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Abstract

The diploid A. glutinosa (L.) Gaertn. is widespread throughout the European continent, except in the Iberian and Balkan
Peninsulas where tetraploid populations have been discovered. We focused on the tetraploid species described as A. rohlenae
Vit, Douda and Mandék that occupies the western part of the Balkan Peninsula, where it has likely completely replaced the
diploid species. While the distribution range of the diploid A. glutinosa s. str. is well known, the exact distribution range of
the tetraploid A. rohlenae is unknown. Here, we report the first exact distribution of the tetraploid A. rohlenae and the antici-
pated hybrid zones in which it is in contact with diploid populations using flow cytometry and morphometrics. Tetraploids
are located primarily in the mountainous parts of the study area and towards the lowlands are gradually being replaced by
diploids, forming a contact zone. We compare the main morphological characteristics of both species. Due to the geographical
proximity of the study species, the morphological differences between them are clear outside the contact zones. However,
within the contact zones, we recorded hybridisations that obscure the morphological differences between species, probably

due to the presence of triploid hybrids.
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Introduction

The genus Alnus Mill. (Betulaceae) contains more than 40
species which are widely distributed across the whole North-
ern Hemisphere and in South America (Dawson 1990; Liu
et al. 2009, 2019; Vit et al. 2017). Most of the species are
deciduous trees or shrubs, but there are also a few evergreen
species. It is well known that many species of this genus
are so-called pioneer trees. They usually occupy disturbed
habitats and, because of their mycorrhizal and Frankia sym-
biotic associations, are able to improve the soil conditions
and grow faster than competing tree species (Liu et al. 2009).
Alnus glutinosa (L.) Gaertn. is a major component of the
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deciduous forests of Europe. The species occupies wet and
riparian habitats and soils with high levels of ground water.
This often results in a patchy distribution for this species but,
where it does form stands, it represents an important com-
ponent of riverine systems. The species is wind-pollinated,
the seeds ripen in late autumn and winter and are dispersed
by water or wind (McVean 1953, 1956; Beatty et al. 2015).

The phylogeographic history of Alnus glutinosa is well
known (King and Ferris 1998; Cubry et al. 2015; Havrdova
et al. 2015). Havrdov4 et al. (2015) showed that the spe-
cies survived the last Ice Age in multiple refugia located in
the Iberian, Apennine and Balkan Peninsulas. From these
refugia, the species colonised northern Europe. Expansion
times for Iberian, Apennine and Balkan populations were
estimated to be 9 270, 8 895 and 10 455 years BP, respec-
tively (Havrdova et al. 2015). The colonising lineages have
met several times and have formed secondary contact zones
in central and north Europe. In the southern refugia, the
occurrence of both diploid and tetraploid populations has
been revealed fairly recently (Mandak et al. 2016). These
tetraploid populations are located in the putative glacial refu-
gia and have never colonised northern Europe (Mandak et al.
2016). Due to their morphological distinctiveness, allopatric

@ Springer


http://orcid.org/0000-0002-9545-7497
http://crossmark.crossref.org/dialog/?doi=10.1007/s10342-022-01466-4&domain=pdf

642

European Journal of Forest Research (2022) 141:641-648

distribution and genetic differentiation, two new tetraploid
species of Alnus genus were described by Vit et al. (2017).
While in the Iberian Peninsula, the tetraploid A. lusitanica
Vit, Douda and Mandik is present; in the west of the Balkan
Peninsula, we find another polyploid species, A. rohlenae
Vit, Douda and Mandéak. Both species are autotetraploids
and there are no indications that the closely related A. incana
has been involved in their evolutionary history (Mandak
et al. 2016).

The anticipated geographical range of the newly discov-
ered autotetraploid (2n =4x=156) Alnus rohlenae covers the
whole western part of the Balkan Peninsula and can be clas-
sified as an endemic tree species. From our observations, A.
rohlenae replaces A. glutinosa s. str. in this region and there-
fore probably carries out the same ecological functions as A.
glutinosa. s. str. Alnus rohlenae (2n=4x=>56) differs from
the diploid (2n=2x=28) A. glutinosa s. str. in its genome
size, morphology and also its very high haplotype diversity
(Havrdova et al. 2015; Mandak et al. 2016; Vit et al. 2017).
The rate of endemism is generally high in all European pen-
insulas. In the case of the Balkan Peninsula, this is due both
to the complex topography and to its function as an impor-
tant refugium for many taxa (including A. rohlenae) during
the last glacial maximum (Hardion et al. 2014).

As the exact distribution range of this new endemic
Balkan species is not yet precisely defined, the first aim of
this study was to determine its current distribution range
using estimation of ploidy level by flow cytometry. The
second aim was based on the discovery that if A. rohlenae
is in contact with A. glutinosa s. str., they can hybridise to
form hybrid zones (Mandak et al. 2016). The hybridisation
of these two species results in the formation of a triploid
hybrid, however, the frequency of occurrence of this hybrid
is unknown (Mandak et al. 2016). In addition, it is possible
that some of the triploid individuals are not hybrids between
A. glutinosa and A. rohlenae but some of them may be of
autotriploid origin (Smid et al. 2020). Therefore, in the con-
text of the contact zone between diploids and tetraploids,
it is not appropriate always to speak about hybridization
between these two species. Hence, we used a combination
of flow cytometry for precise ploidy level determination and
morphometric analyses to evaluate the main morphological
characteristics useful for determination of the di-, tri- and
tetraploid taxa. Specifically, we asked: (1) What is the dis-
tribution of A. rohlenae in the Balkan Peninsula; and (2)
where is the contact zone with A. glutinosa s. str. situated?;
also (3) What is the occurrence frequency of the triploid
individuals?; and (4) Are there morphological characters to
distinguish triploids/hybrids?
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Materials and methods
Field sampling

In 2016 and 2017, samples were collected exclusively from
natural forest stands located in the Balkan Peninsula (721
individuals and 43 populations) and in 2018, in a contact
zone in Serbia (232 individuals and 26 populations) (see
Supplement Table 1).

Wherever possible, 20 individuals per population were
collected. In each population, samples were collected
along a transect, from individual trees at least 50 m apart,
i.e. each population represents a linear transect of at least
1 km in length. From each population, three individuals
were chosen at random and set aside as herbarium speci-
mens. In total, 953 individuals from 69 populations were
collected and analysed by flow cytometry, and 215 individ-
uals from 66 populations that consisted of all three ploi-
dies were subjected to morphometric analysis. However,
in the case of triploid individuals, only five voucher speci-
mens were obtained. Individuals collected for morpho-
metric analysis were about the same age and the voucher
specimens were collected from most typical branches usu-
ally from the south-facing part of the tree. To map the
distribution ranges of the individual Alnus species as pre-
cisely as possible, we included in this study 27 populations
from a previous study (Mandak et al. 2016) (Supplement
Table 1). These additional populations were not included
in the flow cytometry or morphometric analyses.

Estimation of DNA ploidy level

Fresh leaves were analysed using DAPI flow cytometry
(FCM), with the ploidy of each individual determined
according to Dolezel et al. (2007). Nuclei were isolated
by excising approximately 0.5 cm? of leaf, together with a
similar amount of the common daisy [Bellis perennis L.;
2C=3.38 pg; Schonswetter et al. (2007)] as an internal
standard. Samples were placed in Petri dishes containing
0.5 ml of Otto I buffer (0.1 M citric acid, 0.5% Tween-20;
Dolezel et al. 2007). The nuclear suspension was filtered
using a 42 pm nylon mesh and incubated for about 5 min at
room temperature. Finally, 1 ml of staining Otto II solution
(0.4 M Na,HPO, x 12 H,O, 2 pl/ml of f-mercaptoethanol
and 4 pg/ml of DAPI) was added and the samples were
measured using a Partec Space cytometer (Partec GmbH,
Miinster, Germany) equipped with a 365 nm UV-LED as
a UV light source for DAPI excitation. Nuclear fluores-
cence (sample to standard ratio) was calculated to infer
DNA ploidy level. Values of nuclear fluorescence were
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calibrated against chromosome counts—diploid, triploid,
tetraploid as described in Mandék et al. (2016).

Multivariate morphometrics

For the morphometric analyses, 215 voucher specimens were
collected across all study areas including all three ploidy
levels. Diploids were represented by 44 specimens, tetra-
ploids by 166 specimens and triploids by five specimens.
From each voucher specimen, three well-developed leaves
were chosen and the seven most discriminant morphological
characteristics (including one ratio) were selected according
to Vit et al. (2017) and measured to evaluate their morpho-
logical variation. These were leaf width (LW), leaf length
(LL), distance from lamina base to maximum lamina width
(BM), petiole length (PL), ratio between the leaf length and
leaf width (RL), hairiness of ventral part of the leaf (VH),
hairiness of the dorsal part of the leaf (DH) (see Vit et al.
2017 for more details and a complete list of the morphologi-
cal characters measured). The morphological characteris-
tics were measured manually from voucher specimens using
callipers. Leaf hairiness was evaluated using four discrete
categories (hairless, slightly hairy, hairy, very hairy). The
morphometric data were analysed using “MorphoTools” R
scripts in R version 3.2.2 (R Core Team 2014) following
the manual of Koutecky (2015). As mentioned above, three
measurements of leave characteristics were performed from
each individual and each individual measurement was evalu-
ated separately, not as an average of all three measurements.
Therefore, each individual used in the statistical analysis is
represented by three independent measurements. Standardi-
sation of characters to zero mean and unit standard deviation
were carried out prior to the multivariate analyses. Insights
into species structure and relationships among all ploidies
were gained using principal component analysis (PCA).
Canonical discriminant analysis (CDA) was also employed
to test the importance of morphological characters in dis-
criminating between the three ploidy groups (2x, 3xand 4x).
The proportion of correctly classified individuals was deter-
mined by classificatory discriminant analyses. The optimal
k value in k-nearest neighbour classification analysis was
selected from values with the highest success rate using a
manual of Koutecky (2015). Morphological characters for
classificatory discriminant analyses were selected based on
the results of CDAs.

Because a significant proportion of the populations had
their origins on the contact zone, we divided the data set
into two sets. The first set (215 individuals, 66 populations)
included all the individuals and populations used for mor-
phometric evaluation and the second set (99 individuals,
35 populations) included only populations outside contact
zones (“pure”). This was to eliminate samples originating
from species crosses (Supplement Tablel).

Results
Cytotype composition

Flow cytometry identified individuals of all three ploidy
levels in the study area (Supplement Fig. 1, Supplement
Table 1). These are described as belonging to two different
species and their putative hybrid, i.e. diploid (2n =2x=28;
Alnus glutinosa s. str.), triploid (2n=3x=42; putative
hybrid) and tetraploid (2n =4x=156; A. rohlenae) (Fig. 1).
Of the 69 populations and 953 individual trees sampled,
diploids (A. glutinosa s. str.) occurred in 19.0% (181 indi-
viduals), triploids in 1.9% (18 individuals) and tetraploids
(A. rohlenae) in 79.1% (754 individuals). The majority
of populations sampled (81.2%, 774 individuals from 58
populations) consisted exclusively of one ploidy, the rest
of the populations contained ploidy-mixed populations,
i.e. two ploidy levels were present (12.8%, 122 individu-
als from eight populations) or three (6.0%, 57 individuals
from three populations). Triploids were found in 10.1%
of all collected populations (Fig. 1, Supplement Table 1).
The average sample to standard ratios +S.D. of sam-
ples analysed for diploids, triploids, and tetraploid was
0.316 +£0.036, 0.475 +£0.023, and 0.602 +0.058, respec-
tively. The coefficient of variation (CV) for the diploids
was 4.10% + 1.1 SD, for triploids 3.66% +0.99 SD and for
tetraploids 2.84% + 0.58 SD.

The distribution of tetraploid A. rohlenae is strictly
related to the Dinaric Alps and the north-western Pindos
Mountains in Greece. Only a few populations were found
in lowland areas in Bosnia and Herzegovina and Serbia
(Fig. 1). Rarely, A. rohlenae also occurred in Mediterra-
nean areas, such as in Croatia at the mouth of the Neretva
River. The contact zone is defined by the occurrence of
diploid and tetraploid parents together with their puta-
tive triploid hybrid. The contact zones with mixed-ploidy
populations were found in Bosnia and Herzegovina in the
catchment area of the Neretva River, southern Serbia and
northern Greece. The distributions of different ploidies
are largely allopatric, with the diploid A. glutinosa s. str.
distributed mostly outside the area of the Dinaric Alps,
except for the western parts in Bosnia and Herzegovina
and Croatia (Fig. 1).

Morphometry

Firstly, to obtain a general picture, not influenced by the
expected hybridisation, we excluded from our analysis
the samples from the Serbian contact zone (Supplement
Table 1). We carried out a PCA analysis of samples out
of the contact zones (only pure diploid or pure tetraploid
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Fig. 1 Alnus rohlenae distribution range together with the triploid individuals and with adjacent populations of diploid A. glutinosa s. str. Com-
bined map of the data collected for this study and that published by Mandék et al. (2016) (circled in black; Supplement Table 1)

Fig.2 PCA (A-B) analyses of
Alnus glutinosa s. str., A. rohle-
nae and triploid individuals. A
PCA analysis of pure diploid
and tetraploid populations,
where diploids are represented
by white triangles and tetra-
ploids by grey circles. B PCA
analysis including all samples,
where diploids are represented
by white triangles, tetraploids
by grey circles and triploids by
black squares

PCA 2:22.1%
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populations) (Fig. 2 A, Supplement Table 1). In this data-
set, 81 individuals of A. rohlenae from 29 populations
and 18 individuals of A. glutinosa s. str. from six popula-
tions were used. This PCA accounts for 49.7% of the total
variance in the first component axis and 22.1% in second
component axis and is mostly correlated with leaf width
(LW), leaf length (LL) and the distance from lamina base
to maximum lamina width (BM). Canonical discriminant
analysis histogram of pure populations clearly separated
diploids from tetraploids (Fig. 3A). The most tightly cor-
related characters in the first component axis were petiole
length (PL), hairiness of ventral part of leaf (VH) and
hairiness of dorsal part of leaf (DF) (Supplement Table 2).

Next, we analysed the whole dataset including samples
from the Serbian contact zone and the mixed populations.
Leaf width (LW), leaf length (LL), distance from lamina
base to maximum lamina width (BM) are the characters
most tightly correlated with the first component axis of PCA
analysis, which represents 48.6% of explained variation in
the whole dataset. The second component axis explained
another 19.3% (Fig. 2B; Supplement Table 2). The CDA
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Fig.3 CDA (A-B) analyses of Alnus glutinosa s. str., A. rohlenae
and triploids. A CDA histogram of pure populations of A. glutinosa s.
str. (white columns) and A. rohlenae (black columns). Grey columns
indicate species overlap. B CDA with an overlay of taxon based on
cytotype of the individuals in the anticipated contact zone (contact
zone in the legend is marked as “hybr.”) (pure diploids white trian-
gles; pure tetraploids white circles; diploids from contact zones black
triangles; tetraploids from contact zones grey circles; triploids grey
squares)

analysis of individuals from the contact zones was overlaid
by species designations based on ploidy levels. These five
groups were defined on the basis of their ploidy. The first
and second discriminant axes explained 94.7% and 5.3% of
total variance, respectively (Fig. 3B; Supplement Fig. 2;
Supplement Table 2). The most tightly correlated charac-
ters in the first component axis were distance from lamina
base to maximum lamina width (BM), hairiness of ventral
part of leaf (VH) and hairiness of dorsal part of leaf (DF)
(Supplement Table 2).

The nonparametric k-nearest neighbour approach was
used for classificatory discriminant analysis. The data of
the three most closely correlated characters (BM, VH, DF;
see Supplement Table 2) in the CDA analysis were used in
the classificatory discriminant analysis of A. glutinosa s. str.,
A. rohlenae and triploid individuals. The analysis resulted
in poor separation of A. glutinosa s. str. and A. rohlenae
(29.5% and 42.8%, respectively). One triploid individual was
classified as A. glutinosa s. str. and the remaining four as
A. rohlenae. On the other hand, the exclusion of the antici-
pated hybrid zone from the dataset significantly increased
the separation of A. glutinosa s. str. and A. rohlenae (94.4%
and 71.6%, respectively) (Supplement Table 3).

Discussion
Distribution range of Alnus rohlenae

So far, it has been reported that A. rohlenae occurs only in
a small area of the western part of the Balkan Peninsula in
mountain valleys and deep canyons (Mandak et al. 2016;
Vit et al. 2017). However, extending the sample collec-
tions demonstrates the occurrence of the species in a larger
part of the Western Balkan Peninsula both near the sea (the
mouth of the Neretva River into the Adriatic Sea) and in the
lowlands of southern Serbia. The probability of the species
distribution in other areas than those identified is rather low
(Smid, unpublished data). We did not detect the species in
the southern part of Albania or Greece as expected, as the
climate in the Mediterranean region is not suitable for this
species. Only in the northern area of its occurrence in Serbia
and Bosnia can it be assumed that the occurrence of tetra-
ploids may be several tens of kilometres north of the already
discovered localities.

Alnus rohlenae and A. glutinosa s. str. grow only in the
vicinity of rivers, on the shores of lakes and in floodplain
forests. The environmental conditions throughout most of
the distribution range of the tetraploid species are different
from those of the diploid species. The Balkan Peninsula,
and especially its mountainous western parts, has a diversity
of climatic conditions, depending both on elevation and on
proximity to the Mediterranean Sea (Griffiths et al. 2004).
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Therefore, the distribution of tetraploids is limited by the
presence of non-drying rivers and streams and by increasing
elevations. As already mentioned, A. rohlenae is confined to
the bottoms of deep canyons. There are likely specific micro-
climatic conditions that favour the presence of the tetraploids
but prevent the diploids from expanding there. Polyploids
generally occupy different ecological niches than diploids
and are very well adapted to them (Mandak et al. 2016). The
adaptation of polyploids to a specific microclimatic condi-
tion is known from many examples (e.g. Maherali et al. 2009
or Ramsey 2011). The polyploids for example might be bet-
ter adapted to drier and warmer climate by larger stomata,
leaf thickness or leaf hairiness (Madlung 2013; Bomblies
2020). These adaptations can allow them to grow where
diploids are not able to survive and also prevent them to
expand from these peripheral areas of species occurrence
(Madlung 2013). Therefore, we hypothesise that the adap-
tation processes in A. rohlenae have resulted in an array
of different morphological and ecological traits. One such
adaptation could be, for example, greater leaf hairiness of
the tetraploids, which could reduce water evaporation from
the leaves during the hot summer periods. These have turned
the species into an endemic plant and have prevented their
expansion out of their current distribution range. This spe-
cialisation is further suggested by the observation that most
of the area occupied by the tetraploids is not separated from
that of the diploids by any obvious geographical barrier.
The only obvious geographical barrier separating diploids
from tetraploids is the Neretva River canyon in Bosnia. This
also forms a barrier for some other taxa (Sotiropoulos et al.
2007; Kucera et al. 2008; Surina et al. 2014). Therefore,
climatic conditions related to the area of Dinaric Alps may
be responsible for species distribution and expansion. The
Balkan Peninsula, which served as an important European
refugium during the glaciations, has similarly influenced the
development of many other species of plants and animals
(Surina et al. 2011; Cakovic et al. 2015; Sotiropoulos et al.
2007).

Possible hybridisation with Alnus glutinosa s. str.

In addition to diploid and tetraploid populations, Mandak
et al. (2016) also found three populations containing triploid
individuals (of 209 populations sampled, triploids occurred
in 1.9%). The proportion of triploids in this study is sig-
nificantly lower than in ours, because they were discovered
by chance and the existence of a new species (A. rohlenae)
was not foreseen. The triploids never seemed to form sepa-
rate populations but to always occur among diploids or
tetraploids. This suggests the triploids are the result of a
number of ongoing process (Smid et al., 2020). The hybrid
zone, where the triploids occur, was determined as a tension
hybrid zone. This zone is constantly moving depending on
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the climate changes in past or in recent times (Smid et al.
2020).

Hence, the determination of the triploid ploidy level
in an individual does not necessarily mean that its evolu-
tion was by the hybridisation of diploid and tetraploid spe-
cies. Instead, other processes may have played important
roles, such as the fusion of reduced and unreduced gametes
from one species and introgressive hybridisation. One such
process (Mandak et al. 2016) is illustrated by the triploid
individuals occurring in Austria. These lie outside the dis-
tribution range of the tetraploids. Based on an analysis of
microsatellite variation, it has been shown these individu-
als originated by hybridisation of reduced and unreduced
gametes of A. glutinosa s. str. Smid et al. (2020) found that
triploid individuals produced triploid progeny in addition
to diploid and tetraploid. This means that not all triploids
are necessarily hybrids between A. glutinosa s. str. and A.
rohlenae even in the contact zones. Another possibility of
triploid origin is hybridisation between diploid A. glutinosa
s. str. and tetraploid A. rohlenae.

Triploid individuals occupy intermediate habitats in
the contact areas between diploids and tetraploids and the
frequency of their occurrence is generally low. Several
processes can account for this. The distribution ranges of
both species are largely allopatric, so the chances of hybrid
development are low. Nevertheless, Alnus species are ane-
mophilous and known for their high rates of pollen produc-
tion. Hence, hybridisation is not necessarily limited to areas
where the distribution ranges overlap.

Smid et al. (2020) described the germination ability of
triploid seeds across the discovered contact zone in southern
Serbia. The germination varied greatly between individuals,
even within the same population (from zero to 71.7%). The
reasons for the low triploid occurrence may therefore be
explained in several ways. Some of the triploids have lower
germinability caused by an inappropriate combination of
genes (Yang et al. 2000; Aleza et al. 2009, 2010, 2012).
While individuals derived from a triploid mother plant with
high seed germination ability may be disadvantaged dur-
ing initial growth by selection or less competitiveness. Of
course, the underlying question also remains unanswered—
are the triploids even able to be distinguished in the field,
i.e. morphologically?

Morphometric evaluation

The results of the PCA and CDA analyses of pure diploids
and tetraploids show the two species are morphologically
differentiated. This confirms the distinctness of Alnus
rohlenae from A. glutinosa s. str. as shown by Vit et al.
(2017). If we compare the same measured characteristics
with the research of Vit et al. (2017), we find that the
most important characteristic distinguishing both species
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is hairiness of ventral part of leaf (VH) and hairiness of
dorsal part of leaf (DH). From our observations, these
characteristics were the most important for rapid visual
recognition of both species. In both cases, the leaves of
A. rohlenae are more covered with hairs than leaves of A.
glutinosa s. str. This is confirmed by a study by Vit et al.
(2017), which states that both species are morphologically
similar, but differ in hairiness of dorsal sides of leaf lamina
(as well as annual shoots and buds). The presence of more
hairs on the leaves can be associated with the adaptation
of plants to higher temperatures, more sunlight or protec-
tion against insects. Higher hairiness is quite common in
species occurring in drier and warmer areas (Ackerly et al.
2000; §ing1iarové et al. 2011; Madlung 2013).

Despite the fact that the two species were morphologi-
cally distinguished from each other on the basis of selected
morphological characteristics, diploids and tetraploids are
still morphologically very similar to each other, especially
in the places of their contact. The CDA analysis of pure
populations together with a species designation overlay
based on cytotype of the contact zone also showed a large
overlap between the individual groups (Fig. 3B). These
overlaps are largely based on the differentiation between
A. glutinosa and A. rohlenae (Fig. 3A). The differentia-
tion between the two species is not so great. Therefore, if
the hypothetical hybrids can have both intermediate and
parental traits, they can significantly overlap. This over-
lap can be affected, for instance, by bidirectional gene
flow or by the presence of fertile triploid hybrids (and
autotriploids).

Hence, a similarity in the morphological features of
autotetraploids to their diploid parents is common, rather
than rare (Ramsey and Ramsey 2014). A similarity of mor-
phological characters between diploids and polyploids has
been described previously, for example in hybrid zones
between Centaurea jacea and Ranunculus parnassifolius
(Vanderhoeven et al. 2002; Cires et al. 2009). These plants
are morphologically similar to their parents but genetically
quite different from them, as in our case with Alnus species
in the contact zone.

We did not find enough triploid individuals for a proper
morphometric evaluation, as only five voucher specimens
were examined, of which two were collected without fully
developed leaves, thus distinguishing taxa by morphologi-
cal differences was not possible. We also found that trip-
loids may arise via several routes and their genetic compo-
sition (and likely also morphologies) may depend strongly
on the parent from which they arose (gmid et al. 2020).
For these reasons, it can be difficult or even impossible
to distinguish them morphologically from either parent.
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