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ARTICLE INFO ABSTRACT

Editor: Dr Teresa Terrazas The riparian environments of Europe host a remarkable richness of plant communities, often dominated by a
single tree species. Understanding the identity of this species, including its morphology and distribution, is
essential for the effective management and conservation of biodiversity. In Iberian alder forests, Alnus lusitanica
Vit, Douda & Madak appears to be more common than Alnus glutinosa (L.) Gaertn., which dominates most of
western Europe. Previous studies based on limited sampling suggested A. lusitanica was widespread in the

western and southern Iberian Peninsula, while A. glutinosa was scattered in the Pyrenees and across the Can-
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Morphometrics . . . : .
Ploidy levels tabrian Range. Although some morphological differences have been observed, the two species are mainly
Taxonomy differentiated by their ploidy levels: A. lusitanica is tetraploid, and A. glutinosa is diploid.

This study aims to document the detailed distribution and morphological differentiation between A. lusitanica
and A. glutinosa in the Iberian Peninsula, and determine whether putative hybrids (triploids) exist. Fresh and
herbaria samples covering the entire Iberian range of Alnus, plus others from Europe, were collected. Ploidy
levels were determined by flow cytometry. A morphometric study was also carried out with 26 variables and
ratios. The results indicate that A. glutinosa is more widespread than previously reported and no triploid hybrids
were detected. The distinction from A. lusitanica can be made using a set of characters. These are described in a
new identification key that successfully identifies 87.5% of specimens.

Riparian environments

1. Introduction

Effective management of forest landscapes requires a comprehensive
understanding of the species that shape their ecological diversity. In
Europe, the two most relevant classifications of forest communities,
EUNIS (Chytry et al., 2020) and European Forest Types (European
Environment Agency, 2006), together with the Habitats Directive
focused on forest conservation (Council Directive 92/43/ECC), are pri-
marily based on the dominant woody species. Consequently, it is crucial
to recognize the diagnostic tree species of upland but also of riparian
forests (Leblanc et al., 2024). Riparian forests, in particular, are gaining
increasing attention since they hold remarkable biological richness

* Corresponding author.
E-mail address: juan.calleja@uam.es (J.A. Calleja).

https://doi.org/10.1016/j.flora.2025.152723

(Naiman et al., 1993; Biurrun et al, 2016; Leo et al., 2019) and play
critical ecological functions, providing a range of ecosystem services (de
la Fuente 2018; Riis et al., 2020). Despite their relevance, river eco-
systems and associated forests remain poorly studied and conserved
(Tockner & Stanford, 2002; Richardson et al., 2007; Hoppenreijs et al.,
2022) and hence greater efforts are needed to fully understand their
diversity.

Forests, particularly those in riparian biotopes, support a diversity
that remains largely unexplored, with new species, including trees, still
being discovered (Hopkins, 2007; Cheek et al., 2020; Du et al., 2020;
Manzitto-Tripp et al., 2022). To comprehend biodiversity, it is necessary
to have detailed knowledge of its components. Ideally, this knowledge
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should be defined using intergrated criteria which combine genetics,
ploidy levels, morphology, distribution, and ecology (Dayrat 2005;
Queiroz 2007). Morphology remains the fundamental tool for species
recognition (Dayrat, 2005), but subtle or absent morphological differ-
ences make species discrimination challenging, leading to
pseudo-cryptic and cryptic species being described (Mann & Evans,
2008). Objective morphological analyses using numerous characters are
critical. In addition, ploidy level data can be relevant for detecting
cryptic taxa (Kobrlova et al., 2016; Zhang et al., 2023), and detailed
distribution maps are equally essential for effective biodiversity recog-
nition and conservation planning. Integrating distinct approaches pro-
vides a comprehensive view of biodiversity, yet it can complicate
taxonomic ranking when different methods yield inconsistent results
(Kobrlova et al., 2016; Wang et al., 2022).

Alnus Mill. is a monophyletic genus of the Betulaceae family, con-
sisting of riparian tree species that form alder forests. Its 41 accepted
taxa are distributed across the northern hemisphere and the Andes
(POWO, 2024). In Europe, thanks to the remarkable work of Vit et al.
(2017), six native species are recognized (POWO, 2024): Alnus cordata
(Loisel.) Duby, A. alnobetula (Ehrh.) K.Korch, A. incana (L.) Moench,
A. glutinosa (L.) Gaertn., and the recently described A. rohlenae Vit,
Douda & Manddk and A. lusitanica Vit, Douda & Manddk. Two species
have been identified in the riparian forests of the Iberian Peninsula, the
diploid Alnus glutinosa (L.) Gaertn (2n = 28), and the tetraploid
A. lusitanica Vit, Douda & Mandak (2n = 4x = 56), and they show
distinct distribution ranges (Mandak et al., 2016; Vit et al., 2017). Alnus
glutinosa extends across Europe, from the Scandinavian Peninsula and
western Russia to the Mediterranean basin, reaching some northern
localities of the Iberian Peninsula. This broad distribution appears to
have arisen due to its post-glacial expansion from southern marginal
regions of Europe (Mandak et al., 2016). In contrast, A. lusitanica is
present in the western half of the Iberian Peninsula and in Morocco
(Harvdova et al., 2015; Mandak et al., 2016; Vit et al., 2017). Formerly
considered part of A. glutinosa, A. lusitanica is now recognized as a
separate species (Vit et al., 2017) which likely arose from autopoly-
ploidy (Mandak et al., 2016).

In the past decade, considerable progress has been made in under-
standing the distribution of the two Alnus species in the Iberian Penin-
sula (Vit et al., 2017; Sanna et al., 2023; Martin et al., 2024), yet the
precise geographical limits of both species remain unclear due to a lack
of studies with extensive sampling. Likewise, the diagnostic morpho-
logical traits that have been provided to date (Vit et al., 2017) do not
appear to fully resolve the identification of alder specimens across the
entire Iberian distribution range (pers. obs.). Alnus glutinosa exhibits
substantial morphological variability (Colagar et al., 2016; Gholami-
terojeni et al., 2019; Jurksiene et al., 2021) that might have obscured
differences with A. lusitanica (Gomes Marques et al., 2022, 2024; Vit
et al.,, 2017). Moreover, it is important to note that identifying both
species may also be challenging due to potential hybridisation events
between them. Recent evidence from eastern Europe shows tetraploid
A. rohlenae hybridising with diploid A. glutinosa to produce viable trip-
loids (Smid et al., 2020). This fact, along with genetic admixture evi-
dence (Mandak et al., 2016; Smid et al., 2020), suggests potential gene
flow despite ploidy differences. In this context, the possibility of
hybridisation events between A. lusitanica and A. glutinosa in contact
zones should be considered. Despite these observations, comprehensive
morphological and ploidy studies of A. glutinosa and A. lusitanica across
their entire Iberian range are lacking.

Alder forests are key components of the riparian vegetation across
the western and northern Iberian Peninsula, hosting a remarkable
assemblage of plants with Atlantic, Eurosiberian, sub-Mediterranean,
Macaronesian, and even Paleotropical affinities (Lara et al., 2007; Gar-
illeti et al., 2012; Loidi, 2017). In addition, these forests play different
ecological roles, such as stabilisation of watercourses and nitrogen fix-
ation (Sabater et al., 2000; Bjelke et al., 2016). Due to its biogeo-
graphical relevance in Europe, alder forests are classified as a priority
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habitat (91E0*) under Annex I of Directive 92/43/EEC. However, in
recent decades, European alder forests have been increasingly affected
by the oomycete Phytophthora alni Brasier & S.A.Kirk. This pathogen
reduces the tree’s canopy by affecting the roots and vascular system
(Bjelke et al., 2016) and has already damaged alder forests of northern
and western territories of Spain and Portugal (Solla et al., 2010; Martin
et al., 2024; Kanoun-Boulé et al., 2016; Bregant et al., 2023). In this
context, a comprehensive understanding of the characteristics and dis-
tribution of A. glutinosa and A. lusitanica would be helpful for imple-
menting conservation actions.

The lack of research across the entire distribution of the two alder
species in the Iberian Peninsula hinders the acquisition of detailed
knowledge about their full distribution ranges, their potential for
hybridisation, and the key diagnostic morphological traits needed to
identify them. To address these aspects, we carried out an extensive
sampling and analysed ploidy levels and morphological characters to: 1)
accurately determine the distribution of Alnus glutinosa and A. lusitanica,
2) identify putative hybrids, and 3) identify key morphological charac-
ters to enable robust species discrimination. Such enhanced data are
vital for supporting the conservation of riparian ecosystems structured
by Iberian alder species.

2. Material and methods
2.1. Study species

In the Iberian Peninsula, the diploid species Alnus glutinosa is found
in isolated sites along the eastern and western Pyrenees and the western
Cantabrian Range. In contrast, the tetraploid A. lusitanica has been re-
ported more widely, with dispersed records across all of Portugal, in
multiple locations in northern Spain, and in scattered sites in central and
southern Spain (Vit et al., 2017; Sanna et al., 2023). Both species are
wind-pollinated and self-incompatible riparian trees that can reach up to
35 m in height, although they rarely exceed 20 m (Lara et al., 2007)
(Fig. 1). The treess root system establishes actinorhizal nodules with
Frankia alni (Woronin 1866) Von Tubeuf 1895, thereby enabling the tree
to fix nitrogen (McVean, 1953). These alders mostly grow on acidic
substrates, along riverbanks with perennial water flow due to their high
water requirements (Lara et al., 2007).

2.2. Field sampling

This study includes 181 samples from an equal number of Alnus in-
dividuals (Fig. 2, Annex I): 160 samples collected by us in Spain from

Fig. 1. A: Alder forest, Caparra River, Cdceres, Spain. B: Leaves and female
catkins of an A. lusitanica individual. C: Alder trees with Osmunda regalis
growing at the base of the trunks in Pedro Chate River, Caceres, Spain.
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Fig. 2. Geographical location of Alnus samples used in this study. Orange symbols correspond to A. lusitanica and yellow symbols to A. glutinosa. A) Iberian samples.
Triangles represent individuals used in morphometric analysis. Black points correspond to localities analysed in previous studies (Havrdova et al., 2015; Vit et al.,
2017; Gomes Marques et al., 2022; Sanna et al., 2023; Martin et al., 2024). The biogeographic Eurosiberian and Mediterranean regions are indicated with pink and
green colour respectively. Blue lines and numbers refer to the main hydrographic districts: 1-Galician coastal, 2-Mino, 3-Basque Country internal basins, 4-Internal
basins of Catalonia, 5-Ebro, 6-Douro, 7-Cavado, Ave and Leca, 8-Vouga, Mondego and Lis, 9-Tagus, 10- Jtcar, 11-Guadiana, 12-Sado and Mira, 13-Algarve basins,
14-Guadalquivir, 15-Andalusian Mediterranean basins. B) Samples from outside the Iberian Peninsula used in the study. Triangles indicate the location of individuals

used in the morphometric analysis.

142 localities, and 21 herbarium specimens from other parts of Europe
(16 specimens) and specific Spanish locations (5 specimens). Spanish
samples were collected between April 2023 and December 2023
throughout most of the Alnus distribution range. Branches with mature
leaves and, when possible, mature female catkins of the 160 Alnus
sampled individuals were collected. Samples were chosen from analo-
gous trees of similar heights and solar exposure, excluding basal
branches and shoots. The samples were carefully dried (Table S1),
following standard collecting and curatorial practices. In particular
cases, fresh material was also collected from the same individual. For
herbarium specimens, the five samples from northern Spain were loaned
by FCO, all of them previously used in Sanna et al. (2023), whereas the
16 European samples from outside Spain, including Portugal, were ob-
tained from PRA (nine samples, all cited by Vit et al., 2017), and MA
(seven specimens). Herbaria acronyms follow Index Herbariorum
(Thiers, 2024) (Table S2).

2.3. Estimation of DNA ploidy level

To determine the distribution of Alnus glutinosa and A. lusitanica and
search for discriminant morphological characters, the taxonomic iden-
tity of each individual was assessed by its ploidy level (Mandak et al.,
2016; Vitetal., 2017; Martin et al., 2024). The ploidy level was obtained
using the flow cytometry protocol of Marquez-Corro et al. (2023). Most
analyses were conducted on dried leaf samples, except for three in-
dividuals, for which both fresh and dry samples were analysed to verify
the accuracy of the method using only dried samples. In two additional
cases, fresh material was also analysed to enhance resolution and
confirm putative hybrids. In all cases Petroselinum crispum (Mill.) Fuss
(2C = 4.50 pg; Obermayer et al., 2002) was used for the internal cali-
bration. General Purpose Buffer (GPB; Loureiro et al., 2007) was used
and supplemented with 3 (w/v) % PVP-40 (Pellicer et al., 2020) for
sample processing. One millilitre of buffer was added to the target
sample and internal standard, then the leaves were co-chopped with a
razor blade. An additional 1 ml of buffer was added, and the sample was

filtered through a 30 pm pore size CellTrics filter (Sysmex). Afterward,
100 pl of propidium iodide (PI, 1 mg/ml; Sigma) was added, and the
sample was kept on ice for ca. 20 minutes. Finally, the samples were
analysed using a CyFlow Space cytometer (Sysmex) fitted with a Cobolt
Samba laser (532 nm). We stopped the flow cytometer after the target
sample and the standard had reached at least 800 nuclei per fluores-
cence peak.

2.4. Multivariate morphometric analysis

A morphometric approach was employed to evaluate the possibility
of discriminating Alnus lusitanica from A. glutinosa. A total of 19 char-
acters (semi-quantitative, quantitative and binary) and seven ratios
were considered as explanatory variables for the 80 samples measured:
40 from each species (Table 1). The characters used by Vit et al. (2017)
were initially selected. However, those that were not very informative
were discarded as they focused not only on the differentiation of
A. glutinosa and A. lusitanica but also of A. incana and A. rohlenae. The
characters employed were: Distance from lamina base to maximum lamina
width along the central vein (BC); distance from lamina base to maximum
lamina width (BM); female catkin length (CL); female catkin stalk length
(CS); female catkin width (CW); dorsal lamina hairiness (DH); presence of
hairs on annual shoots (HA); presence of hairs on buds (HB); presence of hair
floccules in lateral vein axils (HF); lamina length (LL); lamina margin
indentation (LM), leaf lobation (LO); lamina apex (LS); lamina width (LW);
petiole length (PL); number of pairs of lateral veins (PV); shape of annual
shoot lenticels (SA); and ventral lamina hairiness (VH). The characters DH,
HF, LM, LO, LS, SA and VH needed to be re-scaled to reflect the vari-
ability observed in these Alnus species and the character lamina base
(LB) was included (Figure S1). Three leaves and one catkin per indi-
vidual were measured. The program ImageJ (Schneider et al., 2012) was
employed to estimate quantitative characters (Figure S2).
Semi-quantitative characters were scored using numerical scales as is
reflected in Table 1. To obtain a unique value for each individual, the
mean of the leaf characters was calculated. Missing values were replaced
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Table 1
List of analysed morphological characters.
Abbrev.  Character description Unit
1 LL Lamina length cm
2 LW Lamina width cm
3 BM Distance from lamina base to cm
maximum lamina width
4 BC Distance from lamina base to cm
maximum lamina width along
the central vein
5 PL Petiole length cm
6 PV Number of pairs of lateral Number
veins
7 VH Ventral lamina hairiness Scale (1: glabrous, 2: individual
hairs, 3: lightly hairy)
8 DH Dorsal lamina hairiness Scale (1: glabrous, 2: individual
hairs, 3: lightly hairy)
9 HF Presence of hair floccules in Scale (1: glabrous or individual
lateral vein axils hairs, 2: hairy, 3: densely hairy)
10 LS Lamina apex Scale (1: most prominent points
of margin above the central
vein, 2: most prominent points
aligned with the central vein, 3:
most prominent points of
margin below the central vein)
11 LM Leaf margin dentation Scale (1: denticulate; 2:
denticulate-dentate, 3: dentate;
4: dentate-obtusely dentate, 5:
obtusely dentate, 6: obtusely
dentate-crenate)
12 LO Presence of leave lobation Scale (1: unlobed or lightly
lobed, 2: lobed, 3: highly lobed)
13 LB Lamina base Scale (Taking margins up to the
height of the first pair of veins,
1: wedge, angle > 90°; 2: lightly
wedge, < 90°; 3: straight, angle
~ 180°)
14 HA Presence of hairs on annual Binary (0: absence; 1: presence)
shoots
15 HB Presence of hairs on buds Binary (0: absence; 1: presence)
16 SA Shape of annual shoot lenticels ~ Scale (1: circular, 2: oval and
circular, 3: oval)
17 CS Catkin stalk length cm
18 CL Catkin length cm
19 Cw Catkin width cm
20 LW/LL Ratio of distance from lamina Ratio
width and length
21 BC/LL Ratio of distance from lamina Ratio
base to maximum lamina
width along the central vein
and lamina length
22 PL/LL Ratio petiole length and Ratio
lamina length
23 CS/PL Ratio of catkin stalk length and Ratio
petiole length
24  PV/LL Number of veins per 1 cm of Ratio
lamina length
25 CL/CS Ratio of catkin length and Ratio
catkin stalk length
26 CL/CW Ratio of catkin length and with ~ Ratio

with the taxon mean obtained from at least 90% of its individuals
[following Vit et al. (2017)]; for example, if a leaf value was missing, the
individual’s mean was calculated by including the substituted value
along with the other recorded measurements.

Morphometric analyses were performed using the MorphoTools2
package (Slenker et al., 2022) in RStudio v.4.2.2 (Posit team, 2024).
Basic statistics (minimum, 5th percentile, mean, 95th percentile and
maximum) were calculated. Twelve variables fitted a normal distribu-
tion (Table S3). The non-parametric Spearman’s correlation coefficient
was employed to verify the potential correlation between characters. In
cases where pairs of characters showed a Spearman’s coefficient > 0.70,
one of them was discarded in the following analyses (Overholser &
Sowinski, 2008). Principal Component Analysis (PCA) and Canonical
Discriminant Analysis (CDA) were used to explore the relationship
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between both species. Then, we employed a Classificatory Discriminant
Analysis (CIDA), using the non-parametric k-nearest neighbour
discriminant function, to determine the percentage of correctly classi-
fied individuals. Three different approaches were used to select the
variables included in the CIDA: variables identified by stepwise selec-
tion, those most highly correlated with the first canonical axis (from the
CDA analysis), or those most correlated with the first principal compo-
nent (from the PCA analysis), all aimed at maximizing the percentage of
correctly classified individuals. The cross-validation method was
employed to determine the discriminant power, and the selected k value
provided the highest success rate. The characters included in the most
successful CIDA, along with those correlated with them, were compared
between the two species using different methods: the ANOVA test for
continuous normally distributed characters, the
Mann-Whitney-Wilcoxon test for non-normally distributed continuous
variables, and contingency tables and Fisher’s exact test (with Holm’s
correction for multiple comparison) for semi-quantitative characters.
The odds ratios (OR) from Fisher’s exact test indicate the relative
probability of observing each level of each trait in Alnus lusitanica
compared to that of A. glutinosa: OR < 1 indicated a higher probability of
observing a particular level of the trait in A. lusitanica than in
A. glutinosa, OR > 1 indicated a lower probability of observing a
particular level of the trait in A. lusitanica than in A. glutinosa, and OR =
1 indicated no difference in the probability of a particular level of the
trait between the two taxa.

Finally, based on Vit et al. (2017), two more CIDAs were done to
evaluate their identification success in our data: 1) an analysis based on
the most tightly correlated characters with their canonical axis, and 2)
an analysis based on the characters used in their determination key for
A. lusitanica and A. glutinosa.

3. Results
3.1. Flow Cytometry

The approximate mean 2C-values estimated from the dried samples
were 2.8 pg (CV% ranging from 5.49% to 22.85%) for Alnus lusitanica,
and 1.34 pg (CV% ranged from 6.28% to 17.99%) for A. glutinosa.
Despite the wide range of coefficients of variations, it was possible to
distinguish the peaks (Figure S3) and hence be confident of the ploidy
level assigned to each sample. Fresh material was analysed for some
individuals (051, 052, and 053) to verify that dried leaves were suitable
for ploidy level determination. These provided the same results in terms
of species identification based on ploidy level. Thus, both types of ma-
terial identified A. lusitanica for the individuals analysed i.e. (i) fresh
material of individual 051 2C = 2.35 + 0.055 pg (CV = 2.53%) vs. dried
material of individual 051 2C = 2.53 + 0.005 pg (CV = 6.67%), (ii) fresh
052 2C = 2.30 £ 0.004 pg (CV = 3.28%) vs. dried 052 2C = 2.33 +
0.011 pg (CV = 7.82%), and (iii) fresh 053 2C = 2.29 + 0.001 pg (CV =
2.55%) vs. dried 053 2C = 2.70 + 0.010 pg (CV = 8.92%).

3.2. Distribution

Based on the ploidy levels determined by flow cytometry, 53 diploid
individuals corresponding to Alnus glutinosa and 106 tetraploid in-
dividuals corresponding to A. lusitanica were detected. Alnus glutinosa
was shown to be widely distributed in the north and northeast of the
Iberian Peninsula, mainly thriving throughout the entire range of the
Pyrenees but also in the Ebro basin. It was also the prevalent taxon in the
Basque Country internal basins (located between the Pyrenees and the
Cantabrian Range, Fig. 2). Likewise, A. glutinosa showed an intrusion
within the Cantabrian Range, surrounded by A. lusitanica. It was also
seen to penetrate into the eastern region of the Douro basin and Iberian
System, and into the Catalonian Coastal Ranges within the Mediterra-
nean region with a disjunct locality in the southeast corner of the Iberian
Peninsula, specifically on the northern slope of the Sierra Nevada



M. Cuerdo et al.

(Fig. 2). In contrast, A. lusitanica was distributed mainly throughout the
western side of the Iberian Peninsula, from the Cantabrian Range to the
Gaditanian Mountains. Its range also encompassed the entire Iberian
Central Range, Toledo Mountains, Sierra Morena, and the Sierra
Nevada. Thus, it was found both in coastal and inner territories within
the Eurosiberian and Mediterranean regions, across most of the main
hydrographic districts: Galicia coast, Mino and Sil, Cantabrian, Douro,
Ebro, Tagus, Guadiana, Guadalquivir and in the Andalusian Mediterra-
nean basins (Fig. 2).

3.3. Potential hybridisation

The flow cytometry analysis of dried material from three individuals
suggested that their ploidy level might be triploid (Table S1, symbol
«“*”), raising the possibility that they were hybrids formed between the
two Iberian species. The use of fresh material of two of them (098 and
103) however, showed that they were diploid, corresponding to Alnus
glutinosa, thus ruling out their hybrid origin (fresh 098 2C = 1.22 +
0.005 pg, CV = 6.46%; fresh 103 2C = 1.26 + 0.023, CV = 6.37%). A
third putative hybrid (dry 089 2C = 1.87 pg, CV = 10.95%) remained
unresolved due to the inability to obtain a suitable fresh sample.

3.4. Multivariate morphometric analysis

Out of the 19 characters and seven ratios measured (Table 1), four
characters (LW, BM, BC and CW) and three ratios (PV/LL, PL/LL and CL/
CS), were correlated with another variable and were therefore discarded
(Table 2). The remaining 19 variables were included in the Principal
Component Analysis (PCA) and Canonical Discriminant Analysis (CDA).
The PCA showed a large morphological overlap between the two species
(Fig. 3). However, axis PC1 distinctly separated some Iberian Alnus
glutinosa specimens with low values of petiole length (PL) and lamina
length (LL) from a group of A. lusitanica samples with greater values of
the catkin stalk length/petiole length ratio (CS/PL) and ventral lamina
hairiness (VH). Individuals of A. glutinosa from the Cantabrian intrusion
(Fig. 2) appeared to be mixed in with most of the A. lusitanica in-
dividuals, whereas the two A. glutinosa samples from the Sierra Nevada

Table 2

Contribution of the characters shown in Table 1 to the first component axis
in PCA and CDA. Discarded characters because they correlated with others
are marked with “-*.

PCA CDA
HA 0.052 0.128
HB -0.084 -0.097
SA -0.156 -0.051
Ccs 0.222 0.586
CL 0.049 0.326
CwW - -
LL -0.292 -0.151
Lw - -
BC
BM - -
PL -0.375 -0.030
PV -0.253 -0.255
VH 0.332 0.227
DH 0.266 -0.068
LS 0.176 0.528
LM 0.206 0.153
LO 0.179 0.326
LB 0.280 0.392
HF -0.049 -0.029
LW/LL 0.203 0.575
BC/LL -0.178 -0.352
CS/PL 0.399 0.367
CL/CW 0.158 0.449
PV/LL - -
PL/LL
CL/CS
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grew close to each other and separate from the A. lusitanica samples. The
contributions of each character to PC1 are shown in Table 2.

The CDA also exhibited overlap between Alnus glutinosa and
A. lusitanica (Fig. 4). The three most highly correlated variables with the
first canonical axis (Canl) were the same variables provided by stepwise
approximation: catkin stalk length (CS), lamina width/lamina length ratio
(LW/LL) and lamina apex (LS). Their contributions to the Canl are
included in Table 2. The CIDA based on the CDA reached the maximum
percentage of individuals correctly assigned to the predefined groups (i.
e. 87.50 %) by including CS, LW/LL and LS variables (Table 3). The rate
of correctly classified A. lusitanica individuals was 85 %, while for
A. glutinosa it reached 90 %. These variables, and the ratio catkin length/
catkin stalk length (CL/CS) which correlated with CS, showed differences
between A. lusitanica and A. glutinosa: A. lusitanica had greater values of
CS and LW/LL, smaller values of CL/CS and a higher frequency of
straight lamina apex (LS) than A. glutinosa (Fig. 5, Tables S4, S5).
However, the overlap between the two species is remarkable, especially
in LS (Fig. 5). The CIDA based on PCA, showed a lower maximum rate of
success classifying the individuals and a higher number of variables
were needed (13 variables, Table 3).

4. Discussion
4.1. Distribution of Alnus in the Iberian Peninsula

The number of Iberian localities considered in this study for both
Alnus lusitanica and A. glutinosa collected by us (142 localities), is greater
than the total number of localities considered in previous studies (94
sites) (Havrdova et al., 2015; Vit et al., 2017; Gomes Marques et al.,
2022; Sanna et al., 2023; Martin et al., 2024). In those previous studies
the Mediterranean and Pyrenean regions were highly underrepresented,
with the central area of the Pyrenees being particularly overlooked. In
contrast, our study offers comprehensive information on the distribution
of both taxa in the Iberian Peninsula with extensive representation of
Pyrenees and Mediterranean interior and eastern regions. In any case, it
is noted that Iberian alders are acidophilic, making alder forests more
common in the siliceous western half of the Iberian Peninsula, and since
they thrive in humid climates, they are mainly restricted to mountainous
areas in the Mediterranean region (Lara et al., 2007; Rodriguez
Fernandez et al., 2014).

Alnus glutinosa had been previously reported in scattered locations in
the eastern and western Pyrenees and the eastern part of the Cantabrian
Range (Vit et al., 2017; Sanna et al., 2023; Martin et al., 2024), with a
single locality reported in central-western Spain (Sanchez Anta et al.,
1987). However, our analyses find that A. glutinosa extends beyond the
localised eastern part of the Cantabrian Range, encompassing the entire
range of the Pyrenees, the Iberian System and the Douro basin (near
some populations of A. lusitanica). Furthermore, A. glutinosa was also
recorded across the Catalonian Coastal Ranges up to the Tarragona
province, where it has its natural southern limit. Additional populations
were also found further south, on the northern slopes of Sierra Nevada,
although their natural origin is doubtful. Overall, this study reveals that
populations of A. glutinosa are more common and widespread than
previously reported and highlights that this species can occur in areas
with distinct climatic characteristics. It can grow in areas with an
oceanic Atlantic climate, such as in the eastern Cantabrian Range, and
also in temperate, submediterranean and alpine climates in the Pyr-
enees, although it is scarce in the Pyrenean central zones (Lara et al.,
2007). It has also been recorded in continental and oceanic Mediterra-
nean areas, such as the Ebro Valley and the Catalonian Coastal Ranges,
respectively, but at a lower frequency and less extensively.

Prior to this study, the Iberian distribution of A. lusitanica was re-
ported to cover practically all mountain systems in the western half of
Spain and all of Portugal, occurring in both the Eurosiberian and Med-
iterranean regions (Vit et al., 2017; Sanna et al., 2023; Martin et al.,
2024). However, these previous studies concentrated their sampling in
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Fig. 4. Canonical discriminant analysis (CDA) based on 80 Alnus samples (40
A. glutinosa and 40 A. lusitanica) using 19 morphometric characters. The x-axis
represents the canonical score, which corresponds to the discriminant function
that maximizes the separation between the two species based on the analysed
traits. The y-axis shows the number of individuals.

the northern part of the Peninsula. Here, we have found tetraploids
within the same distribution range but also in lowlands of inner areas,
within most of the major hydrological basins of the Iberian Peninsula.
Moreover, our data based on flow cytometry identification have also
shown a greater presence and continuity in the Central System Range
and Sierra Morena compared with previous studies (Vit et al., 2017;
Sanna et al., 2023; Martin et al., 2024). These new insights into the
distribution of A. lusitanica suggest it may be more successful than
A. glutinosa in Mediterranean areas which can experience intense
droughts and high summer temperatures. In part, this could be due to
the increased potential adaptability of tetraploid A. lusitanica to extreme
conditions as reported in other polyploid species (e.g. reviewed in Van
de Peer et al., 2021). Such advantages, arising from increased genetic
and epigenetic diversity upon which selection can act (e.g. Lepais et al.,
2013; Mortier et al., 2024) may contribute to overcoming the challenges
of establishing new polyploids which initially can experience repro-
ductive difficulties (Hagen et al., 2023; Mortier et al., 2024).

A similar distribution pattern to that observed for Alnus glutinosa and

Table 3

Classificatory Discriminant Analysis (using the k-nearest neighbour method) of
40 Alnus glutinosa and 40 A. lusitanica individuals based on: i) CDA (or stepwise);
ii) PCA,; iii) CDA from Vit et al. (2017); iv) Vit et al. (2017) determination key.
“k" refers to the optimal k value. Characters and ratios used in each Classificatory
Discriminant Analysis: i) CS, LW/LL, LS; ii) CS/PL, PL, VH, LL, LB, DH, PV, CS,
LM, LW/LL, LO, BC/LL, LS; iii) LS, SA, CS, CL/CW; iv) LS, SA, CS, CL/CW, LB, PL.
(See Table 1 for key to abbreviations).

Classified taxon

k Taxon A. glutinosa  A. lusitanica  Correctly
classified
(%)
i) CDA (and 30 A. glutinosa 36 4 90
stepwise) A. lusitanica 6 34 85
Total 42 38 87.5
ii) PCA 9 A. glutinosa 35 5 87.50
A. lusitanica 10 30 75.00
Total 45 35 81.25
iii) CDA Vit 19 A glutinosa 28 12 70.00
et al. (2017) A. lusitanica 10 30 75.00
Total 38 42 72.50
iv) Vit et al. 27  A. glutinosa 32 8 80.00
(2017) A. lusitanica 10 30 75.00
determination Total 42 38 77.50
key

A. lusitanica is known from other genera on the Iberian Peninsula. For
example, diploid Hedera helix L. is predominantly found in the eastern
half of the Iberian Peninsula whereas the tetraploid H. hibernica Poit.
and hexaploid H. iberica (McAll.) Ackerf. & J.Wen are common in the
western and southern regions (Gonzalez-Toral et al., 2021). Similarly,
Betula pendula Roth dominates in the north and northeast whereas
B. pubescens Ehrh. dominates in the northwest (Moreno & Peinado,
1990). At the intraspecific level, the case of Quercus ilex L. is also illus-
trative. It exhibits one lineage in the western part of the Iberian Penin-
sula and another in the eastern part, both originating from North African
populations (Petit et al., 2005). A further example, which is very similar,
is that of Frangula alnus Mill. This species has one lineage occurring in
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the Pyrenees and the majority of the European continent, and the other
lineage localised in the northwest, west, and south of the Iberian
Peninsula (Petit et al., 2005). As observed in Alnus glutinosa (Mandak
et al., 2016), the Pyrenean populations of F. alnus contributed to the
expansion across Europe, as they belong to the same haplogroup (Petit
et al., 2005). Although the Iberian Peninsula served as an important
refuge during the Last Glacial Maximum (LGM), in some cases, only
certain regions contributed to post-glacial expansion (Petit et al., 2005;
Rodriguez-Sanchez et al., 2010; Nieto Feliner, 2014). Populations that
did not contribute to the post-glacial colonisation of northern European
regions would be considered relict populations, as reported for Fagus
sylvatica L. (Magri et al., 2006).

Despite the predicted autopolyploid origin of Alnus lusitanica from
A. glutinosa (Havrdova et al., 2015; Mandak et al., 2016; Sanna et al.,
2023), areas where the two species grow adjacent to each other or
coexist remain scarce. Although alders are anemophilous and their
pollen can disperse over long distances (McVean, 1953), geographical
proximity is often key to understanding genetic relationships between
species as well as understanding whether there are potential opportu-
nities for introgression or hybridization to occur (Smid et al., 2020).
Sanna et al. (2023) reported one area along the Deva and Nansa rivers in
the Cantabrian Range, and Martin et al. (2024) found mixed populations
in the Ebro basin. Here, we show new contact zones in the Douro basin,

in the Iberian System and in the northern slopes of Sierra Nevada.
However, populations of A. glutinosa from Sierra Nevada may be a legacy
of old plantations in the mid-20th Century (Arias Abellan, 1981). In
contrast, both the previous northern records of A. lusitanica (Sanna et al.,
2023) and our southern records occur in areas of Sierra Nevada where
plantations have never been recorded.

4.2. Potential hybridisation

Cryptic polyploid taxa are relatively common (e.g. Kobrlova et al.,
2016; Serrano & Ortiz, 2023). Integrative taxonomy increasingly rec-
ognizes ploidy levels as a key tool for identifying cryptic taxa, particu-
larly those arising through autopolyploidy in sympatric scenarios
(Oberprieler, 2023). However, different ploidy levels are sometimes
regarded as cytotypes of the same taxon, typically when morphology,
genetics or other data and criteria fail to identify clear differences [e.g.
Adansonia digitata L. (Cron et al., 2016); Centaurea stoebe L. (Spaniel
et al., 2008); Vicia cracca L. (Eliasova et al., 2014)]. Taxonomic delim-
itation can also be complex due to the ease of hybridisation between
sympatric polyploids and diploids (Pinheiro et al., 2010; Robertson
et al., 2010; De Hert et al., 2012). Alnus hybrids usually arise from
diploid species and show 2n = 28 (Furlow, 1979; King, 2000; Banaev &
Bazant, 2007; Jurksiené et al., 2021; Villani et al., 2021). However,
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Alnus glutinosa (diploid) and the tetraploid A. rohlenae (2n = 4x = 56)
are morphologically similar and generate sympatric triploid hybrids
(Smid et al., 2022). The hybridisation between A. glutinosa and
A. rohlenae indicates potential gene flow (Smid et al., 2020). Previous
studies focused on A. lusitanica and A. glutinosa detected mixed pop-
ulations or contact zones, but no hybrids were found (Sanna et al., 2023;
Martin et al., 2024). Similarly, only diploid and tetraploid individuals of
A. lusitanica and A. glutinosa were observed in our study. The absence of
hybrids may be due to differences in phenology between A. lusitanica
and A. glutinosa, as has been proposed for other Alnus species (Banaev &
Bazant, 2007), but accurate data for this are needed to confirm or refute
this explanation.

4.3. Morphological delimitation

Pseudocryptic and cryptic taxa have historically remained unnoticed
due to just subtle or no morphological differences with their sister taxa
[e.g. Navarretia linearifolia (Howell) L.A.Johnson (Johnson &
Cairns-Heath, 2010); Linaria incarnata complex (Vigalondo et al., 2015);
Symphytum tuberosum complex (Kobrlova et al., 2016); Lewinskya affinis
complex (Vigalondo et al., 2019); Jasione gr. crispa complex and
J. sessiliflora s.1. (Serrano & Ortiz, 2023)]. Nevertheless, the use of mo-
lecular tools has significantly contributed to revealing (pseudo)cryptic
taxa (Mann & Evans, 2008) and simultaneously or consequently,
detailed morphological studies have been able to identify previously
unnoticed characters that can be used diagnostically (Vigalondo et al.,
2015; Kobrlova et al., 2016). In this context, morphological studies that
incorporate a large number of characters, specimens from the entire
distribution range, and statistical methods are needed to ensure objec-
tivity and robust results (Vanderhoeven et al., 2002; Vigalondo et al.,
2015; Kobrlova et al., 2016).

Alnus lusitanica and A. glutinosa have been considered cryptic auto-
polyploid species (in a broad sense) due to their morphological simi-
larities, though some differences have been reported. Gomes Marques
et al. (2022; 2024) uncovered morphological and biochemical differ-
ences in seeds and seedlings, and Vit et al. (2017) provided a key based
on adult morphological characters. Some of those characters were also
shown to be key distinguishing features in our study: i.e. catkin stalk (CS)
appears longer in A. lusitanica than A. glutinosa, while the lamina apex
(LS) is frequently emarginate in A. glutinosa whereas it is often straight in
A. lusitanica. In the present study, two more diagnostic characters have
been identified: Alnus lusitanica tends to have higher values of lamina
width/lamina length ratio (LW/LL) and lower values of catkin length/-
catkin stalk ratio (CL/CS), while A. glutinosa usually has longer but
narrower leaves and higher CL/CS ratio. In contrast, some key charac-
ters proposed by Vit et al. (2017) lack significant taxonomic importance
in our analysis: leaf lamina length/petiole length ratio (LL/PL), female
catkin length/female catkin width ratio (CL/CW), leaf base (LB) and shape
of the annual shoot lenticels (SA). Indeed, the discriminant capacity of the
variables proposed by Vit et al. (2017) in their identification key and in
their CDA are lower than the discriminant capacity of the variables here
proposed (Table 3). Nevertheless, due to the overlap of these variables
(Fig. 5), it is necessary to consider them all simultaneously to correctly
identify large numbers of individuals (but not all of them). The differ-
ences between our results and those obtained by Vit et al. (2017) could
be attributed to the greater sample size and distribution range of
A. lusitanica individuals analysed in our study. This may also account for
the initial morphological variation they recorded for each character,
which differed from that we found, and which consequently necessitated
the rescaling of many traits. These findings emphasise the importance of
exhaustive sampling.

Both taxa exhibit considerable morphological variation across their
respective geographic ranges (Fig. 3) as already noted in previous
studies of Alnus glutinosa (Colagar et al., 2016; Gholamiterojeni et al.,
2019; Jurksiene et al., 2021). Vit et al. (2017) also found greater dif-
ferences between individuals of A. lusitanica and A. glutinosa from the
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Iberian Peninsula than between individuals of A. lusitanica from the
Iberian Peninsula and non-Iberian individuals of A. glutinosa. This
pattern is also partially reflected in our results (Fig. 3), where, according
to PC1, the individuals of A. glutinosa that show the greatest divergence
from A. lusitanica are from the Iberian Peninsula. In the case of
A. lusitanica, Gomes Marques et al. (2024) showed that seedlings from
individuals of the southern Mediterranean region exhibited specific
characteristics associated with drought. This could be related to the
distinct haplotypes of A. lusitanica from southern Spain (Havrdova et al.,
2015; Sanna et al., 2023). However, our PCA results also reflect the lack
of a geographical pattern linking certain morphological characters to
southern individuals of A. lusitanica. Overall, the morphological vari-
ability of both species found in our study does not follow a specific
geographic pattern within the Iberian Peninsula.

We have shown that simultaneously considering a set of morpho-
logical characters allows us to discriminate a high percentage of in-
dividuals of Alnus lusitanica and A. glutinosa. However, the similarity
between the two species is very high as even the ranges of the
discriminant variables overlap to a greater or lesser extent. Morpho-
logical similarity between diploids and autopolyploids is common
(Vanderhoeven et al., 2002; Cires et al., 2009; Ramsey & Ramsey, 2014).
In the case of these two alder species, their observed morphological
similarites does not necessarily reflect an ongoing or a recent speciation
process (Bickford et al., 2007). Instead, the genetic data support the
relictual nature of the tetraploid individuals (Havrdova et al., 2015),
thus our results may reflect morphological stasis (McDaniel & Shaw,
2003) or that the time needed to evolve morphological differences is
longer than has so far elapsed since autopolyploid event or events (Vit
et al., 2017).

4.4. Conservation and management considerations

Alder forests are currently designated as a priority habitat under
Annex I of the Council Directive 92/43/EEC, classified within habitat
91E0*. These forests are recognized for their significant ecological and
biogeographical value and therefore must be conserved and protected to
ensure their preservation and, where needed, recovery. The official
description (European Comisiéon DG Environment 2013) currently in-
cludes only two species of alder: Alnus glutinosa and A. incana. In Spain,
however, the alder forests are now characterized by the presence of both
A. lusitanica and A. glutinosa. In Portugal, these forests consist solely of
A. lusitanica. Nevertheless, updating the description of this European
habitat is felt to be unnecessary, as the new species, A. lusitanica, is
implicitly associated with the species (A. glutinosa) originally used to
define alder forests, including those in Spain and Portugal.

The new species Alnus lusitanica is an Iberian-North African endemic
that, a priori, would not be considered threatened according to the IUCN
criteria (IUCN 2012). However, alder populations across much of
Europe, including northern and western Iberia, are under threat from
the spread of the pathogen Phytophthora alni (Bjelke et al., 2016). It was
registered in Europe for the first time in the United Kingdom in 1993
(Gibbs, 1995) and in Spain (Mino river) in 2010 (Solla et al., 2010). The
alder dieback caused by this pathogen significantly threatens the sta-
bility of alders, leading to a decline in the structural integrity of their
roots and branches. The consequent reduction in canopy cover, as well
as the quantity and quality of leaf litter, results in alterations to the
ecosystem both above and below the waterline (Bjelke et al., 2016). The
oomycete P. alni survives poorly in cold winter temperatures, helping
alder forests recover, while extreme temperatures and drought limit its
incidence (Aguayo et al., 2014; Bjelke et al., 2016). Nevertheless, the
effect of low temperatures has been shown to be more effective in
slowing down tree decline than drought (Aguayo et al., 2014), so
particular attention should be paid to the southern populations of
A. lusitanica and those of A. glutinosa located in the oceanic warm areas
of northeastern Spain.

The high genetic diversity levels recently detected in Alnus lusitanica
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could be crucial for identifying resistant individuals (Martin et al.,
2024). Management strategies such as forestation should strictly control
the geographical origin of the individuals used and consider the genetic
diversity in the location being targeted for management. This approach
appears to have been overlooked in the past, as evidenced by the anal-
ysis of samples of A. glutinosa from Sierra Nevada, which might have
come from old plantations (Arias Abellan, 1981), although their actual
geographic origin would benefit from a phylogeographic study. The
presence of these A. glutinosa samples within the distribution range of
A. lusitanica could have put such alder forests from the south of the
Iberian Peninsula at risk from genetic contamination. This finding
highlights the importance of considering natural genetic diversity in
management strategies, as highlighted previously (Beatty et al., 2015;
Mingeot et al., 2016).

4.5. Taxonomic treatment

The taxonomic treatment should be in accordance with species de-
limitation, which is supported by various lines of evidence, among
which the divergence of lineages based on genetic differences is
particularly prominent (Queiroz, 2007, 2020). In the case of Alnus glu-
tinosa and A. lusitanica, some genetic variability has been reported yet no
robust phylogeny supports both species as independent lineages.
Harvdova et al. (2015) detected five unique haplotypes that distin-
guished A. lusitanica from A. glutinosa, and Sanna et al. (2023) confirmed
two of them. Recently, Martin et al. (2024) found a distinct genetic
structure based on ten microsatellite markers yet both species exhibited
an important inter-population genetic variability. Alnus lusitanica has
unique haplotypes in the southern half of the Iberian Peninsula and
northern Africa (Sanna et al., 2023), along with three distinct gene pools
(Martin et al., 2024). Similarly, A. glutinosa presents several haplotypes,
although one predominates across Europe (Havrdova et al., 2015).
Nevertheless, despite all these pieces of evidence, the most complete
phylogeny currently available (Havrdova et al., 2015) indicates that if
one recognises A. lusitanica as a species then A. glutinosa is paraphyletic.
Thus, all the genetic variability recorded so far in A. glutinosa and
A. lusitanica could be leading towards overestimating the number of
Alnus species, as has already been recorded in other cases
(Derkarabetian et al., 2022; Karbstein et al., 2024).

Species delimitation and the subsequent taxonomic treatment should
also consider the extent of morphological and ecological divergences
between individuals (Queiroz 2007). In this regard, Alnus lusitanica and
A. glutinosa are very similar. We have previously highlighted that both
species show notable overlaps in most of the morphological variables
analysed. Both species also usually grow along riverbanks on acidic or
decarbonated substrates (Lara et al., 2007; Loidi, 2017). Although
A. lusitanica seems to have adaptations to the Mediterranean region
(Gomes Marques et al., 2024), the two species occupy both Mediterra-
nean and Eurosiberian areas. These similarities favour the existence of
several contact zones and even mixed populations (Sanna et al., 2023;
Martin et al., 2024).

The ploidy level of the individual currently remains the most
conclusive diagnostic feature for distinguishing the two alder species,
A. glutinosa and A. lusitanica. Ploidy levels are crucial for identifying
cryptic sympatric species emerging from autopolyploidy (Oberprieler,
2023), especially if it is also confirmed that there is an absence of gene
flow or hybrid individuals. Nonetheless, there are taxonomic proposals
which include divergent ploidy levels as cytotypes within the same
species, particularly in instances where there is an absence of compelling
genetic, morphological, or ecological evidence (e.g. Eliasova et al.,
2014; Cron et al. 2016). Thus, the recognition of A. lusitanica as a
species-level entity could be debated. It is therefore recommended that a
comprehensive genetic or genomic study should be conducted to build a
robust phylogeny for the A. glutinosa complex and thus, provide the
necessary support for recognising A. lusitanica at species level. Other-
wise, A. glutinosa remains as a paraphyletic species which contradicts the
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5. Identification key for native Alnus species in the riparian
foresta of the Iberian Peninsula

It is recommended that several leaves are analysed from an indi-
vidual and that the full set of characters are considered to ensure the
correct identification of the species.

la. Leaf width/length ratio 0.7-1, lamina apex generally straight,
often emarginate and rarely obtuse. Catkin stalk length 0.4-2.1
cm and catkin length/catkin stalk ratio 0.6-2.3
A. lusitanica
1b. Leaf width/length ratio 0.6-1, lamina apex generally emarginate,
often straight and rarely obtuse. Catkin stalk length 0.1-2.1 cm
and catkin length/catkin stalk ratio 0.6-7.3
A. glutinosa

6. Conclusion

The two tree riparian species of alder currently described for the
Iberian Peninsula show a notable morphological and ecological simi-
larity, and there are currently no genetic or genomic studies that support
them being two completely independent lineages, such that they pri-
marily differ at the ploidy level.

Our results highlight the importance of exhaustive studies analysing
many individuals sampled from a large number of localities in order to
ensure a detailed understanding of the geographical distribution and the
boundaries of the taxa. This has revealed that the two species of Iberian
Alnus, the widespread A. lusitanica and the less widespread A. glutinosa,
occur in climatically and biogeographically contrasting regions.

New contact zones between the two species of Iberian alders have
been detected. However, triploid hybrids could not be found and seem to
be rare or non-existent. Further population studies in the contact and
mixed zones using genomic approaches are necessary to definitively
resolve the evolutionary processes operating in these regions.

The morphometric approach has demonstrated that both species
exhibit extensive morphological variability. The significant overlap be-
tween Alnus glutinosa and A. lusitanica means that it is necessary to
consider a combination of diagnostic characters for the accurate iden-
tification of a significant percentage of individuals, although correctly
identifying all individuals is not currently possible.

Distribution and genetic knowledge of both species and their pop-
ulations is key for their conservation, particularly in the context of their
current decline due to Phytophthora alni.

Funding

This work was partially funded by the project “Inventario de los
Servicios Ecosistémicos-Evaluacion y Mitigacion del Impacto del Cam-
bio Global sobre la Biodiversidad” (MRR-24-BIODIVERSIDAD-BIO09).

CRediT authorship contribution statement

Macarena Cuerdo: Writing — review & editing, Writing — original
draft, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. José Ignacio Marquez-Corro: Writing — review &
editing, Resources, Methodology, Investigation, Data curation. Fran-
cisco Lara: Writing — review & editing, Writing — original draft, Su-
pervision, Resources, Project administration, Methodology,
Investigation, Funding acquisition, Formal analysis, Conceptualization.
Ricardo Garilleti: Writing — review & editing, Writing — original draft,
Supervision, Resources, Project administration, Methodology, Investi-
gation, Funding acquisition, Data curation, Conceptualization. Ilia J.
Leitch: Writing — review & editing, Resources, Funding acquisition.
Eduardo Cires: Writing — review & editing, Resources, Data curation.



M. Cuerdo et al.

David G. del Olmo: Writing — review & editing, Data curation. Alba
Romero: Writing — review & editing, Data curation. Carmen Andrés:
Writing — review & editing, Data curation. Eduardo Ballesteros:
Writing — review & editing, Data curation. Alvaro Prado: Writing —
review & editing, Data curation. Juan A. Calleja: Writing — review &
editing, Writing — original draft, Supervision, Resources, Project
administration, Methodology, Investigation, Funding acquisition,
Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We would like to thank all people who collaborated in the field
sampling campaigns (Marc Illa, Genis Puig Surroca, Maria Valerio de
Arana, Elisa Espartosa and Oscar Cuerdo) as well as the herbaria which
participated by loaning (FCO, PRA and MA) and the people who facili-
tated this process, particularly, Bohumil Mandak and Jan Stépanek. We
are also grateful to the UPOS herbarium for technical support and
assistance, especially to Consolacién Barciela Torres, Pedro Jiménez
Mejias, Santiago Martin Bravo and Modesto Luceno. Finally, we are
grateful for the constructive comments provided by two anonymous
reviewers.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.flora.2025.152723.

Data availability

Data will be made available on request.

References

Aguayo, J., Elegbede, F., Husson, C., Saintonge, F., Marcais, B., 2014. Modeling climate
impact on an emerging disease, the Phytophthora alni-induced alder decline. Glob.
Chang. Biol. 20 (10), 3209-3221. https://doi.org/10.1111/gcb.12601.

Arias Abellan, J., 1981. La repoblacion forestal en la vertiente norte de Sierra Nevada.
Cuadernos geograficos 11, 283-306.

Banaev, V., Bazant, V., 2007. Study of natural hybridization between Alnus incana (L.)
Moench. and Alnus glutinosa (L.) Gaertn. Journal of Forest Science 53 (2), 66-73.
https://doi.org/10.17221/2137-JFS.

Beatty, G.E., Montgomery, W.IL., Tosh, D.G., Provan, J., 2015. Genetic provenance and
best practice woodland management: A case study in native alder (Alnus glutinosa).
Tree Genet. Genomes. 11 (5), 92. https://doi.org/10.1007/s11295-015-0919-1.

Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, P.K.L., Meier, R., Winker, K., Ingram, K.K.,
Das, 1., 2007. Cryptic species as a window on diversity and conservation. Trends.
Ecol. Evol. 22 (3), 148-155. https://doi.org/10.1016/j.tree.2006.11.004.

Biurrun, L., Campos, J.A., Garcia-Mijangos, I., Herrera, M., Loidi, J., 2016. Floodplain
forests of the Iberian Peninsula: Vegetation classification and climatic features. Appl.
Veg. Sci. 19 (2), 336-354. https://doi.org/10.1111/avsc.12219.

Bjelke, U., Boberg, J., Oliva, J., Tattersdill, K., McKie, B.G., 2016. Dieback of riparian
alder caused by the Phytophthora alni complex: Projected consequences for stream
ecosystems. Freshw. Biol. 61 (5), 565-579. https://doi.org/10.1111/fwb.12729.

Bregant, C., Batista, E., Hildrio, S., Linaldeddu, B.T., Alves, A., 2023. Phytophthora species
involved in Alnus glutinosa decline in Portugal. Pathogens. 12 (2), 2. https://doi.org/
10.3390/pathogens12020276.

Cheek, M., Lughadha, E.N., Kirk, P., Lindon, H., Carretero, J., Looney, B., Douglas, B.,
Haelewaters, D., Gaya, E., Llewellyn, T., Ainsworth, A.M., Gafforov, Y., Hyde, K.,
Crous, P., Hughes, M., Walker, B.E., Forzza, R.C., Wong, K.M., Niskanen, T., 2020.
New scientific discoveries: Plants and fungi. Plants. People Planet. 2 (5), 371-388.
https://doi.org/10.1002/ppp3.10148.

Chytry, M., Tichy, L., Hennekens, S.M., Knollov4, 1., Janssen, J.A., Rodwell, J.S.,
Schaminée, J.H., 2020. EUNIS Habitat Classification: Expert system, characteristic
species combinations and distribution maps of European habitats. Appl. Veg. Sci. 23
(4), 648-675.

Cires, E., Cuesta, C., Peredo, E.L., Revilla, M.A., Prieto, J.A.F., 2009. Genome size
variation and morphological differentiation within Ranunculus parnassifolius group

10

Flora 326 (2025) 152723

(Ranunculaceae) from calcareous screes in the Northwest of Spain. Plant Systematics
and Evolution 281 (1-4), 193-208. https://doi.org/10.1007/500606-009-0201-9.

Colagar, A.H., Yousefzadeh, H., Shayanmehr, F., Jalali, S.G., Zare, H., Tippery, N.P.,
2016. Molecular taxonomy of Hyrcanian Alnus using nuclear ribosomal ITS and
chloroplast trnH-psbA DNA barcode markers. Syst. Biodivers. 14 (1), 88-101.
https://doi.org/10.1080/14772000.2015.1102172.

Cron, G.V., Karimi, N., Glennon, K.L., Udeh, C.A., Witkowski, E.T., Venter, S.M.,
Assogbadjo, A.E., Baum, D.A., 2016. One African baobab species or two? Synonymy
of Adansonia kilima and A. digitata. Taxon. 65 (5), 1037-1049. https://doi.org/
10.12705/655.6.

Council Directive 92/43/EEC, 1992. Council Directive 92/43/EEC on the conservation of
natural habitats and of wild fauna and flora. Official Journal of the European
Communities L 206, 7-50, 22/07/.

De Hert, K., Jacquemyn, H., Van Glabeke, S., Roldan-Ruiz, I., Vandepitte, K., Leus, L.,
Honnay, O., 2012. Reproductive isolation and hybridization in sympatric
populations of three Dactylorhiza species (Orchidaceae) with different ploidy levels.
Ann. Bot. 109 (4), 709-720.

de la Fuente, B., Mateo-Sanchez, M.C., Rodriguez, G., Gaston, A., de Ayala, R.P.,
Colomina-Pérez, D., Saura, S., 2018. Natura 2000 sites, public forests and riparian
corridors: The connectivity backbone of forest green infrastructure. Land. use policy.
75, 429-441. https://doi.org/10.1016/j.landusepol.2018.04.002.

de Queiroz, K., 2007. Species Concepts and Species Delimitation. Syst. Biol. 56 (6),
879-886. https://doi.org/10.1080,/10635150701701083.

de Queiroz, K., 2020. An updated concept of subspecies resolves a dispute about the
taxonomy of incompletely separated lineages. Herpetol. Rev. 51 (3), 459-461.

Derkarabetian, S., Starrett, J., Hedin, M., 2022. Using natural history to guide supervised
machine learning for cryptic species delimitation with genetic data. Front. Zool. 19
(1), 8. https://doi.org/10.1186/s12983-022-00453-0.

Du, C.,, Liao, S., Boufford, D.E., Ma, J., 2020. Twenty years of Chinese vascular plant
novelties, 2000 through 2019. Plant Divers. 42 (5), 393-398. https://doi.org/
10.1016/j.pld.2020.08.004.

Dayrat, Benoit, 2005. Towards integrative taxonomy. Biological Journal of the Linnean
Society 85 (3), 407-415. https://doi.org/10.1111/j.1095-8312.2005.00503.x.

Elidsova, A., Travnicek, P., Mandak, B., Miinzbergovd, Z., 2014. Autotetraploids of Vicia
cracca show a higher allelic richness in natural populations and a higher seed set
after artificial selfing than diploids. Ann. Bot. 113 (1), 159-170.

European Environment Agency, 2006. European forest types: Categories and types for
sustainable forest management reporting and policy (EEA Technical Report No. 9/
2006). European Environment Agency. https://www.eea.europa.eu/publications/te
chnical report_2006_9.

Furlow, J.J., 1979. The Systematics of the American Species of Alnus (betulaceae).
Rhodora 81 (825), 1-121.

Gholamiterojeni, T., Sharifnia, F., Nejadsattari, T., Assadi, M., Mehdi Hamdji, S.M., 2019.
Revision of Alnus (Betulaceae) in Iran using molecular ITS markers and
morphological characteristics. Biologija 65 (2). https://doi.org/10.6001/biologija.
v65i2.4025.

Gibbs, J. N. (1995). Phytophthora root disease of alder in Britain. https://www.cabidigitall
ibrary.org/doi/full/10.5555/19961003915.

Gomes Marques, L., Faria, C., Conceicao, S.I.R., Jansson, R., Corcobado, T., Milanovi¢, S.,
Laurent, Y., Bernez, 1., Dufour, S., Mandék, B., Ennouni, H., Sahli, A., Ater, M.,
Dorado, F.J., Caperta, A.D., David, T.S., Solla, A., Rodriguez-Gonzalez, P.M., 2022.
Germination and seed traits in common alder (Alnus spp.): The potential
contribution of rear-edge populations to ecological restoration success. Restor. Ecol.
30 (3), e13517. https://doi.org/10.1111/rec.13517.

Gomes Marques, I., Vieites-Blanco, C., Barrento, M.J., Semedo, J.N., Rodrigues, A.P.,
Scotti-Campos, P., Martin, M.A., Solla, A., David, T.S., Rodriguez-Gonzalez, P.M.,
2024. Phenotypic variation and genetic diversity in European Alnus species.
Forestry: An International Journal of Forest Research cpae039. https://doi.org/
10.1093/forestry/cpae039.

Gonzalez-Toral, C., Nava, H.S., Bueno, A., Prieto, J.A.F., Cires, E., 2021. Molecular
characterization of Hedera (Araliaceae) from Atlantic Iberian Peninsula. Plant
Biosystems - An International Journal Dealing With All Aspects Of Plant Biology 156
(3), 769-775. https://doi.org/10.1080/11263504.2021.1918785.

Hagen, E.R., Vasconcelos, T., Boyko, J.D., Beaulieu, J.M., 2023. Historical causes for the
greater proportion of polyploid plants in higher latitudes. bioRxiv (Cold Spring
Harbor Laboratory). https://doi.org/10.1101,/2023.09.01.555981.

Havrdova, A., Douda, J., Krak, K., Vit, P., Hadincova, V., Zakravsky, P., Mandék, B.,
2015. Higher genetic diversity in recolonized areas than in refugia of Alnus glutinosa
triggered by continent-wide lineage admixture. Mol. Ecol. 24 (18), 4759-4777.
https://doi.org/10.1111/mec.13348.

Hopkins, M.J.G., 2007. Modelling the known and unknown plant biodiversity of the
Amazon Basin. J. Biogeogr. 34 (8), 1400-1411. https://doi.org/10.1111/j.1365-
2699.2007.01737.x.

Hoppenreijs, J.H.T., Eckstein, R.L., Lind, L., 2022. Pressures on Boreal Riparian
Vegetation: A Literature Review. Front. Ecol. Evol. 9. https://doi.org/10.3389/
fevo.2021.806130.

IUCN, 2012. IUCN Red List Categories and Criteria: Version 3.1., 2*. IUCN, Gland,
Switzerland.

Johnson, L.A., Cairns-Heath, H., 2010. Decrypting cryptic species: morphological and
molecular evidence for recognizing Navarretia linearifolia as distinct from N. sinistra
(Polemoniaceae). Syst. Bot. 35 (3), 618-628. https://doi.org/10.1600/
036364410792495791.

Jurksiené, G., Tamosaitis, S., Kavaliauskas, D., Buchovska, J., Danusevicius, D.,
Baliuckas, V., 2021. Identification of Alnus glutinosa L. and A. incana (L.) Moench.
hybrids in natural forests using nuclear DNA microsatellite and morphometric
markers. Forests. 12 (11), 11. https://doi.org/10.3390/f12111504.


https://doi.org/10.1016/j.flora.2025.152723
https://doi.org/10.1111/gcb.12601
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0002
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0002
https://doi.org/10.17221/2137-JFS
https://doi.org/10.1007/s11295-015-0919-1
https://doi.org/10.1016/j.tree.2006.11.004
https://doi.org/10.1111/avsc.12219
https://doi.org/10.1111/fwb.12729
https://doi.org/10.3390/pathogens12020276
https://doi.org/10.3390/pathogens12020276
https://doi.org/10.1002/ppp3.10148
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0010
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0010
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0010
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0010
https://doi.org/10.1007/s00606-009-0201-9
https://doi.org/10.1080/14772000.2015.1102172
https://doi.org/10.12705/655.6
https://doi.org/10.12705/655.6
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0014
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0014
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0014
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0015
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0015
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0015
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0015
https://doi.org/10.1016/j.landusepol.2018.04.002
https://doi.org/10.1080/10635150701701083
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0018
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0018
https://doi.org/10.1186/s12983-022-00453-0
https://doi.org/10.1016/j.pld.2020.08.004
https://doi.org/10.1016/j.pld.2020.08.004
https://doi.org/10.1111/j.1095-8312.2005.00503.x
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0022
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0022
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0022
https://www.eea.europa.eu/publications/technical_report_2006_9
https://www.eea.europa.eu/publications/technical_report_2006_9
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0024
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0024
https://doi.org/10.6001/biologija.v65i2.4025
https://doi.org/10.6001/biologija.v65i2.4025
https://www.cabidigitallibrary.org/doi/full/10.5555/19961003915
https://www.cabidigitallibrary.org/doi/full/10.5555/19961003915
https://doi.org/10.1111/rec.13517
https://doi.org/10.1093/forestry/cpae039
https://doi.org/10.1093/forestry/cpae039
https://doi.org/10.1080/11263504.2021.1918785
https://doi.org/10.1101/2023.09.01.555981
https://doi.org/10.1111/mec.13348
https://doi.org/10.1111/j.1365-2699.2007.01737.x
https://doi.org/10.1111/j.1365-2699.2007.01737.x
https://doi.org/10.3389/fevo.2021.806130
https://doi.org/10.3389/fevo.2021.806130
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0034
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0034
https://doi.org/10.1600/036364410792495791
https://doi.org/10.1600/036364410792495791
https://doi.org/10.3390/f12111504

M. Cuerdo et al.

Kanoun-Boulé, M., Vasconcelos, T., Gaspar, J., Vieira, S., Dias-Ferreira, C., Husson, C.,
2016. Phytophthoraxalni and Phytophthora lacustris associated with common alder
decline in Central Portugal. For. Pathol. 46 (2), 174-176. https://doi.org/10.1111/
efp.12273.

Karbstein, K., Kosters, L., Hodac, L., Hofmann, M., Horandl, E., Tomasello, S., Wagner, N.
D., Emerson, B.C., Albach, D.C., Scheu, S., Bradler, S., De Vries, J., Irisarri, L., Li, H.,
Soltis, P., Mader, P., Waldchen, J., 2024. Species delimitation 4.0: Integrative
taxonomy meets artificial intelligence. Trends. Ecol. Evol. 39 (8), 771-784. https://
doi.org/10.1016/j.tree.2023.11.002.

King, A., 2000. Chloroplast DNA and nuclear DNA variation in the sympatric alder
species, Alnus cordata (Lois.) Duby and A. glutinosa (L.) Gaertn. Biological Journal of
the Linnean Society 70 (1), 147-160. https://doi.org/10.1006/bijl.1999.0392.

Kobrlova, L., Hrones, M., Koutecky, P., Stech, M., Travnicek, B., 2016. Symphytum
tuberosum complex in central Europe: Cytogeography, morphology, ecology and
taxonomy. Preslia 88 (1), 77-112.

Lara, F., Garilleti, R., Calleja, J., 2007. La vegetacion de ribera de la mitad norte
Espanola. Centro de Estudios de técnicas aplicadas del CEDEX, Madrid, Spain.
Leblanc, C., Bonnet, P., Servajean, M., Chytry, M., A¢i¢, S., Argagnon, O., Bergamini, A.,
Biurrun, L., Bonari, G., Campos, J.A., Carni, A., Cuéterevska, R., De Sanctis, M.,
Dengler, J., Garbolino, E., Golub, V., Jandt, U., Jansen, F., Lebedeva, M., Joly, A.,

2024. A deep-learning framework for enhancing habitat identification based on
species composition. Appl. Veg. Sci. 27 (3). https://doi.org/10.1111/avsc.12802.

Leo, M., Calleja, J.A., Lara, F., Garilleti, R., Medina, N.G., 2019. Drivers of plant richness
patterns of Mediterranean riparian forests at local and regional scales have bottom-
up and top-down effects. Journal of Vegetation Science 30 (3), 485-497. https://doi.
0rg/10.1111/jvs.12728.

Lepais, O., Muller, S.D., Ben Saad-Limam, S., Benslama, M., Rhazi, L., Belouahem-
Abed, D., Daoud-Bouattour, A., Gammar, A.M., Ghrabi-Gammar, Z., Bacles, C.F.E.,
2013. High Genetic diversity and distinctiveness of rear-edge climate relicts
maintained by ancient tetraploidisation for Alnus glutinosa. PLoS. One 8 (9), €75029.
https://doi.org/10.1371/journal.pone.0075029.

Loidi, J., 2017. The Vegetation of the Iberian Peninsula. En Plant and vegetation. https://
doi.org/10.1007/978-3-319-54784-8.

Loureiro, J., Rodriguez, E., Dolezel, J., Santos, C., 2007. Two new nuclear isolation
buffers for plant DNA flow cytometry: a test with 37 species. Ann. Bot. 100 (4),
875-888. https://doi.org/10.1093/aob/mem152.

Magri, D., Vendramin, G.G., Comps, B., Dupanloup, I., Geburek, T., Gémory, D.,
Latatowa, M., Litt, T., Paule, L., Roure, J.M., Tantau, 1., Van Der Knaap, W.O.,
Petit, R.J., De Beaulieu, J.L., 2006. A new scenario for the Quaternary history of
European beech populations: Palaeobotanical evidence and genetic consequences.
New Phytologist 171 (1), 199-221. https://doi.org/10.1111/j.1469-
8137.2006.01740.x.

Mandék, B., Vit, P., Krak, K., Travnicek, P., Havrdovd, A., Hadincova, V., Zakravsky, P.,
Jarolimov4, V., Bacles, C.F.E., Douda, J., 2016. Flow cytometry, microsatellites and
niche models reveal the origins and geographical structure of Alnus glutinosa
populations in Europe. Ann. Bot. 117 (1), 107-120. https://doi.org/10.1093/aob/
mcv158.

Mann, D.G., Evans, K.M., 2008. The species concept and cryptic diversity. In:
Proceedings of the 12th International Conference on Harmful Algae, pp. 262-268.

Manzitto-Tripp, E.A., Lujan, M., Clark, D., 2022b. Ruellia whitneyana, a New Species of
Acanthaceae from Bolivia. Syst. Bot. 47 (4), 1107-1111. https://doi.org/10.1600/
036364422x16674054154151.

Marquez-Corro, J.I., Munoz-Schiiler, P., Penneckamp, D.N., Garcia-Moro, P., Sanz-Arnal,
M., Martin-Bravo, S., Alarcén, D., Mian, S., Leitch, 1.J., Jiménez-Mejias, P., &
Pellicer, J. (2023). IAPT chromosome data 40/7. In Marhold, K., & Kucera, J. (eds.).
IAPT/IOPB chromosome data 40. Taxon 72(6): 1388-1389. https://doi.org/
10.1002/tax.13102.

Martin, M.A., Moreno, R., Die, J.V., Cabrera, A., Castro, P., Pérez, M.D., Palomino, C.,
Cuenca, B., Pérez, F., Solla, A., 2024. Distribution, diversity and genetic structure of
alders (Alnus lusitanica and A. glutinosa) in Spain. For. Ecol. Manage 562, 121922.
https://doi.org/10.1016/j.foreco.2024.121922.

McDaniel, S.F., Shaw, A.J., 2003. Phylogeographic structure and cryptic speciation in the
trans-antarctic moss Pyrrhobryum mnioides. Evolution. (N. Y) 57 (2), 205-215.
https://doi.org/10.1111/j.0014-3820.2003.tb00256.x.

McVean, D.N., 1953. Alnus glutinosa (L.) Gaertn. Journal of Ecology 41 (2), 447-466.
https://doi.org/10.2307/2257070.

Mingeot, D., Husson, C., Mertens, P., Watillon, B., Bertin, P., Druart, P., 2016. Genetic
diversity and genetic structure of black alder (Alnus glutinosa [L.] Gaertn) in the
Belgium-Luxembourg-France cross-border area. Tree Genet. Genomes. 12 (2), 24.
https://doi.org/10.1007/s11295-016-0981-3.

Moreno, G., & Peinado, M. (1990). Flora Ibérica (S. Castroviejo, C. Aedo, C. Lainz, F.
Munoz Garmendia, G. Nieto Feliner, J. Paiva, & C. Benedi, Eds.; Vol. 2).

Mortier, F., Bafort, Q., Milosavljevic, S., Kauai, F., Prost Boxoen, L., Van De Peer, Y.,
Bonte, D., 2024. Understanding polyploid establishment: Temporary persistence or
stable coexistence? Oikos. 2024 (5), €09929. https://doi.org/10.1111/0ik.09929.

Naiman, R.J., Decamps, H., Pollock, M., 1993. The Role of Riparian Corridors in
Maintaining Regional Biodiversity. Ecological Applications 3 (2), 209-212. https://
doi.org/10.2307/1941822.

Nieto Feliner, G., 2014. Patterns and processes in plant phylogeography in the
Mediterranean Basin. A review. Perspect. Plant Ecol. Evol. Syst. 16 (5), 265-278.
https://doi.org/10.1016/j.ppees.2014.07.002.

Obermayer, R., Leitch, I.J., Hanson, L., Bennett, M.D., 2002. Nuclear DNA C-values in 30
species double the familial representation in pteridophytes. Ann. Bot. 90 (2),
209-217. https://doi.org/10.1093/aob/mcf167.

11

Flora 326 (2025) 152723

Oberprieler, C., 2023. The Wettstein tesseract: A tool for conceptualising species-rank
decisions and illustrating speciation trajectories. Taxon. 72 (1), 1-7. https://doi.org/
10.1002/tax.12825.

Overholser, B.R., Sowinski, K.M., 2008. Biostatistics primer: Part 2. Nutrition in Clinical
Practice 23 (1), 76-84. https://doi.org/10.1177/011542650802300176.

Pellicer, J., Powell, R.F., Leitch, 1.J., 2020. The Application of flow cytometry for
estimating genome size, ploidy level endopolyploidy, and reproductive modes in
plants. Methods In Molecular Biology 325-361. https://doi.org/10.1007/978-1-
0716-0997-2_17.

Petit, R.J., Hampe, A., Cheddadi, R., 2005. Climate changes and tree phylogeography in
the Mediterranean. Taxon. 54 (4), 877-885. https://doi.org/10.2307/25065568.

Pinheiro, F., De Barros, F., Palma-Silva, C., Meyer, D., Fay, M.F., Suzuki, R.M., Lexer, C.,
Cozzolino, S., 2010. Hybridization and introgression across different ploidy levels in
the Neotropical orchids Epidendrum fulgens and E. puniceoluteum (Orchidaceae). Mol.
Ecol. 19 (18), 3981-3994. https://doi.org/10.1111/j.1365-294X.2010.04780.x.

Posit team. (2024). RStudio: Integrated Development Environment for R [Computer
software]. http://www.posit.co/.

POWO, 2024. Plants of the World Online. Facilitated by the Royal Botanic Gardens, Kew.
Published on the Internetpowo-science-kew.org/Retrieved 02 October 2024.

Ramsey, J., Ramsey, T.S., 2014. Ecological studies of polyploidy in the 100 years
following its discovery. Philosophical Transactions of the Royal Society B: Biological
Sciences 369 (1648), 20130352. https://doi.org/10.1098/rstb.2013.0352.

Richardson, D.M., Holmes, P.M., Esler, K.J., Galatowitsch, S.M., Stromberg, J.C.,
Kirkman, S.P., Pysek, P., Hobbs, R.J., 2007. Riparian vegetation: degradation, alien
plant invasions, and restoration prospects. Diversity And Distributions 13 (1),
126-139. https://doi.org/10.1111/j.1366-9516.2006.00314.x.

Riis, T., Kelly-Quinn, M., Aguiar, F.C., Manolaki, P., Bruno, D., Bejarano, M.D.,

Dufour, S., 2020. Global overview of ecosystem services provided by riparian
vegetation. Bioscience 70 (6), 501-514. https://doi.org/10.1093/biosci/biaa041.

Robertson, A., Rich, T.C.G., Allen, A.M., Houston, L., Roberts, C., Bridle, J.R., Harris, S.
A., Hiscock, S.J., 2010. Hybridization and polyploidy as drivers of continuing
evolution and speciation in Sorbus. Mol. Ecol. 19 (8), 1675-1690. https://doi.org/
10.1111/j.1365-294X.2010.04585.x.

Rodriguez Fernandez, L.R., Lopez Olmedo, F., Oliveira, J.T., Matas, J., Martin-
Serrano, A., Martin Parra, L.M., Terrinha, P., 2014. Mapa geologico de Espana y
Portugal 1:1.000.000 [Mapa]. Instituto Geoldgico y Minero de Espana (IGME) y
Laboratorio Nacional de Energia y Geologia (LNGE).

Rodriguez-Sanchez, F., Hampe, A., Jordano, P., Arroyo, J., 2010. Past tree range
dynamics in the Iberian Peninsula inferred through phylogeography and
palaeodistribution modelling: A review. Rev. Palaeobot. Palynol. 162 (3), 507-521.
https://doi.org/10.1016/j.revpalbo.2010.03.008.

Sabater, F., Butturini, A., Martf, E., Mufioz, I., Romani, A., Wray, J., Sabater, S., 2000.
Effects of riparian vegetation removal on nutrient retention in a Mediterranean
stream. Journal of the North American Benthological Society 19 (4), 609-620.
https://doi.org/10.2307/1468120.

Sanchez Anta, M. A., Gallego Martin, F., & Navarro Andrés, F. (1987). Datos carioldgicos
de algunas plantas salmantinas.

Sanna, M., Gonzalez-Toral, C., Nava, H.S., Cuesta, C., Loidi, J., Herrera, M., Rodriguez-
Guitian, M.A., Bueno, A., Antonio, J., Prieto, F., Cires, E., 2023. Contribution to the
knowledge of the distribution of Alnus species in southern Europe based on cpDNA.
Naturalia Cantabricae 11 (3), 41-52.

Schneider, C.A., Rasband, W.S., Eliceiri, KW., 2012. NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9 (7), 671-675. https://doi.org/10.1038/nmeth.2089.

Serrano, M., Ortiz, S., 2023. Species delimitation in a polyploid group of Iberian Jasione
(Campanulaceae) unveils coherence between cryptic speciation and biogeographical
regionalization. Plants 12 (24), 24. https://doi.org/10.3390/plants12244176.

Smid, J., Douda, J., Krak, K., Mandak, B., 2020. Analyses of hybrid viability across a
hybrid zone between two Alnus species using microsatellites and cpDNA Markers.
Genes. (Basel) 11 (7), 770. https://doi.org/10.3390/genes11070770.

Smid, J., Vit, P., Douda, J., Krak, K., Mandék, B., 2022. Distribution, hybridisation and
morphological variation in Alnus Rohlenae (Betulaceae) an endemic species of the
Balkan Peninsula. Eur. J. For. Res. 141 (4), 641-648. https://doi.org/10.1007/
510342-022-01466-4.

Solla, A., Pérez-Sierra, A., Corcobado, T., Haque, M.M., Diez, J.J., Jung, T., 2010.
Phytophthora alni on Alnus glutinosa reported for the first time in Spain. Plant Pathol.
59 (4), 798. https://doi.org/10.1111/j.1365-3059.2009.02254.x. -798.

Spaniel, S., Marhold, K., Hodalova, I., Lihova, J., 2008. Diploid and tetraploid cytotypes
of Centaurea stoebe (Asteraceae) in Central Europe: Morphological differentiation
and cytotype distribution patterns. Folia Geobot. 43 (2), 131-158. https://doi.org/
10.1007/512224-008-9008-7.

Thiers, B. M. Retrieved December 2024. Index Herbariorum. https://sweetgum.nybg.
org/science/ih/.

Tockner, K., Stanford, J.A., 2002. Riverine flood plains: present state and future trends.
Environ. Conserv. 29 (3), 308-330.

Van de Peer, Y., Ashman, T.L., Soltis, P.S., Soltis, D.E., 2021. Polyploidy: an evolutionary
and ecological force in stressful times. Plant Cell 33 (1), 11-26. https://doi.org/
10.1093/plcell/koaa015.

Vanderhoeven, S., Hardy, O., Vekemans, X., Lefebvre, C., Loose, M.de, Lambinon, J.,
Meerts, P., 2002. A morphometric study of populations of the Centaurea jacea
complex (Asteraceae) in Belgium. Plant Biology 4, 403-412. https://doi.org/
10.1055/5-2002-32327.

Vigalondo, B., Fernandez-Mazuecos, M., Vargas, P., Saez, L., 2015. Unmasking cryptic
species: Morphometric and phylogenetic analyses of the Ibero-North African Linaria
incarnata complex: Systematics of Linaria incarnata s.1. Botanical Journal of the
Linnean Society 177 (3), 395-417. https://doi.org/10.1111/boj.12251.


https://doi.org/10.1111/efp.12273
https://doi.org/10.1111/efp.12273
https://doi.org/10.1016/j.tree.2023.11.002
https://doi.org/10.1016/j.tree.2023.11.002
https://doi.org/10.1006/bijl.1999.0392
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0040
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0040
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0040
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0041
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0041
https://doi.org/10.1111/avsc.12802
https://doi.org/10.1111/jvs.12728
https://doi.org/10.1111/jvs.12728
https://doi.org/10.1371/journal.pone.0075029
https://doi.org/10.1007/978-3-319-54784-8
https://doi.org/10.1007/978-3-319-54784-8
https://doi.org/10.1093/aob/mcm152
https://doi.org/10.1111/j.1469-8137.2006.01740.x
https://doi.org/10.1111/j.1469-8137.2006.01740.x
https://doi.org/10.1093/aob/mcv158
https://doi.org/10.1093/aob/mcv158
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0049
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0049
https://doi.org/10.1600/036364422x16674054154151
https://doi.org/10.1600/036364422x16674054154151
http://doi.org/10.1002/tax.13102
http://doi.org/10.1002/tax.13102
https://doi.org/10.1016/j.foreco.2024.121922
https://doi.org/10.1111/j.0014-3820.2003.tb00256.x
https://doi.org/10.2307/2257070
https://doi.org/10.1007/s11295-016-0981-3
https://doi.org/10.1111/oik.09929
https://doi.org/10.2307/1941822
https://doi.org/10.2307/1941822
https://doi.org/10.1016/j.ppees.2014.07.002
https://doi.org/10.1093/aob/mcf167
https://doi.org/10.1002/tax.12825
https://doi.org/10.1002/tax.12825
https://doi.org/10.1177/011542650802300176
https://doi.org/10.1007/978-1-0716-0997-2_17
https://doi.org/10.1007/978-1-0716-0997-2_17
https://doi.org/10.2307/25065568
https://doi.org/10.1111/j.1365-294X.2010.04780.x
http://www.posit.co/
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0067
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0067
https://doi.org/10.1098/rstb.2013.0352
https://doi.org/10.1111/j.1366-9516.2006.00314.x
https://doi.org/10.1093/biosci/biaa041
https://doi.org/10.1111/j.1365-294X.2010.04585.x
https://doi.org/10.1111/j.1365-294X.2010.04585.x
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0072
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0072
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0072
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0072
https://doi.org/10.1016/j.revpalbo.2010.03.008
https://doi.org/10.2307/1468120
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0076
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0076
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0076
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0076
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.3390/plants12244176
https://doi.org/10.3390/genes11070770
https://doi.org/10.1007/s10342-022-01466-4
https://doi.org/10.1007/s10342-022-01466-4
https://doi.org/10.1111/j.1365-3059.2009.02254.x
https://doi.org/10.1007/s12224-008-9008-7
https://doi.org/10.1007/s12224-008-9008-7
https://sweetgum.nybg.org/science/ih/
https://sweetgum.nybg.org/science/ih/
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0083
http://refhub.elsevier.com/S0367-2530(25)00053-2/sbref0083
https://doi.org/10.1093/plcell/koaa015
https://doi.org/10.1093/plcell/koaa015
https://doi.org/10.1055/s-2002-32327
https://doi.org/10.1055/s-2002-32327
https://doi.org/10.1111/boj.12251

M. Cuerdo et al.

Vigalondo, B., Garilleti, R., Vanderpoorten, A., Patifio, J., Draper, 1., Calleja, J.A.,
Mazimpaka, V., Lara, F., 2019. Do mosses really exhibit so large distribution ranges?
Insights from the integrative taxonomic study of the Lewinskya affinis complex
(Orthotrichaceae, Bryopsida). Mol. Phylogenet. Evol. 140, 106598. https://doi.org/
10.1016/j.ympev.2019.106598.

Villani, F., Castellana, S., Beritognolo, I., Cherubini, M., Chiocchini, F., Battistelli, A.,
Mattioni, C., 2021. Genetic variability of Alnus cordata (Loisel.) Duby populations
and introgressive hybridization with A. glutinosa (L.) Gaertn. in southern Italy:
Implication for conservation and management of genetic resources. Forests. 12 (6),
655. https://doi.org/10.3390/f12060655.

Vit, P., Douda, J., Krak, K., Havrdovéd, A., Mandék, B., 2017. Two new polyploid species
closely related to Alnus glutinosa in Europe and North Africa — An analysis based on

12

Flora 326 (2025) 152723

morphometry, karyology, flow cytometry and microsatellites. Taxon. 66 (3),
567-583. https://doi.org/10.12705/663.4.

Wang, L., Ding, J., Borrell, J.S., Cheek, M., McAllister, H.A., Wang, F., Liu, L., Zhang, H.,
Zhang, Q., Wang, Y., Wang, N., 2022. Molecular and morphological analyses clarify
species delimitation in section Costatae and reveal Betula buggsii sp. nov. (Sect.
Costatae, Betulaceae) in China. Ann. Bot. 129 (4), 415-428. https://doi.org/
10.1093/aob/mcac001.

Zhang, H., Ding, J., Holstein, N., Wang, N., 2023b. Betula mcallisteri sp. nov. (sect.
Acuminatae, Betulaceae), a new diploid species overlooked in the wild and in
cultivation, and its relation to the widespread B. luminifera. Front. Plant Sci. 14.
https://doi.org/10.3389/fpls.2023.1113274.


https://doi.org/10.1016/j.ympev.2019.106598
https://doi.org/10.1016/j.ympev.2019.106598
https://doi.org/10.3390/f12060655
https://doi.org/10.12705/663.4
https://doi.org/10.1093/aob/mcac001
https://doi.org/10.1093/aob/mcac001
https://doi.org/10.3389/fpls.2023.1113274

	Distribution and morphological differentiation of native alder taxa (Alnus Mill.) in the Iberian Peninsula
	1 Introduction
	2 Material and methods
	2.1 Study species
	2.2 Field sampling
	2.3 Estimation of DNA ploidy level
	2.4 Multivariate morphometric analysis

	3 Results
	3.1 Flow Cytometry
	3.2 Distribution
	3.3 Potential hybridisation
	3.4 Multivariate morphometric analysis

	4 Discussion
	4.1 Distribution of Alnus in the Iberian Peninsula
	4.2 Potential hybridisation
	4.3 Morphological delimitation
	4.4 Conservation and management considerations
	4.5 Taxonomic treatment

	5 Identification key for native Alnus species in the riparian foresta of the Iberian Peninsula
	6 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	Data availability
	References


