenzyme analysis, ntDNA and
cpDNA assume the existence of the J. excelsa complex,
which includes J. excelsa, J. polycarpos with two varieties
(var. polycarpos and var. turcomanica) and J. seravs-
chanica (Adams 2014, 2016; Hojjati et al. 2009, 2019).

The Juniperus sabina group is widely distributed from
Spain, through Europe to Kazakhstan, Siberia, Mongo-
lia, and China (Farjon 2005). In the isolated eastern
part of the range, different contents of leaf terpenoids
were noted (Adams et al. 2006a). Similar differences
were shown by RAPD analyses (Adams et al. 2007)
and, consequently, after further analyses of ntDNA and
cpDNA, this part of the range is referred to as a separate
taxon J. davurica, which have distinguished into varie-
ties (Adams & Schwarzbach 2013). The typical taxon is
characteristic of mountainous areas and its discontinuous
range extending from the east of Mongolia to the Iberian
Peninsula to the west (Browicz & Zielinski 1982; Farjon
2005; Zajac & Zajac 2009; Adams 2014). Adams and
co-workers (2016) described a new variety, J. sabina var.
balkanensis R. P. Adams et A. N. Tashev, from the Balkan
Peninsulas (Bulgaria and Greece). Subsequent studies
showed the presence of ‘balkanensis’ variety in western
Turkey (Adams et al. 2017), Bosnia-Herzegovina, Italy,
Croatia, Macedonia (Adams et al. 2018a) and Albania
(Adams et al. 2018b). The new variety is reported as
a trace of the old hybridization between the two species
J. sabina var. sabina and J. thurifera, and differs from
the typical one in having J. thurifera-like chloroplasts,
but it is difficult to distinguish morphologically. Studies
of 29 populations of J. sabina, including 13 var. sabina
and 16 var. balkanensis, showed that all studied pop-
ulations of ‘balkanensis’ are tetraploid, while ‘sabina’
are diploid (Farhat et al. 2019). The current geographic
distribution of these three taxa does not coincide and
J. thurifera does not occur in the Balkans (Farjon 2005;
Romo & Boratynski 2005; Boratynski et al. 2013). Most
likely the ranges of taxa or the ranges of their ancestors

were wider (Terrab et al. 2008; Mao et al. 2010), so it
is possible that their geographical ranges coincided in
the past (Farhat et al. 2019), while hybridization could
have occurred during the Oligocen-Miocen migration of
J. thurifera and J. sabina from the center of its creation
to the Iberian Peninsula (Jimenez et al. 2003; Marcy-
siak et al. 2007). Cases of J. sabina var. balkanensis and
J. thurifera occurring together in the French Alps have
been documented (Farhat et al. 2020). Examination of
several individuals with atypical morphology revealed
allotriploid cases resulting from the hybridization between
the tetraploid of J. thurifera and the diploid of J. sabina.
The authors suggest that incomplete reproductive barri-
ers may be enabling interspecies hybridization and even
genetic introgression through further backcrossing.
Juniperus phoenicea complex now has a wide range,
covering the entire Mediterranean region — from the
Canary Islands, Atlas Mountains, and the Atlantic coast
of Portugal in the west, through southern Europe, south-
west Asia, to Jordan, Saudi Arabia, and Israel in the east,
mainly growing in the sphere of influence mild Medi-
terranean climate, but also continental, e.g., in the Atlas
Mountains (Jalas & Suominen 1973; Quezel & Pesson
1980; Browicz 1982; Boratynski et al. 1992; Charco
2001; Farjon 2005). Genetic research on the complex
revealed inconsistent relationships between regions and
migration history (Adams et al. 2002, 2006b, 2010, 2013;
Meloni et al. 2006; Boratynski et al. 2009; Dzialuk et al.
2011). The latest genetic and biometric studies covering
phenotypic characters did not reveal clear geographic
trends, but confirmed the taxonomic distinctiveness of
J. phoenicea s.str. and J. turbinata (Pinna et al. 2014;
Jimenez et al. 2017; Mazur et al. 2018; Sanchez-Gomez
et al. 2018) and gave rise to the distinction of the third
species in the complex: J. canariensis (Romo et al. 2019).
The history of the migration of the complex, after sepa-
rating from its ancestor in the Oligocene, was indicated
by Lebreton & Thivend (1981) and Lebreton & Rivera
(1989). They conducted research on the content of procy-
anidins and prodelfinidines in leaves and showed its origin
from the Iberian Peninsula. Contemporary geographical
ranges of these three species, due to the choice of a dif-
ferent ecological niche, evolved as a result of isolation
and adapting to local conditions (Salva-Cotarineu et al.
2021). J. phoenicea s.str. is characterized by a narrower
range than J. turbinata. It occurs inland, mainly in dolo-
mite soils, in submountain and mountain positions in the
Iberian Peninsula, southern France, and northwest Italy.
It is a pioneering species, in various types of forest and
shrub communities, adapted to the Mediterranean climate.
It occurs in a wide range of bioclimates, from humid
to semi-arid habitats, but also in a temperate climate
on mountain slopes (Arrigoni 2012; Mazur et al. 2016;
Salva-Cotarineu et al. 2021). J. turbinata has a much
wider range and may be found covering sandy coastal
soils in regions around the Mediterranean Sea, colonizing
sand dunes and rocks, and in the mountains of northwest
Africa and southwest Asia, occurring up to 2,400 m in the
High Atlas, creating open scrubland or forests. However,
it most often grows up to 400 m above sea level, mainly
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in the semi-arid to humid Mediterranean climate (Browicz
& Zielinski 1982; Boratynski et al. 1992; Adams 2014;
Mazur et al. 2016). Due to the relatively wide range of
occurrence, the species shows great diversity. The most
important, but not taxonomically significant, as in the
case of J. oxycedrus (Boratynski et al. 2014), was noted
between African and European populations, which con-
firms the importance of the Strait of Gibraltar. Slightly
lower differentiation was found between European and
Asian populations, which may be related to the intercon-
tinental barrier in the form of the Aegean Sea, which was
found to be more significant in the case of J. drupacea
(Sobierajska et al. 2016). J. canariensis can be found in
the Canary Islands, except the two driest islands of Lan-
zarote and Fuenteventura, and in isolated specimens in
Madeira. It grows in an oceanic climate, where it forms
patches, penetrating into shrub communities, at an altitude
of up to 1,000 m (Fernandez-Palacios et al. 2008; Romo
& Salva-Catarineu 2013; Adams 2014; Romo et al. 2019;
Salva-Cotarineu et al. 2021). Interestingly, J. canarien-
sis has not shown a loss of genetic diversity due to the
bottleneck or foundational effects during the colonization
of Canary Islands, neither at the genetic level (Jimenez
et al. 2017; Sanchez-Gomez et al. 2018) nor at the mor-
phological level (Mazur et al. 2018).

The aim of this study was to trace the history of evo-
lution and presumed migration routes of Mediterranean
species of Juniperus from the Sabina section based on
available published data and to check to what extent their
taxonomic and geographical diversity, especially sup-
ported by genetic and biochemical research, is reflected
in the morphology of cones, seeds, and shoots.

Materials and methods
Plant material

Material from biometric measurements of 19 populations
of Juniperus foetidissima, J. thurifera subsp. thurifera,
J. thurifera subsp. africana, J. excelsa s.str., J. phoeni-
cea, J. turbinata, J. canariensis, J. sabina var. sabina
and J. sabina var. balkanensis, analyzed for specific taxa
groups in several previous studies (including three pop-
ulations of J. sabina not yet published; see Table 1), has
been re-analyzed. The aforementioned taxa have been
thoroughly tested, but separately and on a different set of
morphological characters of cones, seeds, and shoots. In
this study, the output data from the measurements were
analyzed statistically together and based on characters that
proved important in distinguishing species. This made
it possible to compare the morphological variability of
characters both within and between taxa, which allowed
for obtaining additional information to know the history
of the migration and evolution of the Sabina section in
the Mediterranean region.

Every population was represented by 14-36 individ-
uals, 445 in total, and every individual by 10 cones and
10 one-year-old lateral branchlets. The set of 15 morpho-
logical characters of cones, seeds, and branchlets with
leaves (Table 2) and measurement procedures of three new

populations used for this study were taken from earlier
studies (Marcysiak et al. 2007; Mazur et al. 2018).

Statistical treatment

The unimodality and frequency distribution of each
character was checked by the Shapiro-Wilk test. The
discontinuous and quality character: the number of cone
scale rows, which takes two values in Juniperus, section
Sabina: 4 for decussate or 6 for ternete cones, was con-
verted into the percentage of cones with 4 scale rows
(CSR4). Before starting multivariate analyses the arcsine
transformation was applied, in accordance with the proce-
dure used earlier (Mazur et al. 2018). The homogeneity of
variance was verified by Levene’s test (Zar 1999; Sokal
& Rohlf 2003). The correlation between 15 characters
was checked with the Pearson’s linear correlation coeffi-
cient to assess potential redundancy (Pearson 1900). Data
were standardized to avoid possible effects of different
types of characters used in the study. The arithmetic
means, standard deviations, and variation coefficients
of characters were calculated for each population and
taxon. The influence of all characters on the differentia-
tion of populations and taxa were verified using Tukey’s
T-test (Zar 1999). The taxonomic distance between nine
taxa was pre-tested by the cluster analysis (Cattell 1943;
Sokal & Rohlf 2003) and illustrated on the UPGMA
dendrogram constructed on the Euclidean distances (Zar
1999). The results were verified using the discriminant
function (McLachlan 2004), which allowed us to check
the discriminatory power of each character and to ver-
ify the relationships between populations and detect the
geographic patterns of differentiation within taxa. The
dispersions of individuals from populations between the
first two discriminant variables were shown on a scat-
terplot. All calculations were made using STATISTICA
13 (TIBCO Software Inc. 2017).

Results

The frequency distribution of the values of studied char-
acters was unimodal and normal or close to in most
populations and the variances were homoscedastic for
most characters. The standardization of data improved
obtaining these assumptions.

The values of the variation coefficient (VC) for most
characters oscillate between 5.8% (the number of cone
scales — CSN in J. thurifera subsp. africana) to 45.2%
(the ratio SN/CSN for J. foetidissima). However, the VC
values of two characters, the percent of decussate type
of cones (CSR4) and the ratio describing the shape of
seed cones (CL/CD), were very specific. The character
CL/CD had a very low VC value, ranging from 2.1%
(J. phoenicea) to 6.6% (J. turbinata). The VC value in all
populations averaged 3.6%. The second character, CSR4,
averaged 11.1% in all populations ranged between 0.0%
(J. thurifera and J. sabina) and 56.8% (J. canariensis).
The most variable characters for all analyzed taxa turned
out to be those related to the number of seeds: SN/CSN,
SN, and CD/SN, characterized by the average value of
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Table 3. Numbers of characters differing at the statistically significant level (p<0.01) of nine taxa of Juniperus from the Sabina section using

Tukey 7-test.

Juniperus J. thur. J. thur. J. sab. var. | J. sab. var.
Taxa foe. subsp. thur. | subsp. aff: S exc. sab. balk. J- pho. S .
J. thurifera subsp. thurifera 11 .
J. thurifera subsp. africana 7 12 .
J. excelsa s.str. 11 11 13 .
J. sabina var. sabina 11 8 10 10
J. sabina var. balkanensis 11 7 12 8 7 .
J. phoenicea 13 12 15 14 13 11 .
J. turbinata 14 13 14 13 13 13 13 .
J. canariensis 13 9 13 13 13 10 10 11
J. foetidissima
J. thurifera subsp. thurifera
J. sabina var. sabina
J. sabina var. balkanensis
J. thurifera subsp. africana
J. excelsa
J. turbinata
J. phoenicea
J. canariensis
20 30 40 50 60 70 80 90 100 110

taxonomic distance [%]

Figure 1. The UPGMA dendrogram, resulting from cluster analysis, made on nine characters of cones, seeds and branchlets with leaves, showing
the taxonomic distance between nine Juniperus taxa from the Sabina section (set of nine characters as in Table 5).

Table 4. The list of characters differing at the statistically significant
level (p<0.01) from populations within taxa of Juniperus from the
Sabina section using Tukey 7-test.

Table 5. The result of the discriminant function analysis made on nine
characters of cones, seeds and branchlets with leaves from 19 Juniperus

populations from the Sabina section.

Populations Characters

FOE _UA FOE_GR BT, CD/SN, CL/CSN, SN/CSN
THUt SP THUt FR LN

THUa MA1 THUa MA2 SW, CL/CSN

EXC BG EXC UA CD, BT

SABs UA SABs_SP CL, CD, CSN, SL, SW, CD/SN
SABb_SP SABb TR CSN

SABb_SP SABs SP CD/SN

SABs UA SABb_SP CD, CSN

SABs UA SABb TR CL, CD, SL, BT

PHO SP PHO AD CSN, BT

TUR_SP TUR MO SN, LN, BT, CL/CD, SN/CSN
TUR_SP TUR_IT CL, CD, SW, BT, SL/SW, CL/CSN
TUR_MO TUR_IT CD, SN, SL, SW, LN, CL/CD, SL/SW
CAN_SP1 CAN_SP2 BT

Acronyms of populations as in Table 1, acronyms of character as in
Table 2.

Characters Pgrtial F delete . U, U,
Wilk’s L | 18.417 54.4% 18.7%
CSR4 0.52 21.53 0.00 1.48 0.01
CD 0.41 33.47 0.00 3.14 0.01
SL 0.67 11.50 0.00 0.88 0.76
SW 0.52 21.75 0.00 11.01 1.28
LN 0.50 23.27 0.00 591 0.00
BT 0.20 93.17 0.00 0.62 14.10
CL/CD 0.50 2291 0.00 0.02 0.03
CL/CSN 0.30 53.12 0.00 7.38 1.34
SN/CSN 0.49 24.05 0.00 6.88 3.08

p — the statistically significant level; U; and U, — the first and second
discriminant variables; character abbreviations as in Table 2.
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Figure 2. The scatterplot, resulting from discriminant analysis, made for 19 Juniperus populations from the Sabina section, between first two
discriminant variables (U; & U,), based on nine characters of cones, seeds and branchlets with leaves (populations abbreviations as in Table 1;

set of nine characters as in Table 5).

in terms of U, but differentiated in terms of U, (18.7%),
where J. canariensis and J. phoenicea, especially from
Spain (PHO_SP), turned out to be more distant (Fig. 2).

Discussion

Importance of morphological characters

All of the morphological characters of seed cones, seeds
and shoots turned out to be important in previous studies
on individual taxa of Juniperus (Mazur et al. 2004, 2018;
Marcysiak et al. 2007; Douaihy et al. 2012; Boratynski
et al. 2013) and therefore were also used to analyze the
morphological variation in the Sabina section.

Based on the estimated values of the correlation, it
was found that seed cones were not only highly statis-
tically significantly correlated with each other and with
the characters of the seeds, but also with the number of
leaves per shoot (LN). Only the thickness of the final
branch of twigs (BT) did not show such correlations with
the other measured characters, unlike those described
earlier, when analyzing individual species or complexes,
where no correlation was shown between the characters
of cone and seed or needle and branchlet (Marcysiak
et al. 2007; Douaighy et al. 2012; Boratynski et al. 2013;
Mazur et al. 2018). The percent of decussate type of cone
(CSR4) was highly significantly, negatively correlated
with the number of scales (CSN), significantly but less
strongly negatively correlated with the number of seeds
(SN), while CSN was positively and statistically highly
statistically correlated with SN.

InJ. sabina and J. thurifera populations, all seed cones
were decussate type (CSR4 — 100%), similarly in one
population of J. excelsa from the Balkans (EXC BG),
and one of J. foetidissima from Greece (FOE_GR). On

the other hand, in the J. phoenicea complex, ternete cones
were observed in each population and in some were the
majority. In our comparisons, this happened in one pop-
ulation of J. canariensis — CAN_SP1 (CSR4 — 46.6%)
(Table 2). From 9.6 t010.8 scales per cone (CSN), were
recorded in the J. phoenicea complex, while for the rest of
the taxa it was 4.5—7.9 scales. The variation in the number
of seeds per cone (SN) was similar because this character
depends on the cone scale numbers (Schulz et al. 2003).
The largest number of SN characterized J. phoenicea s.str.
and J. turbinata (7.8 and 6.5, on average, respectively),
while J. canariensis had a lower value (3.8, on average),
but the largest size of seeds (SL and SW) compared to
all taxa tested. More seeds were recorded in J. excelsa —
5.9 seeds per cone, on average, while the remaining taxa
ranged from 1.6 to 3.6, on average. A larger number of
seeds per cone and different patterns of their arrangement
in the seed cone (Lemoine-Sebastian 1967; Schulz et al.
2003), as well as a greater number of scales and a signif-
icant share of ternete seed cones, which then underwent
a certain simplification with evolution (Schulz et al. 2003),
may confirm the suggestion that J. phoenicea complex
seems to be the most primitive within the genus and that
it could have given rise to the others junipers from the
Sabina section (Farjon & Ortiz Garcia 2002, 2005; Schulz
et al. 2003; Adams 2014; Mazur et al. 2018). The largest
number of scales and the largest share of ternete cones may
suggest that J. canariensis has the most ancestral character,
while the lower number of seeds contradicts this (Mazur
et al. 2018). When analyzing vegetative characters, the
highest number of leaves per twig (LN) was also noted in
the J. phoenicea complex, from 24.3 (J. turbinata) to 26.6
(J. phoenicea), on average, while in the remaining taxa it
was 15.6-20.05. It is worth noting that in the case of this
character, J. excelsa was also characterized by a high value,
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20.05, on average. Similarly, this species was character-
ized by a large number of seeds and scales per cone (5.9
and 7.2, on average, respectively) (Table 2). The original
character of J. excelsa can be taken into account for taxa
from the Eastern Mediterranean.

Intra- and inter-taxa differences

The expected result is that more characters differed statis-
tically significantly from taxa than individual populations
within them, as demonstrated by numerous previous stud-
ies conducted on them (e.g., Boratynski et al. 2013; Mazur
et al. 2018). The most common characters discriminating
between populations within taxa were the thickness of the
branchlet (BT, in 7 cases) and the cone diameter (CD, in
5 cases) (Table 4). Among others, these two characters
were shown in earlier studies as significantly differenti-
ating, e.g., within J. excelsa s.str. (Mazur et al. 2004),
although the studies by Douaihy and co-workers (2012) on
much larger material showed the importance of the cone
diameter (CD) in differentiation between populations,
but BT only in a few cases. In the present comparison,
only the populations within J. thurifera, the majority of
the population within J. sabina (only distinguish between
SABs UA with SABb_TR) and in one case the popula-
tions of J. turbinata (TUR_MOU with TUR IT), the BT
character did not distinguish statistically significantly.
On the other hand, the CD character significantly distin-
guished the populations within J. excelsa, J. turbinata and
one population of J. sabina (SABs_UA). Two analyzed
characters did not distinguish the population within taxa:
the share of the decussate type of cone (CSR4) and the
ratio CD/SW (Table 4).

The J. phoenicea complex was highly statistically
significantly distinguished from other taxa by the great-
est number of characters, with a few exceptions; e.g.,
J. canariensis from J. thurifera subsp. thurifera and from
J. sabina var. balkanensis have been distinguished only
by 9 and 10 characters, respectively. J. thurifera subsp.
thurifera differed from subsp. africana by 12 charac-
ters, while both subspecies from J. sabina var. sabina
by 8 and 10 (respectively) (Table 3). Only 7 characters
distinguished J. sabina var. balkanensis with J. sabina
var. sabina and with J. thurifera subsp. thurifera, and
J. thurifera subsp. africana with J. foetidissima. On the
genetic level, the similarity between J. sabina var. sabina
and J. thurifera s.lat. Adams and co-workers (2016)
have already observed. Two characters — CSR4 and the
ratio CD/SW, which turned out to be irrelevant in dis-
tinguishing the population within taxa, turned out to be
very important in distinguishing between taxa. Especially
the CD/SW made it possible to distinguish statistically
significantly almost all taxa and turned out to be one of
the most frequently differentiating characters, with the
seeds number (SN) (Table 3). SN was also not frequent
in distinguishing populations within taxa. It allowed us
to distinguish only the populations of J. turbinata from
Morocco (TUR _MO) from other populations (Table 4).

The two characters that were most significant in dis-
tinguishing within taxa, BT and CD, also had an impor-
tant impact in discriminant analysis made between 19

populations tested (Table 4 and 5). Both the scatterplot
and UPGMA dendrogram showed a similarity between
J. sabina and J. thurifera subs. thurifera, as well as some
similarity of J. excelsa to the J. phoenicea complex and
the distinctiveness of J. foetidissima (Figs 1-2). Earlier
studies, made on the same populations, but concerning
selected groups compared here, showed the distinctiveness
of J. foetidissima from J. excelsa s.str. and J. thurifera
subsp. thurifera (Marcysiak et al. 2007), the distinctive-
ness of J. thurifera subspecies (Boratynski et al. 2013) as
well as separateness of J. canariensis from other species
of the J. phoenicea complex (Mazur et al. 2018). The sim-
ilarity of J. excelsa to J. turbinata and other species of the
J. phoenicea complex, visible in the scatterplot (Fig. 2),
results from the second discriminant variable (U,), which
depends mainly on the branch thickness (BT), which had
similar average values and variation coefficients values in
both compared taxa (0.58—1.00 mm, 9.85% in J. excelsa
and 0.68—1.00 mm, 9.42% in J. turbinata; Table 2). In
the dendrogram, J. excelsa joins J. turbinata at 47% of
the total taxonomic distance (Fig. 1). On the other hand,
Tukey’s T-test showed that these taxa are significantly
differentiated by all the examined characters, except for
the width of seeds (SW) and the ratio of the cone diameter
to the number of seeds (CD/SN; Table 3).

Geographic variation and migration routes

The comparison of the average values of the variation
coefficients (VC) of morphological characters between
individual taxa of Juniperus showed the highest VC in
J. foetidissima (15.6%), J. sabina var. sabina (15.5%)
and J. canariensis (15.0%). On the other hand, the most
permanent ones turned out to be J. excelsa and J. sabina
var. balkanensis with VC 10.0% and 10.5%, on average,
respectively (Table 2). The high level of variability of
the analyzed populations of J. foetidissima has already
been demonstrated in previous studies (Marcysiak et al.
2007), where the analysis of the same six populations
(Table 1) and another four of J. excelsa s.str., J. thurifera
subs. thurifera and J. foetidissima, based on a similar set
of 14 morphological characters, also showed the highest
VC of J. foetidissima (17.9%), and lower in J. excelsa
s.str. and J. thurifera subsp. thurifera (15.3% each). These
three taxa are assumed to be from the same ancestor
(Barbero et al. 1994; Jimenez et al. 2003). However, the
demonstrated morphological difference of J. foetidissima
(Marcysiak et al. 2007) and its higher VC compared to
the others, may indicate earlier divergence or other origin
of this species, what has already suggested by Marcysiak
and co-workers (2007). This is confirmed by slightly dif-
ferent ecological requirements of J. foetidissima, such
as occurrence at higher altitudes and smaller areas than
the typical J. excelsa (Browicz 1982; Boratynski et al.
1992; Didukh 1992; Farjon 2005), It can be assumed that
J. excelsa s.str. and J. thurifera s.lat. are vicariate taxa in
two currently isolated areas (Barbero et al. 1994), also
J. foetidissima and J. excelsa can be treated as vicar-
ious species (Jimenez et al. 2003). Studies conducted
on the products of terpenoid metabolism have shown
similarity of J. foetidissima to Central and East Asian
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species and distinctiveness of J. excelsa and J. thurif-
era. However, the RAPD research demonstrated a closer
relationship between J. foetidissima and J. thurifera than
between J. excelsa, which joined the Central Asian taxa
(Adams 1999). This is partially confirmed by the results
of the discriminant analysis (Fig. 2), but these conclusions
should be verified on a more extensive material (Farjon
2005). All three species are morphologically similar, but
despite the sympatricity of the ranges of J. excelsa and
J. foetidissima, which could indicate their close relation-
ship, the morphological similarity of J. excelsa s.str. to
J. thurifera and the distinctiveness of these two species
from J. foetidissima was demonstrated (Marcysiak et al.
2007).

Further migrations of the J. thurifera population from
the Iberian Peninsula, in the Tertiary, between the end of
the Miocene and the end of the Pliocene, reached Africa.
The populations of both continents were in contact before
the opening of the Strait of Gibraltar, which is confirmed
by the greater genetic similarity of the southern Penin-
sula populations to African populations (Carrion et al.
2001a; Jiménez et al. 2003). The emergence of the Strait
of Gibraltar barrier after glacial periods blocked the flow
of genes between Moroccan and European populations,
influencing the geographic structure of J. thurifera vari-
ability (Terrab et al. 2008; Boratynski et al. 2013). Romo
& Boratynski (2007) documented, primarily based on
differences in the size of seed cones and the number of
seeds inside, two subspecies: J. thurifera subsp. thurifera,
found in the Mediterranean part of Europe, and J. thurif-
era subsp. africana (Maire) Romo & Boratynski, stat.nov.
The distinction between the two subspecies was supported
by the previously demonstrated differences in the content
of prodelphinidine in the leaves (Gauquelin et al. 1988;
Lebreton 1990), the essential oil composition and RAPD
(Adams et al. 2003). Other morphological, biochemical
and genetic studies conducted on the taxa of J. thurifera
confirmed the existence of differences, confirming the
correctness of distinguishing subspecies (Achak et al.
2008; Terrab et al. 2008; Boratynski et al. 2013). Stud-
ies on J. thurifera populations showed that this species
is tetraploid, making it the only known species that has
undergone speciation by genome duplication (polyploidi-
zation) (Romo et al. 2013).

Morphological studies of cones, seeds, and shoots
of several populations of J. excelsa s.str. (Mazur et al.
2004) showed significantly less internal taxon differen-
tiation than similar studies found in J. thurifera (Romo
& Boratynski 2007; Boratynski et al. 2013), although
some differences were found between the Crimean and
Balkan populations, which was interpreted as the reason
of long geographical isolation caused by the origin of
the Crimean populations from a refugium other than the
Balkan ones (Kornas & Medwecka-Korna$ 2002; Yena
et al. 2005). The obtained results may also suggest two
different ways of their migration, or a different coefficient
of morphological divergence in isolated populations, but
did not show the reduction of variability of characters
in the Crimean populations that might have happened
as a result of geographic isolation (Mazur et al. 2004).

Douaihy and co-workers (2012) conducted a morpho-
logical versus molecular markers study, but they did not
find the expected clear similarities. However, similarities
have been shown on a morphological level between the
populations of Greece, Turkey, and Crimea, which may
be due to a common origin. The Black Sea level during
the glaciation was much lower than today, which greatly
facilitated the migration of plants along the coast from
Anatolia to the Crimea and vice versa (Yena et al. 2005;
Douaighy et al. 2012), while the presence of J. excelsa in
the eastern Mediterranean during the LGM period (Mag-
yari et al. 2008) indicates possible migrations between the
Anatolian and Balkan peninsulas. Other routes of migra-
tion to the Crimean and Balkan peninsulas could have
caused differences between the populations of J. excelsa
from these two centers, which is confirmed by previous
studies (Mazur et al. 2004). The taxonomy of this complex
needs further research.

J. sabina as a typical mountain species is characterized
by discontinuous range, but the connection of its parts
probably took place many times in the Pleistocene period
(Jimenéz et al. 2003; Marcysiak et al. 2007; Boratynski
et al. 2013), which may explain the high variability, at
least on the morphological level. The explanation of the
lower variability of the variety ‘balkanensis’, which is
a tetraploid and has a J. thurifera-like chloroplast (Adams
et al. 2016; Farhat et al. 2019), requires further research.
The authors provided several characters of leaves, cones,
and number of seeds that may be useful to distinguish
the new variety of J. sabina — ‘balkanensis’ (Adams
et al. 2016). In this study, a comparison of four J. sabina
populations, including two classified as ‘balkanensis’,
showed a high similarity of all studied populations (Figs
1-2, Table 2), although Tukey’s test showed that they
were statistically significantly different from one to six
characters (Table 4). A recent study of 27 populations
of J. sabina (including three used in these comparisons,
Table 1) also did not confirm the morphological differ-
entiation between these two varieties (unpublished data).
18 morphological characters used in this study, showed
high average VC values of characters for both varieties,
higher than those for other taxa (19.9% in ‘sabina’ and
19.1% in ‘balkanensis’).

The study of 41 populations of J. phoenicea com-
plex (including seven used for the present comparison,
Table 1; Mazur et al. 2018) showed a higher VC value
for J. canariensis (21.5%), and a lower value for J. tur-
binata (17.8%) and J. phoenicea (17.4%). Higher level
of phenotypic variability of J. phoenicea s.lat., noted in
previous research, found in the western part of the range,
may support the theory of the European origin of the
common ancestor of the complex, confirming its origin
from the Iberian Peninsula, where it most likely diverged
on J. phoenicea s.str. and J. turbinata (Lebreton & Rivera
1989; Lebreton & Perez de Paz 2001; Mao et al. 2010;
Dzialuk et al. 2011; Adams et al. 2014 a,b; Mazur et al.
2018). The probable divergence of these two species
took place quite early in the history of distinguishing
the complex (Adams & Schwarzbach 2013). Whereas the
separation of J. canariensis could have happened with the
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formation of the Canary Islands, most likely not earlier
than in the Miocene, as a result of colonization from the
coast of the Iberian Peninsula (Fernandez-Palacios et al.
2011). Thus, in the Canary Islands populations the level
of variation should decrease, which, as noted by Mazur
and co-workers (2018), did not take place, which the
authors explain in two ways: either the Canary Islands
are a type of Mediterranean flora enclave in which a high
level of morphological variability has been preserved, or
a high variability here was a secondary phenomenon that
occurred after colonization. The high level of diversity
in J. canariensis populations did not confirm the ten-
dency to reduce genetic diversity in marginal populations
(Hamrick et al. 1992), which was also demonstrated for
other species, including junipers, e.g., for J. drupacea
(Sobierajska et al. 2016).
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