
ORIGINAL RESEARCH

Received: 7 October 2025 / Revised: 29 December 2025 / Accepted: 8 January 2026 / 
Published online: 30 January 2026
© The Author(s) 2026

Communicated by Pietro Buzzini.

Extended author information available on the last page of the article

Hybridization, ecological niche, and conservation of the 
threatened endemic species Limonium estevei: an integrated 
approach in the genus Limonium

Lucía Miranda-Hernández1  · Esteban Salmerón-Sánchez1  ·  
María J. Fernández-Cobo1  · Encarna Merlo1  · Carlos Salazar-Mendías2  ·  
Antonio J. Mendoza-Fernández3  · Fabián Martínez-Hernández3  ·  
Francisco J. Pérez-García1  · Juan F. Mota1

Biodiversity and Conservation (2026) 35:54
https://doi.org/10.1007/s10531-026-03254-7

Abstract
Hybridization between widespread species and narrow endemics poses a serious conser-
vation threat, often leading to extinction via genetic swamping. In this study, we applied 
an integrated approach—combining genetics, morphometrics, and functional ecology—to 
investigate the implications of hybridization between the widespread species Limonium 
cossonianum and the Critically Endangered L. estevei. We combined molecular markers 
(AFLPs, ITS, and chloroplast markers), morphometric analyses, and elemental profiling 
of leaves and soils. Elemental profiles provided a novel proxy for biogeochemical niche 
differentiation, while genetic markers resolved phylogenetic relationships and the direc-
tion and extent of gene flow. Crucially, our results revealed extensive and asymmetric 
introgression occurring exclusively from the hybrid into L. cossonianum, with no evi-
dence of genetic swamping affecting the genetic integrity of L. estevei. Elementome analy-
ses showed that L. cossonianum occupies a significantly distinct biogeochemical niche, 
whereas L. estevei and the hybrid share similar elemental composition. Furthermore, the 
hybrid’s elementome exhibited a mosaic inheritance pattern, suggesting a novel functional 
strategy that may contribute to its local persistence. We conclude that the mechanisms of 
niche differentiation, coupled with reproductive asymmetry, have acted as an evolutionary 
shield for L. estevei, protecting this species from extinction through genetic swamping. 
Our findings indicate that, although hybridization does not currently threaten the genetic 
integrity of L. estevei, its long-term persistence will depend on the conservation of the 
highly specific edaphic conditions on which the species relies. Given the marked soil spe-
cialization documented here, strategies focusing on the preservation of its functional and 
edaphic niche are likely to be essential.

 et al. [full author details at the end of the article]
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Introduction

Limonium Mill. is the most extensive genus within family Plumbaginaceae Juss., encom-
passing 608 species (Plants of the World Online [POWO] 2025) of therophytes, perennial 
herbs and small shrubs of ornamental interest. These species often colonize minor and iso-
lated areas, particularly those with saline (seaside cliffs, salt marshes, etc.), gypsum or arid 
substrates, exhibiting a primary diversification center in the Western Mediterranean region 
and another in the Asian steppes (Erben 1990).

The diversity and complexity observed within this genus can largely be attributed to 
hybridization (Erben 1990; Palacios et al. 2000), a phenomenon known to function as a 
powerful evolutionary driver by enhancing fitness (Brochmann et al. 2004). This remark-
able hybridization capacity becomes particularly evident when examining the number of 
Limonium hybrids recorded in plant databases. According to POWO (2025), there are 14 
currently accepted hybrids in the Iberian Peninsula, although more than 140 have been 
documented in Flora iberica (Erben 1990). Further evidence of this capacity is the frequent 
occurrence of species that hybridize with multiple congeners. A case in point is Limonium 
cossonianum Kuntze, an Iberian endemism distributed along the Spanish Levantine coast, 
Granada, Albacete and the Balearic Islands, which can hybridize with up to six other Limo-
nium species. One such is Limonium estevei (Fernández-Casas 1971), a critically endan-
gered (CR, B1ab(iii,v) + B2ab(iii,v); Mota et al. 2004; Mendoza-Fernández et al. 2019) 
narrow endemic, with which L. cossonianum coexists in a sympatric manner in Playa Mace-
nas (Mojácar, Almería). In this locality, individuals exhibiting apparently intermediate mor-
phological traits are frequently observed (Fig. 1a). This can be explained by sympatry, along 
with other shared factors like identical chromosome numbers (2n = 16; Ingrouille 1984), 
overlapping flowering periods (Mota et al. 2004), and sexual reproduction, all of which 
promote the emergence of hybrids between both species (Erben 1978, 1990).

The presence of these hybrids raises a previously recognized but underexplored concern 
for L. estevei, in addition to the intense anthropogenic pressure threatening its habitat (Mota 
et al. 1999, 2004). Hybridization between a widespread taxon and a locally rare endemic 
(i.e. L. cossonianum and L. estevei), followed by repeated backcrossing and introgression, 
can have major evolutionary consequences (Hegde et al. 2006; Gómez et al. 2015). This 
process may lead to the replacement of the rare species due to genetic swamping, where 
gene flow from the more abundant species overwhelms the gene pool of the rarer one (Gou-
let et al. 2017). If such a process occurs between the hybrid and L. estevei, it could com-
promise the genetic integrity of the latter and pose a serious extinction risk for this already 
critically threatened endemic (Mota et al. 1999, 2004; Rodríguez-Tamayo et al. 2003). This 
scenario also invites to consider the long-term effects of introgressive hybridization and the 
potential for genetic assimilation of rare genotypes into more widespread lineages.

In light of these potential detrimental consequences, the accurate identification of hybrid 
individuals is a crucial first step in assessing the conservation risks faced by L. estevei popu-
lation. Traditionally, hybrid identification has relied solely on the recognition of the inter-
mediate morphology of hybrids compared to their parental species. However, this approach 
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presents several challenges. On the one hand, Limonium represents a taxonomically com-
plex genus, with species that often exhibit morphological characteristics so similar that 
morphometric analyses alone are insufficient to achieve an accurate species-level identifica-
tion. Nonetheless, in the case under study, both parental species exhibit clear differences in 
vegetative and reproductive characters (Table S1), and hybrid individuals apparently show 
intermediate traits, suggesting that morphometric analysis could provide useful insights. 
Even so, morphological intermediacy as an indicator of hybrid ancestry remains problem-
atic, since it may result from phenotypic plasticity, correlated traits, or other processes unre-
lated to hybridization (Urfus et al. 2025). Thus, given these challenges, the most reliable 
strategy for hybrid identification consists in the integration of morphological and molecular 
data, a common practice across diverse gymnosperms (Pinus L., Jasinska et al. 2010) and 
angiosperms genera (Anthoxanthum L., Pimentel et al. 2010; Centaurea L., Ferriol et al. 
2012; Limonium Mill., Rodríguez et al. 2003; Iamonico et al. 2022; Populus L., Deacon et 
al. 2017).

Fig. 1  a Most distinctive qualitative morphological traits between L. estevei Fern. Casas (left) and L. 
cossonianum Kuntze (right), which appear to be intermediate in the hybrid (center). L. estevei: leaves 
oblanceolate-spatulate, bluish green with white speckles, highly undulated margins, arranged in a dense 
helicoidal pattern; petals pale violet. L. cossonianum: leaves elliptic-ovate, green, with entire margins, 
arranged in basal rosette; petals white. Hybrid: leaves resembling those of L. cossonianum, blue green to 
olive green, with undulated margins, arranged in a spiral pattern as in L. estevei; petals whitish violet. b 
Distribution maps. Left: sampling sites of L. cossonianum in the province of Almería; black dots indicate 
the species’ distribution area. Right: locality of Macenas. Purple grids indicate the area of presence of 
L. estevei (eight subpopulations). The solid-colored grid represents the study area where EST, MAC and 
HYB samples were collected. Population codes correspond to those listed in Table 1
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In particular, the molecular component of this strategy relies on the use of different 
genetic markers. For instance, AFLPs (Vos et al. 1995) have been widely used in angio-
sperm hybridization studies to decipher the hybrid origin of many taxa by correlating 
their genetic patterns with those of parental donors (Han et al. 2000; Marhold et al. 2002; 
Segarra-Moragues et al. 2007). The ribosomal ITS region enables the identification of 
interspecific hybrids through the detection of ribotypes inherited from the parental species 
(Aguilar et al. 1999; Baldwin et al. 1995). Plastid DNA markers are also commonly used to 
trace maternal lineages (Corriveau and Coleman 1988). Together, these markers have been 
widely applied in the genus Limonium to resolve species boundaries, detect hybridization 
events, and reconstruct phylogeographic patterns (Lledó et al. 2005; Malekmohammadi et 
al. 2017; Koutroumpa et al. 2018).

Turning to another aspect, beyond morphometrics and genetics, understanding the 
potential ecological consequences of hybridization for L. estevei requires examining bio-
geochemical niches segregation/overlap. Such analyses provide insight into the extent to 
which hybrids can occupy the parental species’ microhabitats. In this regard, Peñuelas et 
al. (2019) highlight that two species coexisting in sympatry tend to show different con-
tents of all (or at least most) bioelements (elementomes), reflecting their evolution towards 
distinct life strategies and an attempt to mitigate competitive pressure. A substantial diver-
gence between elementomes would thus indicate the occupation of different biogeochemi-
cal niches (Fernández-Martínez 2021). In the specific case of L. estevei and L. cossonianum, 
although inhabiting the same area, they seem to show completely different niche prefer-
ences: while the local endemism thrives on craggy ground, L. cossonianum predominates in 
a sandy depression. Thus, the initial approach would be to assess whether the two popula-
tions of Limonium in Macenas meet these criteria, displaying divergent elementomes and 
biogeochemical niches. The information obtained could also elucidate the hybridization 
event, particularly if the hybrid shows an intermediate elemental profile compared to that 
of the parental species.

The main goal of this study was to evaluate hybridization between the Critically Endan-
gered Limonium estevei and the widespread L. cossonianum in Playa Macenas and to assess 
its implications for the conservation of L. estevei. Specifically, we aimed to:

Characterize the genetic and morphological relationships among L. estevei, L. cossonia-
num and the hybrid individuals in order to determine the presence, extent and direction of 
hybridization and introgression.

Assess edaphic and biogeochemical niche differentiation among the three taxa to evalu-
ate whether ecological segregation reduces hybridization risks for L. estevei.

Integrate genetic, morphological and ecological evidence to determine whether hybrid-
ization represents a conservation threat to L. estevei and to inform evidence-based recom-
mendations for its in situ management.

Methods

Study area and sampling

The study area (Fig. 1b) focused on Macenas (Mojácar, Almería), a coastal locality included 
in the Site of Community Importance (SCI) of Sierra de Cabrera-Bédar (ES6110005), in 
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the southeastern Iberian Peninsula. Within this area, the two target species (L. cossonianum 
and L. estevei) exhibit a sympatric distribution, with individuals often growing only a few 
meters apart. These species are characteristic components of the habitat of community inter-
est ‘Mediterranean salt steppes’ (Natura 2000 code 1510).

For molecular analyses, fresh leaves of 14 L. estevei, 10 L. cossonianum and 13 hybrid 
individuals identified in Playa Macenas were collected and dried in Silica Gel (Chase and 
Hills 1991). To ensure appropriate coverage of the distribution and geographic diversity of 
L. cossonianum, 55 individuals from 11 further localities were similarly sampled (Fig. 1b 
and Table 1). Complete specimens were also collected to prepare vouchers intended for 
morphometric analyses (Table S2).

For elemental composition analyses, leaf samples from five L. cossonianum, five L. este-
vei, and five hybrids from Playa Macenas were gathered. Additionally, soil samples associ-
ated with these individuals and five control soils (outside the canopy of any target plant) 
were collected. Both foliar and soil samples were processed and analyzed as described in 
the following sections to obtain their elemental composition. Detailed information about the 
study area and sampling is provided in Appendix A2.1.

DNA extraction and AFLP analysis

Genomic DNA was extracted from dried leaves of the 82 sampled individuals (55 L. cos-
sonianum, 14 L. estevei and 13 hybrids). DNA quality was checked via gel electrophoresis 
and fluorometric quantification prior to use in molecular analyses, including AFLP finger-
printing and the amplification of nuclear (ITS) and plastid markers (matK, rbcL, trnL-F; see 
Appendix A2.2).

Amplified Fragment Length Polymorphism (AFLP) analyses followed the protocol of 
Vos et al. (1995), with modifications. Genetic distances were calculated based on presence/
absence matrices (Appendix B1) using Dice (1945) and Jaccard (1908) similarity coeffi-
cients. Reticulate genetic patterns potentially indicative of hybridization were explored with 
a NeighbourNet analysis (Bryant and Moulton 2004) implemented in SplitsTree4 (Huson 
and Bryant 2006). To assess genetic structure and detect hybridization events, a Bayesian 
clustering approach was employed using STRUCTURE v2.3 (Pritchard et al. 2000; Falush 
et al. 2003, 2007). Further details about the protocol, marker selection, software parameters, 
and reproducibility thresholds are provided in Appendix A2.2.

Nuclear ribosomal and plastid DNA amplification and sequencing

DNA extracted from five L. estevei, five hybrid and twenty L. cossonianum individuals 
(Table S2) was used as a template to amplify one nuclear (ITS) and three plastid regions 
(matK, rbcL and trnL-F) using published universal primers (Taberlet et al. 1991; Lledó et 
al. 1998; Ford et al. 2009; Cheng et al. 2016). PCR products were sequenced using Big-
Dye chemistry on an ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems), and raw 
chromatograms were edited and aligned in Geneious Pro v4.8.5 (Kearse et al. 2012; see 
Appendix A2.3).

Additive polymorphic sites (APS), corresponding to overlapping peaks in ITS chromato-
grams, were identified and coded using IUPAC ambiguity symbols (Aguilar et al. 1999). 
To resolve ribotype structure and identify hybrid signatures, cloned ITS sequences were 
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obtained from selected individuals representing both parental species and hybrids (Appen-
dix A2.4; Table S2). A NeighbourNet was constructed based on direct and cloned ITS 
sequences (see Appendices B2 and B3) using SplitsTree 6 (Huson and Bryant 2006), a 
particularly well-suited method for visualizing reticulated patterns associated with hybrid-
ization (Bryant and Moulton 2004).

Morphometric analysis

Fifty-nine vouchers, including six from the locus classicus of L. cossonianum, were sub-
jected to an exhaustive morphological assessment. For each of the 34 selected quantitative 
characters (four discrete and thirty continuous; Table  2), five measurements were taken 
using a digital caliper and a stereomicroscope (EZ4 W; Leica Microsystems, Wetzlar, Ger-
many). Recorded images were processed and analyzed in ImageJ 1.53t (Schneider et al. 
2012), following the guidelines described in Appendix A2.5.

The data matrix of 9086 values (Appendix B4) was first normalized by dividing each 
variable by its standard deviation. A Principal Component Analysis (using PAST 4.13; Ham-
mer et al. 2001) was then conducted to reduce its dimensionality. Results were visualized in 
two-dimensional scatter plots, allowing for a comprehensive evaluation of morphological 
variability both within and among groups (Ringnér 2008). Statistical support for this analy-
sis was provided through a one-way ANOVA, with significance set at p < 0.05 (Statgraphics 
v.19.4.04; Statgraphics Techologies Inc. 2022).

Edaphic properties and elemental analyses

Soil and leaf samples from five L. estevei, five L. cossonianum, five hybrid individuals, and 
control sites from Playa Macenas were analyzed to characterize edaphic conditions and 
elemental composition. Leaf and soil total/phytoavailable elemental profiles were quantified 
using ICP-OES (Jiménez-Heinert et al. 2020) and an Elemental Analyzer at the Ionomics 
Laboratory of CEBAS-CSIC. Phytoavailable fraction was extracted following Quevauvil-
ler et al. (1997), with EDTA efficiency supported by Abedin et al. (2012) and Merlo et al. 
(2021). Essential nutrients were selected according to Barker and Pilbeam (2015), with the 
inclusion of Na and Sr due to their ecological significance. Detailed protocols, datamatrices 
and parameters used in statistical analyses are described in Appendices A2.6 and B5-B11.

Results

AFLP analysis

The AFLP analysis (2.54% error rate) generated 321 bands from three primer combina-
tions (Table 1), enabling the identification of a unique AFLP phenotype for each sample. 
These primers amplified 241 bands in L. cossonianum and 177 in L. estevei, with 144 and 
80 exclusive to each species, respectively, and 97 shared by both taxa. The same combina-
tion of primers produced 242 bands in the 13 hybrid samples; all present in at least one 
parental individual. Low-frequency bands unique to Limonium sp., absent in hybrids, were 
discarded.
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The percentage of polymorphic fragments was strongly correlated with the per-popula-
tion diversity index (He; Spearman’s rs = 0.913, p < 0.0001). Both indices were significantly 
higher in hybrids than in parental individuals (Mann–Whitney U-test). No significant differ-
ences in genetic diversity were observed among populations of L. cossonianum potentially 
affected by hybridization compared to other populations, although values were slightly 
higher in Macenas.

The NeighbourNet constructed with AFLP phenotypes revealed the intermediate genetic 
character of the hybrids with respect to those of the parental taxa (Fig. 2a). Samples of L. 
estevei formed a well-defined cluster at the right end of the network, while those of L. cos-
sonianum were grouped at the opposite end, and the 13 hybrid samples were in an interme-
diate position between these two clusters (though closer to L. estevei).

No. Morphological character Acronym Unit
1 Plant height H mm
2 Length of the leaf LL mm
3 Length of the blade BL mm
4 Width of the blade BW mm
5 Length of the petiole PL mm
6 Width of the petiole PW mm
7 Number of lateral veins* NLV –
8 Number of floral scapes* FSN –
9 Length of the floral scape FSL mm
10 Branching starting point BSP mm
11 Maximum length of the first-order branches FBL mm
12 Average angle between branches BAA º
13 Length of the spike SPL mm
14 Maximum distance between spikelets SKG mm
15 Number of spikelets per spike* SKN –
16 Number of spikelets per cm* SKD –
17 Length of the spikelet SKL mm
18 Length of the outer bract OBL mm
19 Width of the outer bract OBW mm
20 Length of the median bract MBL mm
21 Width of the median bract MBW mm
22 Length of the inner bract IBL mm
23 Width of the inner bract IBW mm
24 Length of the inner bract central section IBCL mm
25 Width of the inner bract central section IBCW mm
26 Width of the inner bract margin IBM mm
27 Length of the inner bract apex IBAL mm
28 Length of the calyx exceeding the inner bract CAIB mm
29 Length of the bracteoles BRL mm
30 Length of the calyx CL mm
31 Length of the calyx tube TL mm
32 Length of the calyx limb CLL mm
33 Length of the calyx teeth CTL mm
34 Width of the calyx teeth CTW mm

Table 2  List of measured quanti-
tative morphological characters, 
with their corresponding units 
and acronyms used in text and 
figures

Discrete characters are 
indicated with an asterisk (*)
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Fig. 2  a NeighbourNet based on AFLP phenotypes of the 82 individuals studied: 55 L. cossonianum (10 
from MAC and 5 from each of the 9 further localities within its distribution range: PIR, MOJ, GAR, VIL, 
TER, POB, TEL, NIJ and GAT), 14 L. estevei (EST) and 13 hybrids (HYB). b Proportional assignment of 
the 82 individuals of L. cossonianum, L. estevei and hybrids to genetic groups I (green) and II (purple), as 
identified in an admixture analysis using correlated allele frequencies from AFLP data. c NeighbourNet 
based on ribosomal sequences obtained through direct sequencing and cloning. Clones are labeled as 
“C + population code”. Samples of L. cossonianum, L. estevei and the hybrid are represented in green, 
purple and orange, respectively. Population codes correspond to those listed in Table 1

 

1 3

Page 9 of 24  54



Biodiversity and Conservation (2026) 35:54

Bayesian analysis showed some degree of differentiation in our molecular dataset 
(Fig.  2b). The optimal number of groups was K = 2 (-Ln (P) = −7265.98), corresponding 
to L. estevei and L. cossonianum. A certain admixture component was found in samples of 
hybrid origin, with approximately half of their membership assigned to each parental group.

Nuclear ribosomal and plastid DNA analysis

Ribosomal sequences obtained through direct sequencing had lengths of 692 and 693 bp 
in L. estevei and L. cossonianum, respectively. The alignment of these sequences revealed 
16 additive polymorphic sites, most of them positioned in the internal transcribed spacers 
(eight in ITS1 and six in ITS2). The APS included both differential positions between the 
two potential parent species and intraspecific polymorphisms (237, 258 and 653 from L. 
estevei and 439 from L. cossonianum). Samples of hybrid origin exhibited additivities at all 
the identified positions, whereas in L. cossonianum samples from Macenas, at least six of 
these sites were found. Results are summarized in Table S3.

The inclusion of the 64 clones into the previous alignment led to an increase in the num-
ber of variable sites. However, since all of them were non-informative, either representing 
point mutations observed in a single clone or nucleotide substitutions absent in the pre-
sumed parental species and not occurring in more than two clones, they were excluded when 
defining the ribotypes. Twenty different ribotypes were identified (see Table S4).

In the NeighbourNet (Fig. 2c), sequences of L. estevei formed a well-defined cluster at 
one end of the network, while L. cossonianum ones were mainly grouped at the opposite 
end. The direct sequences of the hybrid samples occupied an intermediate position, and 
most of its clones were resolved within the parental clusters, although some appeared dis-
persed across the network.

Plastid markers sequences’ length was 823 bp for matK, 893 bp for trnL-F and 1218 bp 
for rbcL. A single polymorphism was identified in the matK gene of the Macenas individu-
als. While L. cossonianum and L. estevei exhibited a T at position 453, the hybrid showed 
either a T or G. The other two amplified regions, trnL-F and rbcL, were identical in all the 
individuals from this locality. However, another polymorphism was detected in sequences 
from ADR, GAR, POB, TEL, TER and VIL, which carried a G at position 379 of the rbcL 
gene, in contrast to the A found in the Macenas samples.

Morphometric analysis

Given the large number of variables (p = 34) and observations (n = 59), a variance threshold 
of 60% was adopted (Jolliffe 2002), retaining three meaningful components in the PCA 
(PC1 = 35.69%, PC2 = 15.82%, and PC3 = 9.28%). In the two-dimensional scatter plots 
obtained (Fig. 3a), samples of L. estevei were clustered at the positive end of the x-axis, 
while those of L. cossonianum from Macenas were grouped at the opposite end, encom-
passed within the dot cloud corresponding to samples covering the species’ distribution 
range. Hybrid individuals were once again positioned in-between the clusters of the two 
parent species.

Specimens of L. estevei exhibited longer spikes and spikelets, as well as larger bracts, 
bracteoles and calyces. In contrast, individuals of L. cossonianum had larger leaves with 
thinner petioles and a greater number of lateral veins. Hybrids displayed a floral morphol-
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ogy and certain foliar traits (e.g. number of lateral veins) intermediate to that of the parental 
species, but their foliar architecture in terms of blade length and petiole dimensions (length 
and width), bore a close resemblance to that of L. cossonianum.

Among the 34 characters measured in hybrids, eleven were directly inherited from one 
of the parental species (four from L. estevei, seven from L. cossonianum), twelve were 
intermediate and two transgressive. The remaining nine characters were considered non-
diagnostic due to the absence of significant differentiation across taxa (ANOVA, p < 0.05; 

Fig.  3  Scatter plots representing the first two components of the Principal Component Analysis con-
ducted on a the 34 quantitative morphological characters and b foliar concentrations of essential macro 
and micronutrients (N, P, K, Ca, Mg, S, B, Cu, Fe, Mn, Mo and Zn), Na and Sr. Colored convex hulls 
highlight clusters with significantly distinct centroids (statistical support provided in Table S5 and S12, 
respectively): green = L. cossonianum from Macenas (MAC), purple = L. estevei (EST), orange = hybrids 
(HYB), red = L. cossonianum from the holotype locality (GAT), and grey = L. cossonianum from further 
localities across the species’ distribution range (ADR, GAR, GAT, NIJ, PIR, POB, RIO, TEL, TER and 
VIL). Population codes correspond to those in Table 1
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Table S6). After excluding these, the proportional distribution of trait types was: 44% paren-
tal, 48% intermediate and 8% transgressive.

Edaphic properties and elemental analyses

Bayesian ANOVA revealed significant differences in pH (p = 0.003) and electrical conduc-
tivity (EC; p < 0.001) among the four soil types (Table S7), with L. estevei soils being the 
most alkaline (x̅ = 10.26) and controls showing the lowest EC values (x̅ = 0.205 dS/m), as 
supported by moderate to strong post hoc evidence.

Soils associated with the studied taxa exhibited low total N and P and high Na levels 
(Table 3; Table S8). PERMANOVA revealed significant differences in total soil composition 
among microhabitats (F = 1.954; p = 0.038), attributed to the divergence between control 
and L. estevei soils (p = 0.015). Pairwise comparisons indicated that control soils were more 
closely related to those of L. cossonianum (p = 0.2692), whereas hybrid ones were more 
similar to those of L. estevei (p = 0.8475; Table S9). Although PCA did not clearly separate 
clusters (Figure S1a), their spatial distribution was consistent with these patterns.

In the phytoavailable fraction, only P and Mg varied significantly among soils (Table 3; 
Table S10), with hybrid-associated soils showing intermediate concentrations relative to the 
parental taxa. Na was consistently higher in all plant-associated soils compared to controls. 
In the scatter-plot (Figure S1b), control soils were separated from plant-associated ones 
along the x-axis, a pattern supported by PERMANOVA (p = 0.009, 0.0103, and 0.008 for 
CTRL vs MAC, EST, and HYB, respectively; Table S9). Soils under L. estevei and L. cos-
sonianum also diverged along this axis (p = 0.04), while hybrid-associated soils occupied an 
intermediate, partially overlapping position.

Differential concentrations of nearly all foliar macro- and micronutrients were also 
observed among the three taxa (Table 4; Table S11). C was found at higher concentrations in 
leaves of L. estevei, while Na was present at much higher levels in L. cossonianum ones. The 
distribution of groups in the scatter-plot (Fig. 3b) suggests that secondary macronutrients 
have a stronger influence than primary macronutrients on ecological niche differentiation.

Discussion

Genetic and morphological characterization: hybridization, recombination and 
introgression

The results of genetic and morphological analyses have provided clear evidence for distin-
guishing the hybridization event between L. cossonianum and L. estevei. In the STRUC-
TURE analysis (K = 2) based on AFLP data (Fig. 2b), all hybrids were inferred to be of 
admixed origin, exhibiting approximately equal genetic assignment (~ 50%) to both paren-
tal clusters. Similar admixing has been reported for F1 or early-generation hybrids in other 
genera, such as Helichrysum (Galbany-Casals et al. 2012) and Populus (Deacon et al. 2017).

Further support of the hybridization event comes from the analysis of direct ITS 
sequences, as the hybrids exhibited an APS pattern indicative of the coexistence of divergent 
ribotypes inherited from the parental species. These additivities are a recognized hallmark of 
interspecific hybridization, particularly when concerted evolution has not yet homogenized 
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divergent nrDNA copies (Álvarez and Wendel 2003; Nieto-Feliner et al. 2004), and have 
been documented in various hybrid taxa (e.g., Cirsium × vivantii, Segarra-Moragues et al. 
2007; Convolvulus × despreauxii, Carine et al. 2007; Sidalcea virgata, Whittall et al. 2000). 
Although alternative evolutionary mechanisms could produce similar outcomes (Aguilar et 
al. 1999; Salmerón-Sánchez et al. 2014), the fertile nature of the hybrids (Erben 1978) sug-
gests that these additivities strongly reflect a recent hybrid origin.

Through cloning, we confirmed the presence of parental ribotypes, as well as additional 
polymorphic and potentially recombinant sequences within the genetic background of the 
hybrids. The arrangement of these clones in the phylogenetic network, with a wide range 
of variants frequently deviating from the parental clusters, likely reflects the presence of 
recombinant or chimeric ribotypes arising from recurrent hybridization among F1 indi-
viduals or unidirectional/bidirectional backcrossing events (Anderson and Hubricht 1938; 
Carine et al. 2007; Rieseberg 1997).

Backcrossing, also referred to as introgressive hybridization, poses particular conserva-
tion concerns in this context due to its potentially detrimental impact on L. estevei. Evidence 
from plant and animal systems shows that when a narrowly distributed endemic species 
coexists with a more widespread congener, gene flow can result in genetic assimilation and 
ultimately lead to the extinction of the endemic lineage (Levin et al. 1996; Rhymer and Sim-
berloff 1996; Wolf et al. 2001). Nevertheless, the evidence gathered in this study points to 
asymmetric or unidirectional introgression occurring exclusively towards L. cossonianum, 
with no apparent signs of genetic erosion in L. estevei. This is supported by the coexistence 
of both exclusive ribotypes and ribotypes shared with the hybrid in L. cossonianum, and by 
the absence of recombinant ribotypes in the latter, where only pure (R2, R3 and R4) and 
polymorphic ribotypes congruent with its inherent genetic variability (R5 and R6) were 
identified (Table S4). The single polymorphic clone that did not follow the aforementioned 
trend (C6) could be better understood as a PCR-induced artifact rather than a genuine simple 
recombinant, given the lack of additivities at the corresponding locus (position 599) in any 
of the direct L. estevei sequences (Nieto-Feliner et al. 2004).

Asymmetric introgression is a relatively common phenomenon in nature (Arnold et al. 
2010; Burgess et al. 2005; Marhold et al. 2002; Pimentel et al. 2010). For instance, Balao 
et al. (2015) described a hybrid zone similar to ours, in which unidirectional backcross-
ing affected only the widespread parental (Onopordum nervosum) while its rarer congener 
(O. hinojense) remained largely unaffected. In that system, strong postzygotic reproduc-
tive barriers were inferred as the most likely mechanism preventing backcrossing towards 
O. hinojense. In L. estevei the apparent genetic isolation may likewise result from robust 
reproductive barriers that remain uncharacterized. However, considering the relevance of 
preserving the genetic integrity of narrow endemics, further integrative research should be 
carried out to elucidate the mechanisms underlying this isolation. Such efforts would allow 
for the assessment of potential long-term risks of genetic swamping or demographic decline 
in populations of this species.

In addition, the presence of ribotypes typically associated with L. estevei in individuals 
morphologically and genetically identified as L. cossonianum may be indicative of incom-
plete lineage sorting (Comes and Abbott 2001; Pleines et al. 2009). An alternative hypoth-
esis involves the action of biased concerted evolution toward the L. estevei ribotype, even 
though full convergence may not have been achieved due to the relatively limited evolution-
ary time elapsed (Nieto-Feliner and Rosselló 2007; Mitsui et al. 2011).
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Morphometric analyses corroborated molecular results. Hybrids expressed a mosaic phe-
notype, with predominantly intermediate floral traits and leaf traits showing parental inheri-
tance: overall morphology resembled L. cossonianum, whereas margin and phyllotaxis were 
typical of L. estevei. Among the characters assessed, 48% exhibited intermediate values 
between the parental taxa, suggesting that many morphological traits are influenced by co-
dominant or quantitative inheritance. In contrast, 44% showed clear parental inheritance, 
reflecting a substantial retention of species-specific traits, as expected F1 or early-generation 
hybrids, where additive and dominant genetic effects are prevalent (Rieseberg et al. 1993). 
Transgressive traits accounted for 8% of the total. These outlier traits are often the result 
of epistasis and may play a key role in fostering ecological divergence or the emergence of 
novel adaptations in hybrid lineages (Rieseberg et al. 1999). This trait distribution aligns 
with documented outcomes in other interspecific hybrids, as exemplified by the recently 
described Carex × favratii (Řepka and Mendel 2022).

Elementome as an innovative approach to analyze plant hybridization processes

Elementome analysis has gained relevance as a method to uncover ecological or biogeo-
chemical niche divergence among closely related or co-occurring plant species (Pillon et 
al. 2018; Peñuelas et al. 2019). In this study, we expanded on traditional approaches, typi-
cally based on genetic and morphometric analyses, and occasionally on secondary metabo-
lite profiling (Marhold et al. 2002; López-Caamal and Tovar-Sánchez 2014; Deacon et al. 
2017), by integrating elemental profiling as an innovative and complementary tool to iden-
tify the hybridization event involving L. cossonianum and L. estevei.

Significant differences in soil pH and EC among soils associated with the three Limonium 
taxa highlight the existence of distinct edaphic niches. L. estevei prefers highly alkaline and 
conductive soils, consistent with its natural occurrence on rocky substrates featuring salt 
efflorescences. The elevated conductivity found beneath all taxa, relative to control soils, 

Table 4  Mean concentration (mg kg−1) ± SD of mineral elements in foliar samples of L. estevei (EST), L. 
cossonianum (MAC) and the hybrid (HYB)

EST HYB MAC
C 464,786.00 ± 9749.25b 431,458.00 ± 14,104.32a 424,406.00 ± 5687.10a

N 12,953.00 ± 1562.58 11,965.28 ± 2356.50 13,823.20 ± 1498.99
P 420.20 ± 109.94b 508.38 ± 195.46b 730.24 ± 134.91a

K 3864.28 ± 758.47b 4174.63 ± 662.73b 5852.36 ± 1173.75a

Ca 3054.45 ± 1000.64b 6154.01 ± 162.63a 8264.99 ± 2920.63a

Mg 4780.63 ± 1529.11a 6970.46 ± 1071.84b 5100.59 ± 1317.46a

S 6997.03 ± 1766.56b 11,931.02 ± 1366.81c 16,070.88 ± 278.72a

B 0.62 ± 1.12b 1.06 ± 2.34b 19.42 ± 7.68a

Cu 3.69 ± 2.60 1.81 ± 0.58 2.86 ± 0.30
Fe 117.81 ± 47.13 91.02 ± 21.83 204.03 ± 138.81
Mn 44.82 ± 12.86a 75.51 ± 19.82b 49.90 ± 4.14a

Mo 0.98 ± 0.45b 0.72 ± 0.48ab 0.25 ± 0.22a

Na 6754.10 ± 775.82b 4894.80 ± 1567.93b 14,040.15 ± 2448.84a

Sr 103.98 ± 9.67 195.48 ± 98.50 174.96 ± 45.10
Zn 7.00 ± 4.88b 11.48 ± 7.31ab 21.60 ± 10.00a

Superscript letters indicate significant group differences based on the ANOVA (p < 0.05). Only essential 
elements, Na and Sr are shown; for the full analysis see Table S11
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suggests that these halophytes act as ecosystem engineers, modifying soil properties and Na 
levels (Wendelberger and Richards 2017).

The pronounced deficiency of N and P is typical of soils in southeastern Spain, where 
the arid climate promotes the presence of extensive gypsum outcrops and saline substrates 
(Merlo et al. 2011). Elementome profiling demonstrated that each taxon occupies a distinct 
biogeochemical niche. This finding was in line with Peñuelas et al. (2019), who argued that 
sympatric species tend to evolve divergent elemental compositions to mitigate competitive 
overlap. Interestingly, while PCA positioned the hybrid between parental taxa, ANOVA 
results revealed a mosaic pattern of elemental concentrations rather than a strictly interme-
diate profile. This pattern, reminiscent of observations in the morphometric analysis, sug-
gests that hybrids may inherit functional traits in a non-additive manner, combining parental 
characteristics with potential transgressive features (Rieseberg et al. 1999).

To our best knowledge this is the first study to report a mosaic elementome in hybrid 
plants, supporting the use of elemental profiles to detect complex inheritance patterns 
beyond morphology and genetics. Such mosaicism, as noted by López-Caamal and Tovar-
Sánchez (2014), may include intermediate, parental, or transgressive traits, affecting eco-
logical interactions and stress tolerance. Future research should assess its prevalence across 
hybrids or in specific lineages like Limonium.

Following the discussion on elementome profiles, we examined the differential leaf con-
centrations of C, Na and K among the studied specimens (Table 4). The elevated C levels 
observed in L. estevei leaves can be associated with sclerophylly, a structural adaptation 
that enhances tolerance to arid, saline and nutrient-poor environments (Salleo and Nar-
dini 2000). This trait may further reflect an extended lifespan, consistent with a resource-
conservative strategy that relies on sustained, low-rate photosynthetic activity to optimize 
carbon assimilation over time in environments with limited resource availability (Wright et 
al. 2004).

We also observed differences in foliar concentrations of Na and K. In both cases, L. 
cossonianum exhibited higher levels compared to L. estevei and the hybrid individuals. 
While these disparities might initially be attributed to increased availability of these ele-
ments in soils inhabited by L. cossonianum, the analysis of total elements did not support 
this assumption. No significant differences were found in soil Na content between taxa, and 
K levels were actually lower in L. cossonianum soils (Table 3). According to Al Hassan 
et al. (2017), Limonium species with a narrow geographic distribution generally exhibit 
lower salinity tolerance thresholds. Adapted to edaphic environments with limited fluctua-
tions, these taxa often rely on conservative strategies, limited to the compartmentalization 
or excretion of Na⁺ and Cl⁻ ions into specialized foliar cells or organelles (Dassanayake and 
Larkin 2017; González-Orenga et al. 2021). In contrast, more broadly distributed species 
tend to display not only efficient Na⁺ management but also active K⁺ transporters, allow-
ing for higher K⁺ accumulation in leaves to maintain favorable Na⁺/K⁺ ratios, critical for 
enzymatic function and cellular homeostasis under salt stress (Al Hassan et al. 2017). The 
presence of such broader halotolerance mechanisms in L. cossonianum may therefore help 
explain the observed elemental differences. In addition, the hybrid’s closer resemblance to 
L. estevei in Na management suggests inheritance of salt gland-mediated ion regulation and 
a more specialized tolerance strategy. Nonetheless, these hypotheses should be validated, as 
salinity tolerance in Limonium is highly species-specific and the cited literature focuses on 
related taxa rather than the species examined in this study.
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Implications for the conservation of L. estevei

Until 2003, the only documented population of L. estevei comprised approximately 11,500 
individuals, distributed across 20 demographically heterogeneous nuclei (Rodríguez-
Tamayo et al. 2005a). Since then, a population decline exceeding 75% has been estimated, 
placing this already severely fragmented species in an extremely precarious conservation 
status (Gutiérrez et al. 2019). This critical situation is mainly driven by intense anthropo-
genic pressure on its narrowly restricted habitat, which represents its foremost threat. Urban 
expansion, driven by the considerable appeal of Macenas as a tourist destination, has led to 
the direct loss of approximately 3,700 individuals (Rodríguez-Tamayo et al. 2005b).

Specialized conservation sources, such as the Red Book of Threatened Wild Flora of 
Andalusia (Mota et al. 1999), identified hybridization with L. cossonianum as another major 
threat to the persistence of this endemic species. This concern stemmed from the possibility 
of imminent extinction of L. estevei as a pure ancestral lineage through genetic assimilation 
or “swamping”. However, our results demonstrate the absence of gene flow via introgres-
sion, contradicting these previously reported concerns.

Nevertheless, hybridization dynamics are stochastic, meaning that any perturbation in 
environmental conditions—whether natural or human promoted— could alter interactions 
between parental species, potentially shifting hybridization dynamics and even leading to 
the extinction of parental taxa (Bohling 2016). Therefore, despite the seemingly favourable 
genetic scenario, climate change and the anthropogenic pressure shouldn’t be overlooked, 
as they continue to pose significant risks to the long-term survival of L. estevei (Mota et al. 
2004; Gutiérrez et al. 2019).

In this context, in situ and ex situ conservation strategies already implemented within the 
framework of the projects “Actuaciones y Medidas de Conservación de Limonium estevei 
en el Plan Parcial ‘Macenas Playa Golf’ en Mojácar” and LIFE Conhabit (Martín and 
Pérez 1992; Portal Ambiental de Andalucía 2025), should be complemented by additional 
measures, such as regular genetic monitoring and modelling of hybrid systems (Bohling 
2016; Finger et al. 2024). Such approaches would allow the assessment of system dynamics 
over time and enable the early detection of potential introgression into L. estevei, providing 
managers with a wider range of management options than wouldn’t be available if intro-
gression was already widespread before detection (Schwartz et al. 2007).

Leaving aside the genetic aspects, the limited success of translocation strategies imple-
mented as compensatory measures to ensure the persistence of L. estevei individuals affected 
by the Mojácar urban development plan also warrants attention. Of the 3,000 affected indi-
viduals, 805 were relocated in 2003 to an experimental plot for post-relocation monitoring. 
After two years, only 154 remained, reflecting a survival rate of merely 19%. At present, 
only a few dozen persist. A comparable trend was observed for specimens transferred to El 
Albardinal Botanical Garden, where survival dropped to 33% barely one year after trans-
plantation (Rodríguez-Tamayo et al. 2005b).

Based on our results, this low persistence is primarily attributable to the species’ strict 
biogeochemical niche requirements. These data indicate that any reduction in its area of 
occupancy is likely to result in an irreversible loss of individuals. Accordingly, conserva-
tion strategies should prioritize the preservation and active management of natural habitats, 
rather than relying solely on mitigation actions with low success, such as those implemented 
to date.
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Concluding remarks

The occurrence of a backcrossing event between hybrid forms and L. cossonianum was 
confirmed. No evidence of backcrossing with L. estevei was found. This result has signifi-
cant implications for conservation, as the absence of introgression into L. estevei suggests 
there is no immediate risk of genetic deterioration or “genetic swamping” to its only known 
population, quite contrary of what was previously suspected.

Despite the great morphological similarity among species in the genus Limonium, the 
differences observed in the vegetative and reproductive traits between L. cossonianum and 
L. estevei facilitated the identification of individuals with intermediate morphological fea-
tures. These observable patterns provided a solid basis for subsequent genetic analyses. 
Hybrid individuals resulting from the cross between L. cossonianum and L. estevei were 
originally reported by Erben (1978). Based on the robustness and consistency of our evi-
dence, we formally propose the recognition of this taxon as a nothospecies. A complete 
taxonomic treatment, including diagnosis, detailed morphological description, etymology, 
and distribution, is currently in preparation (Miranda-Hernández et al. in prep.).

This research reveals a clear edaphic niche differentiation between the species, with pH 
and EC emerging as key factors. L. estevei is associated with the least abundant soils in 
the area, which are also the most distinct from both control soils and those of L. cossonia-
num. This marked edaphic specificity explains the limited success of translocation efforts 
undertaken as compensatory measurements to mitigate anthropogenic impacts. Therefore, 
any reduction in its area of occupation is an irreversible loss of individuals, underscoring 
the preservation of its highly specialized habitat as the only realistic conservation strategy. 
By contrast, L. cossonianum grows in soils more similar to those widespread in the area, 
suggesting a lower edaphic specialization. The hybrid, in turn, occupies soils comparable 
to those of L. estevei.

In terms of foliar elemental composition, L. estevei and the hybrids show comparatively 
fewer differences in their profiles, a pattern that could suggest potential competition between 
the endemic species and the hybrid. However, this does not appear to be the case, as each 
taxon occupies a distinct and non-overlapping biogeochemical niche.

Finally, this research documents for the first time a "mosaic pattern" in the elementome 
of hybrid plants, suggesting they inherit functional traits in a non-additive manner. This 
finding demonstrates the potential of elemental profiling as an innovative tool for detecting 
complex inheritance patterns. When integrated with traditional morphological and genetic 
analyses, this approach could provide a powerful framework for assessing the extent to 
which hybridization threatens the preservation of other endangered flora beyond the specific 
case examined here.

Supplementary Information  The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​0​0​7​/​s​1​0​5​3​1​-​0​2​6​-​0​3​2​5​4​-​7​​​​​.​​

Acknowledgements  This research has been partially funded by: Junta de Andalucía, through the agree-
ment entitled "Specific Hybrid Identification of the Limonium population present in Baños del Carmen" 
(CONTR 2021 0000245363), Saint Gobain S.A., through the agreement with the code 001426, Explotacio-
nes Río de Aguas S.L. though the agreement entitled ECORESGYP_2.0_, CEI.MAR through the research 
project SEALAV (CEI-JD-12) and University of Almería (UAL) through the research projects BARRIZO-
MINE (UAL2020-RNM-B2007), and PPITUAL, JJAA-FEDER 2021-2027. Program: 54.A. Lucía Miranda 
Hernández was awarded a collaboration grant by the Spanish Ministry of Education and Vocational Training 
at the University of Almería 2023-2024. We are also grateful to María Luisa Rodriguez Tamayo for her 

1 3

54  Page 18 of 24

https://doi.org/10.1007/s10531-026-03254-7
https://doi.org/10.1007/s10531-026-03254-7


Biodiversity and Conservation (2026) 35:54

involvement in the early stages of this research, and to Beatrice Antolin for reviewing the English translation 
of the manuscript.

Author Contributions  E.S–S. and J.M. were responsible for the conceptualization of the study. L.M-H., E.S–
S., and M.J.F–C. carried out the data curation and contributed to the organization and verification of datasets. 
L.M-H., E.S–S., and J.M. performed the formal analyses and participated in funding acquisition to support 
this research. L.M-H., E.S–S., M.J.F–C., J.M., F.M-H., A.J.M-F., and F.J.P-G. were involved in the investi-
gation and field or laboratory work. L.M-H., E.S–S., E.M., M.J.F–C., and C.S-M. developed and refined the 
methodological framework. E.S–S., E.M., and J.M. coordinated project administration, while E.S–S., E.M., 
J.M., and F.J.P-G. provided essential resources. Supervision of the work was undertaken by E.S–S., E.M., 
J.M., and C.S-M., and validation of the results was conducted by E.S–S., E.M., and J.M.. L.M-H., E.S–S., 
and J.M. contributed to visualization and figure preparation. L.M-H. and E.S–S. wrote the original draft of 
the manuscript. All authors contributed to writing, review, and editing of the final version and approved the 
final manuscript.

Funding  Funding for open access publishing: Universidad de Almería/CBUA. Spanish Ministry of Educa-
tion and Vocational Training,collaboration grant,Saint Gobain S.A.,001426,001426,001426,001426,001426
,001426,001426,001426,001426,Explotaciones Río de Aguas S.L., ECORESGYP_2.0, ECORESGYP_2.0, 
ECORESGYP_2.0,ECORESGYP_2.0, ECORESGYP_2.0, ECORESGYP_2.0, ECORESGYP_2.0, 
ECORESGYP_2.0, ECORESGYP_2.0, Universidad de Almería, BARRIZOMINE (UAL2020-RNM-B2007), 
BARRIZOMINE (UAL2020-RNM-B2007), BARRIZOMINE (UAL2020-RNM-B2007),BARRIZOMINE 
(UAL2020-RNM-B2007), BARRIZOMINE (UAL2020-RNM-B2007), BARRIZOMINE (UAL2020-RNM-
B2007), BARRIZOMINE (UAL2020-RNM-B2007),BARRIZOMINE (UAL2020-RNM-B2007), BAR-
RIZOMINE (UAL2020-RNM-B2007), Junta de Andalucía, "Specific Hybrid Identification of the Limonium 
population present in Baños del Carmen" (CONTR 2021 0000245363), CEI.MAR,SEALAV (CEI-JD-12).

Data Availability  Data is provided within the manuscript or supplementary information files.

Declarations

Competing Interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. 
If material is not included in the article’s Creative Commons licence and your intended use is not permitted 
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abedin J, Beckett P, Spiers G (2012) An evaluation of extractants for assessment of metal phytoavailability 
to guide reclamation practices in acidic soilscapes in northern regions. Can J Soil Sci 92:253–268. ​h​t​t​p​
s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​1​4​1​/​c​j​s​s​2​0​1​0​-​0​6​1​​​​​​​

Aguilar JF, Rosselló JA, Nieto-Feliner G (1999) Nuclear ribosomal DNA (nrDNA) concerted evolution in 
natural and artificial hybrids of Armeria (Plumbaginaceae). Mol Ecol 8:1341–1346. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​
1​0​​4​6​/​j​.​​1​3​6​5​-​​2​9​4​X​.​1​​9​9​9​.​​0​0​6​9​0​.​x

Al Hassan M, Estrelles E, Soriano P, López-Gresa MP, Bellés JM, Boscaiu M, Vicente O (2017) Unraveling 
salt tolerance mechanisms in halophytes: a comparative study on four Mediterranean Limonium species 
with different geographic distribution patterns. Front Plant Sci 8:1438. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​
1​7​.​0​1​4​3​8​​​​​​​

Álvarez I, Wendel JF (2003) Ribosomal ITS sequences and plant phylogenetic inference. Mol Phylogenet 
Evol 29:417–434. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​S​1​0​5​5​-​7​9​0​3​(​0​3​)​0​0​2​0​8​-​2

Anderson E, Hubricht L (1938) Hybridization in Tradescantia. III. The evidence for introgressive hybridiza-
tion. Am J Bot 25:396–402. https://doi.org/10.2307/2436413

1 3

Page 19 of 24  54

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4141/cjss2010-061
https://doi.org/10.4141/cjss2010-061
https://doi.org/10.1046/j.1365-294X.1999.00690.x
https://doi.org/10.1046/j.1365-294X.1999.00690.x
https://doi.org/10.3389/fpls.2017.01438
https://doi.org/10.3389/fpls.2017.01438
https://doi.org/10.1016/S1055-7903(03)00208-2
https://doi.org/10.2307/2436413


Biodiversity and Conservation (2026) 35:54

Arnold ML, Tang S, Knapp SJ, Martin NH (2010) Asymmetric introgressive hybridization among Louisiana 
Iris species. Genes 1:9–22. https://doi.org/10.3390/genes1010009

Balao F, Casimiro-Soriguer R, García-Castaño JL, Terrab A, Talavera S (2015) Big thistle eats the little 
thistle: does unidirectional introgressive hybridization endanger the conservation of Onopordum hino-
jense? New Phytol 206:448–458. https://doi.org/10.1111/nph.13156

Baldwin BG, Sanderson MJ, Porter JM, Wojciechowski MF, Campbell CS, Donoghue MJ (1995) The ITS 
region of nuclear ribosomal DNA: a valuable source of evidence on angiosperm phylogeny. Ann Mo 
Bot Gard 82:247–277. https://doi.org/10.2307/2399880

Barker AV, Pilbeam DJ (2015) Handbook of plant nutrition, 2nd edn. CRC Press, Boca Raton. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​2​0​1​/​b​1​8​4​5​8​​​​​​​

Bohling JH (2016) Strategies to address the conservation threats posed by hybridization and genetic intro-
gression. Biol Conserv 203:321–327. https://doi.org/10.1016/j.biocon.2016.10.011

Brochmann C, Brysting AK, Alsos IG, Borgen L, Grundt HH, Scheen AC, Elven R (2004) Polyploidy in 
arctic plants. Biol J Linn Soc 82:521–536. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​0​9​5​-​​8​3​1​2​.​2​​0​0​4​.​​0​0​3​3​7​.​x

Bryant D, Moulton V (2004) Neighbor-net: an agglomerative method for the construction of phylogenetic 
networks. Mol Biol Evol 21:255–265. https://doi.org/10.1093/molbev/msh018

Burgess KS, Morgan M, Deverno L, Husband BC (2005) Asymmetrical introgression between two Morus 
species (M. alba, M. rubra) that differ in abundance. Mol Ecol 14:3471–3483. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​
j​.​​1​3​6​5​-​​2​9​4​X​.​2​​0​0​5​.​​0​2​6​7​0​.​x

Carine MA, Robba L, Little R, Russell S, Guerra AS (2007) Molecular and morphological evidence for 
hybridization between endemic Canary Island Convolvulus. Bot J Linn Soc 154:187–204. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​
r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​0​9​5​-​​8​3​3​9​.​2​​0​0​7​.​​0​0​6​5​7​.​x

Chase MW, Hills HH (1991) Silica gel: an ideal material for field preservation of leaf samples for DNA stud-
ies. Taxon 40:215–220. https://doi.org/10.2307/1222975

Cheng T, Xu C, Lei L, Li C, Zhang Y, Zhou S (2016) Barcoding the kingdom plantae: new PCR primers for 
ITS regions of plants with improved universality and specificity. Mol Ecol Resour 16:138–149. ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​1​7​5​5​-​0​9​9​8​.​1​2​4​3​8​​​​​​​

Comes HP, Abbott RJ (2001) Molecular phylogeography, reticulation, and lineage sorting in Mediterranean 
Senecio sect. Senecio (Asteraceae). Evolution 55:1943–1962. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​0​0​1​4​-​​3​8​2​0​.​2​​0​0​
1​.​​t​b​0​1​3​1​2​.​x

Corriveau JL, Coleman AW (1988) Rapid screening method to detect potential biparental inheritance of 
plastid DNA and results for over 200 angiosperm species. Am J Bot 75:1443–1458. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​
.​2​3​0​7​/​2​4​4​4​6​9​5​​​​​​​

Dassanayake M, Larkin JC (2017) Making plants break a sweat: the structure, function, and evolution of 
plant salt glands. Front Plant Sci 8:406. https://doi.org/10.3389/fpls.2017.00406

Deacon NJ, Grossman JJ, Schweiger AK, Armour I, Cavender-Bares J (2017) Genetic, morphological, 
and spectral characterization of relictual Niobrara River hybrid aspens (Populus × smithii). Am J Bot 
104:1878–1890. https://doi.org/10.3732/ajb.1700268

Dice LR (1945) Measures of the amount of ecologic association between species. Ecology 26:297–302. 
https://doi.org/10.2307/1932409

Erben M (1978) Die gattung Limonium im südwestmediterranen Raum. In: Merxmüller H (ed) Mitteilungen 
der Botanischen Staatssammlung München Band, vol 14. Botanischen Staatssammlung, München, pp 
361–631

Erben M (1990) Limonium Miller. In: Castroviejo SC, Aedo C, Cirujano S, Laínz M, Montserrat P, Morales 
R, Muñoz-Garmendia F, Navarro C, Paiva J, Soriano C (eds) Flora iberica, 2nd edn. Real Jardín 
Botánico-CSIC, Madrid, pp 2–143

Falush D, Stephens M, Pritchard JK (2003) Inference of population structure using multilocus genotype data: 
linked loci and correlated allele frequencies. Genetics 164:1567–1587. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​9​3​/​g​e​n​e​t​i​c​
s​/​1​6​4​.​4​.​1​5​6​7​​​​​​​

Falush D, Stephens M, Pritchard JK (2007) Inference of population structure using multilocus genotype data: 
dominant markers and null alleles. Mol Ecol Notes 7:574–578. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​7​1​-​​8​2​8​6​.​2​​0​
0​7​.​​0​1​7​5​8​.​x

Fernández-Casas J (1971) Nueva especie del género Limonium (Tourn.) Miller. Cuad Cienc Biol 1:23
Fernández-Martínez M (2021) From atoms to ecosystems: elementome diversity meets ecosystem function-

ing. New Phytol 234:35–42. https://doi.org/10.1111/nph.17864
Ferriol M, Garmendia A, Ruiz JJ, Merle H, Boira H (2012) Morphological and molecular analysis of natural 

hybrids between the diploid Centaurea aspera L. and the tetraploid C. seridis L. (Compositae). Plant 
Biosyst 146:86–100. https://doi.org/10.1080/11263504.2012.727878

Finger A, Macdonald I, Hollingsworth PM (2024) Genetic monitoring for effective plant conservation: an 
example using the threatened Saxifraga hirculus L. in Scotland. Plants People Planet 6:381–398. ​h​t​t​p​s​
:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​p​p​p​3​.​1​0​4​5​6​​​​​​​

1 3

54  Page 20 of 24

https://doi.org/10.3390/genes1010009
https://doi.org/10.1111/nph.13156
https://doi.org/10.2307/2399880
https://doi.org/10.1201/b18458
https://doi.org/10.1201/b18458
https://doi.org/10.1016/j.biocon.2016.10.011
https://doi.org/10.1111/j.1095-8312.2004.00337.x
https://doi.org/10.1093/molbev/msh018
https://doi.org/10.1111/j.1365-294X.2005.02670.x
https://doi.org/10.1111/j.1365-294X.2005.02670.x
https://doi.org/10.1111/j.1095-8339.2007.00657.x
https://doi.org/10.1111/j.1095-8339.2007.00657.x
https://doi.org/10.2307/1222975
https://doi.org/10.1111/1755-0998.12438
https://doi.org/10.1111/1755-0998.12438
https://doi.org/10.1111/j.0014-3820.2001.tb01312.x
https://doi.org/10.1111/j.0014-3820.2001.tb01312.x
https://doi.org/10.2307/2444695
https://doi.org/10.2307/2444695
https://doi.org/10.3389/fpls.2017.00406
https://doi.org/10.3732/ajb.1700268
https://doi.org/10.2307/1932409
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1111/j.1471-8286.2007.01758.x
https://doi.org/10.1111/j.1471-8286.2007.01758.x
https://doi.org/10.1111/nph.17864
https://doi.org/10.1080/11263504.2012.727878
https://doi.org/10.1002/ppp3.10456
https://doi.org/10.1002/ppp3.10456


Biodiversity and Conservation (2026) 35:54

Ford CS, Ayres KL, Toomey N, Haider N, Van Alphen Stahl J, Kelly LJ, Wikström N, Hollingsworth PM, 
Duff RJ, Hoot SB, Cowan RS, Chase MW, Wilkinson MJ (2009) Selection of candidate coding DNA 
barcoding regions for use on land plants. Bot J Linn Soc 159:1–11. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​0​9​5​-​​8​3​3​
9​.​2​​0​0​8​.​​0​0​9​3​8​.​x

Galbany-Casals M, Carnicero-Campmany P, Blanco-Moreno JM, Smissen RD (2012) Morphological and 
genetic evidence of contemporary intersectional hybridisation in Mediterranean Helichrysum (Astera-
ceae, Gnaphalieae). Plant Biol 14:789–800. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​3​8​-​​8​6​7​7​.​2​​0​1​2​.​​0​0​5​6​8​.​x

Gómez JM, González-Megías A, Lorite J, Abdelaziz M, Perfectti F (2015) The silent extinction: climate 
change and the potential hybridization-mediated extinction of endemic high-mountain plants. Biodivers 
Conserv 24:1843–1857. https://doi.org/10.1007/s10531-015-0909-5

González-Orenga S, Grigore MN, Boscaiu M, Vicente O (2021) Constitutive and induced salt tolerance 
mechanisms and potential uses of Limonium Mill. species. Agronomy 11:413. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​
a​g​r​o​n​o​m​y​1​1​0​3​0​4​1​3​​​​​​​

Goulet BE, Roda F, Hopkins R (2017) Hybridization in plants: old ideas, new techniques. Plant Physiol 
173:65–78. https://doi.org/10.1104/pp.16.01340

Gutiérrez L, Fuentes J, Cueto Romero M, Blanca López G (2019) Top ten de las plantas más amenazadas de 
Andalucía Oriental: taxones endémicos y no endémicos. Acta Bot Malacit 44:5–13. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​
2​4​3​1​0​/​a​b​m​.​v​4​4​i​0​.​5​6​3​6​​​​​​​

Hammer Ø, Harper DAT, Ryan PD (2001) PAST: paleontological statistics software package for education 
and data analysis. Palaeontol Electron 4:1–9

Han TH, De Jeu M, Van Eck H, Jacobsen E (2000) Genetic diversity of Chilean and Brazilian Alstroemeria 
species assessed by AFLP analysis. Heredity 84:564–569. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​4​6​/​j​.​​1​3​6​5​-​​2​5​4​0​.​2​​0​0​0​.​​0​
0​6​8​2​.​x

Hegde SG, Nason JD, Clegg JM, Ellstrand NC (2006) The evolution of California’s wild radish has resulted 
in the extinction of its progenitors. Evolution 60:1187–1197. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​0​0​1​4​-​​3​8​2​0​.​2​​0​0​6​
.​​t​b​0​1​1​9​7​.​x

Huson DH, Bryant D (2006) Application of phylogenetic networks in evolutionary studies. Mol Biol Evol 
23:254–267. https://doi.org/10.1093/molbev/msj030

Iamonico D, De Castro O, Di Iorio E, Nicolella G, Iberite M (2022) Taxonomy complexity of some Tyrrhe-
nian endemic Limonium species belonging to L. multiforme group (Plumbaginaceae): new insights from 
molecular and morphometric analyses. Plants (Basel) 11:3163. https://doi.org/10.3390/plants11223163

Ingrouille MJ (1984) A taxometric analysis of Limonium (Plumbaginaceae) in Western Europe. Plant Syst 
Evol 147:103–118. https://doi.org/10.1007/BF00984583

Jaccard P (1908) Nouvelles recherches sur la distribution florale. Bull Soc Vaud Sci Nat 44:223–270
Jasinska AK, Wachowiak W, Muchewicz E, Boratynska K, Montserrat JM, Boratynski A (2010) Cryptic 

hybrids between Pinus uncinata and P. sylvestris. Bot J Linn Soc 163:473–485. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​
/​j​.​​1​0​9​5​-​​8​3​3​9​.​2​​0​1​0​.​​0​1​0​6​5​.​x

Jiménez-Heinert ME, Grijalva-Endara AM, Ponce-Solórzano HX (2020) Plasma acoplado inductivamente 
en espectroscopia de emisión óptica (ICP-OES). Recimundo 4:4–12. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​2​6​​8​2​0​/​r​e​c​i​m​u​
n​d​o​/​4​.​(​4​)​.​o​c​t​u​b​r​e​.​2​0​2​0​.​4​-​1​2

Jolliffe IT (2002) Principal component analysis, 2nd edn. Springer, Berlin
Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper A, Markowitz 

S, Duran C, Thierer T, Ashton B, Meintjes P, Drummond A (2012) Geneious basic: an integrated and 
extendable desktop software platform for the organization and analysis of sequence data. Bioinformat-
ics 28:1647–1649. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​9​3​/​b​i​​o​i​n​f​o​​r​m​a​t​i​c​​s​/​b​t​​s​1​9​9

Koutroumpa K, Theodoridis S, Warren BH, Jiménez A, Celep F, Doğan M, Romeiras MM, Santos-Guerra 
AS, Fernández-Palacios JM, Caujapé-Castells J, Moura M, Menezes M, Conti E (2018) An expanded 
molecular phylogeny of Plumbaginaceae, with emphasis on Limonium (sea lavenders): taxonomic 
implications and biogeographic considerations. Ecol Evol 8:12397–12424. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​e​c​
e​3​.​4​5​5​3​​​​​​​

Levin DA, Francisco-Ortega J, Jansen RK (1996) Hybridization and the extinction of rare plant species. 
Conserv Biol 10:10–16. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​4​6​/​j​.​​1​5​2​3​-​​1​7​3​9​.​1​​9​9​6​.​​1​0​0​1​0​0​1​0​.​x

Lledó MD, Crespo MB, Cameron KM, Fay MF, Chase MW (1998) Systematics of Plumbaginaceae based 
upon cladistic analysis of rbcL sequence data. Syst Bot 23:21–29. https://doi.org/10.2307/2419571

Lledó MD, Crespo MB, Fay MF, Chase MW (2005) Molecular phylogenetics of Limonium and related gen-
era (Plumbaginaceae): biogeographical and systematic implications. Am J Bot 92:1189–1198. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​3​7​3​2​/​a​j​b​.​9​2​.​7​.​1​1​8​9​​​​​​​

López-Caamal A, Tovar-Sánchez E (2014) Genetic, morphological, and chemical patterns of plant hybridiza-
tion. Rev Chil Hist Nat 87:16. https://doi.org/10.1186/s40693-014-0016-0

Malekmohammadi M, Akhani H, Borsch T (2017) Phylogenetic relationships of Limonium (Plumbaginaceae) 
inferred from multiple chloroplast and nuclear loci. Taxon 66:1128–1146. https://doi.org/10.12705/665.8

1 3

Page 21 of 24  54

https://doi.org/10.1111/j.1095-8339.2008.00938.x
https://doi.org/10.1111/j.1095-8339.2008.00938.x
https://doi.org/10.1111/j.1438-8677.2012.00568.x
https://doi.org/10.1007/s10531-015-0909-5
https://doi.org/10.3390/agronomy11030413
https://doi.org/10.3390/agronomy11030413
https://doi.org/10.1104/pp.16.01340
https://doi.org/10.24310/abm.v44i0.5636
https://doi.org/10.24310/abm.v44i0.5636
https://doi.org/10.1046/j.1365-2540.2000.00682.x
https://doi.org/10.1046/j.1365-2540.2000.00682.x
https://doi.org/10.1111/j.0014-3820.2006.tb01197.x
https://doi.org/10.1111/j.0014-3820.2006.tb01197.x
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.3390/plants11223163
https://doi.org/10.1007/BF00984583
https://doi.org/10.1111/j.1095-8339.2010.01065.x
https://doi.org/10.1111/j.1095-8339.2010.01065.x
https://doi.org/10.26820/recimundo/4.(4).octubre.2020.4-12
https://doi.org/10.26820/recimundo/4.(4).octubre.2020.4-12
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1002/ece3.4553
https://doi.org/10.1002/ece3.4553
https://doi.org/10.1046/j.1523-1739.1996.10010010.x
https://doi.org/10.2307/2419571
https://doi.org/10.3732/ajb.92.7.1189
https://doi.org/10.3732/ajb.92.7.1189
https://doi.org/10.1186/s40693-014-0016-0
https://doi.org/10.12705/665.8


Biodiversity and Conservation (2026) 35:54

Marhold K, Lihova J, Perny M, Grupe R, Neuffer B (2002) Natural hybridization in Cardamine (Brassica-
ceae) in the Pyrenees: evidence from morphological and molecular data. Bot J Linn Soc 139:275–294. ​
h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​4​6​/​j​.​​1​0​9​5​-​​8​3​3​9​.​2​​0​0​2​.​​0​0​0​6​6​.​x

Martín C, Pérez C (1992) Multiplication in vitro of Limonium estevei Fdez. Casas. Ann Bot 70:165–167. ​h​t​t​
p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​9​3​/​o​x​​f​o​r​d​j​​o​u​r​n​a​l​​s​.​a​o​​b​.​a​0​8​8​4​5​3

Mendoza-Fernández AJ, Pérez-García FJ, Martínez-Hernández F, Salmerón-Sánchez E, Lahora A, Merlo 
ME, Mota JF (2019) Red list index application for vascular flora along an altitudinal gradient. Biodivers 
Conserv 28:1029–1048. https://doi.org/10.1007/s10531-019-01705-y

Merlo ME, Mota JF, Sánchez-Gómez P (2011) Ecofisiología y adaptaciones de las plantas vasculares a las 
características físicas y químicas de sustratos especiales. In: Mota JF, Sánchez-Gómez P, Guirado JS 
(eds) Diversidad vegetal de las yeseras ibéricas. El reto de los archipiélagos edáficos para la biología de 
la conservación. ADIF-Mediterráneo Asesores Consultores, Almería, pp 51–73

Merlo E, Mendoza-Fernández AJ, Salmerón-Sánchez E, Martínez-Hernández F, Ortiz-Úbeda A, Mota J 
(2021) Elementome of endemic dolomitic flora: Pterocephalus spathulatus (Lag.) Coult. Land 10:1253. 
https://doi.org/10.3390/land10111253

Mitsui Y, Nomura N, Isagi Y, Tobe H, Setoguchi H (2011) Ecological barriers to gene flow between riparian 
and forest species of Ainsliaea (Asteraceae). Evolution 65:335–349. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​5​5​8​-​​5​6​
4​6​.​2​​0​1​0​.​​0​1​1​2​9​.​x

Mota JF, Aguilera-Lirola AM, Martínez-Lirola MJ (1999) Limonium estevei Fern. Casas. In: Blanca G, Cab-
ezudo B, Hernández-Bermejo JE, Herrera CM, Muñoz J, Valdés B (eds) Libro Rojo de la Flora Silvestre 
Amenazada de Andalucía. Tomo I: Especies en Peligro de Extinción. Consejería de Medio Ambiente. 
Sevilla, Junta de Andalucía, pp 168–171

Mota JF, Merlo ME, Jiménez ML, Sola AJ, Pérez-García FJ, Posadas L, Soria P, Aguilera AM, Masip R, 
Rodríguez-Tamayo ML (2004) Limonium estevei Fern. Casas. In: Bañares A, Blanca G, Güemes J, 
Moreno JC, Ortíz S (eds) Atlas y Libro Rojo de la Flora Vascular Amenazada de España. Taxones pri-
oritarios. Dirección General de Conservación de la Naturaleza, Madrid, pp 356–357

Nieto-Feliner G, Rosselló JA (2007) Better the devil you know? Guidelines for insightful utilization of 
nrDNA ITS in species-level evolutionary studies in plants. Mol Phylogenet Evol 44:911–919. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​y​m​p​e​v​.​2​0​0​7​.​0​1​.​0​1​3​​​​​​​

Nieto-Feliner G, Gutiérrez-Larena B, Fuertes-Aguilar J (2004) Fine-scale geographical structure, intra-indi-
vidual polymorphism and recombination in nuclear ribosomal internal transcribed spacers in Armeria 
(Plumbaginaceae). Ann Bot 93:189–200. https://doi.org/10.1093/aob/mch027

Palacios C, Rosselló JA, González-Candelas F (2000) Study of the evolutionary relationships among Limo-
nium species (Plumbaginaceae) using nuclear and cytoplasmic molecular markers. Mol Phylogenet 
Evol 14:232–249. https://doi.org/10.1006/mpev.1999.0690

Peñuelas J, Fernández-Martínez M, Ciais P, Jou D, Piao S, Obersteiner M, Vicca S, Janssens IA, Sardans J 
(2019) The bioelements, the elementome, and the biogeochemical niche. Ecology 100:e02652. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​e​c​y​.​2​6​5​2​​​​​​​

Pillon Y, Petit D, Gady C, Soubrand M, Joussein E, Saladin G (2018) Ionomics suggests niche differences 
between sympatric heathers (Ericaceae). Plant Soil 434:481–489. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​1​1​0​4​-​0​1​8​-​3​
8​7​0​-​8​​​​​​​

Pimentel M, Catalán P, Sahuquillo E (2010) Morphological and molecular taxonomy of the annual diploids 
Anthoxanthum aristatum and A. ovatum (Poaceae) in the Iberian Peninsula. Evidence of introgression 
in natural populations. Bot J Linn Soc 164:53–71. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​0​9​5​-​​8​3​3​9​.​2​​0​1​0​.​​0​1​0​6​8​.​x

Plants of the world Online (2025) Limonium Mill. ​h​t​t​p​s​:​​/​/​p​o​w​​o​.​s​c​i​e​​n​c​e​.​​k​e​w​.​o​​r​g​/​t​a​​x​o​n​/​u​r​​n​:​l​s​​i​d​:​i​p​​n​i​.​o​r​​g​:​n​a​m​
e​​s​:​3​3​​1​7​2​2​-​2

Pleines T, Jakob SS, Blattner FR (2009) Application of non-coding DNA regions in intraspecific analyses. 
Plant Syst Evol 282:281–294. https://doi.org/10.1007/s00606-008-0036-9

Portal Ambiental de Andalucía (2025) Siempreviva de Mojácar (Limonium estevei). Consejería de Sostenibi-
lidad y Medio Ambiente. ​h​t​t​p​s​:​​/​/​w​w​w​​.​j​u​n​t​a​​d​e​a​n​​d​a​l​u​c​​i​a​.​e​s​​/​m​e​d​i​o​​a​m​b​i​​e​n​t​e​/​​p​o​r​t​a​​l​/​l​a​n​d​​i​n​g​-​​p​a​g​e​-​​%​C​3​%​
A​​D​n​d​i​c​e​​/​-​/​a​​s​s​e​t​_​​p​u​b​l​i​​s​h​e​r​/​z​​X​2​o​u​​Z​a​4​r​1​​R​f​/​c​o​​n​t​e​n​t​/​​s​i​e​m​​p​r​e​v​i​​v​a​-​d​e​​-​m​o​j​-​c​​3​-​a​1​​c​a​r​-​l​i​m​o​n​i​u​m​-​e​s​t​e​v​e​i​-​/​2​
0​1​5​1​#​:​~​:​t​e​x​t​=​F​i​g​u​r​a​s​%​2​0​l​e​g​a​l​e​s​%​2​0​d​e​%​2​0​p​r​o​t​e​c​c​i​%​C​3​%​B​3​n

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using multilocus genotype 
data. Genetics 155:945–959. https://doi.org/10.1093/genetics/155.2.945

Quevauviller P, Rauret G, Rubio R, López-Sánchez JF, Ure A, Bacon J, Muntau H (1997) Certified reference 
materials for the quality control of EDTA-and acetic acid-extractable contents of trace elements in sew-
age sludge amended soils (CRMs 483 and 484). Fresenius J Anal Chem 357:611–618. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​0​0​7​/​s​0​0​2​1​6​0​0​5​0​2​2​2​​​​​​​

Řepka R, Mendel P (2022) Carex × favratii (Cyperaceae), new record for Romania and evidence of its hybrid 
origin. Phytotaxa 550:159–170. https://doi.org/10.11646/phytotaxa.550.2.5

1 3

54  Page 22 of 24

https://doi.org/10.1046/j.1095-8339.2002.00066.x
https://doi.org/10.1046/j.1095-8339.2002.00066.x
https://doi.org/10.1093/oxfordjournals.aob.a088453
https://doi.org/10.1093/oxfordjournals.aob.a088453
https://doi.org/10.1007/s10531-019-01705-y
https://doi.org/10.3390/land10111253
https://doi.org/10.1111/j.1558-5646.2010.01129.x
https://doi.org/10.1111/j.1558-5646.2010.01129.x
https://doi.org/10.1016/j.ympev.2007.01.013
https://doi.org/10.1016/j.ympev.2007.01.013
https://doi.org/10.1093/aob/mch027
https://doi.org/10.1006/mpev.1999.0690
https://doi.org/10.1002/ecy.2652
https://doi.org/10.1002/ecy.2652
https://doi.org/10.1007/s11104-018-3870-8
https://doi.org/10.1007/s11104-018-3870-8
https://doi.org/10.1111/j.1095-8339.2010.01068.x
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:331722-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:331722-2
https://doi.org/10.1007/s00606-008-0036-9
https://www.juntadeandalucia.es/medioambiente/portal/landing-page-%C3%ADndice/-/asset_publisher/zX2ouZa4r1Rf/content/siempreviva-de-moj-c3-a1car-limonium-estevei-/20151#:~:text=Figuras%20legales%20de%20protecci%C3%B3n
https://www.juntadeandalucia.es/medioambiente/portal/landing-page-%C3%ADndice/-/asset_publisher/zX2ouZa4r1Rf/content/siempreviva-de-moj-c3-a1car-limonium-estevei-/20151#:~:text=Figuras%20legales%20de%20protecci%C3%B3n
https://www.juntadeandalucia.es/medioambiente/portal/landing-page-%C3%ADndice/-/asset_publisher/zX2ouZa4r1Rf/content/siempreviva-de-moj-c3-a1car-limonium-estevei-/20151#:~:text=Figuras%20legales%20de%20protecci%C3%B3n
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1007/s002160050222
https://doi.org/10.1007/s002160050222
https://doi.org/10.11646/phytotaxa.550.2.5


Biodiversity and Conservation (2026) 35:54

Rhymer JM, Simberloff D (1996) Extinction by hybridization and introgression. Annu Rev Ecol Syst 27:83–
109. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​4​6​/​a​n​​n​u​r​e​v​​.​e​c​o​l​s​​y​s​.​2​​7​.​1​.​8​3

Rieseberg LH (1997) Hybrid origins of plant species. Annu Rev Ecol Syst 28:359–389. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​
1​​4​6​/​a​n​​n​u​r​e​v​​.​e​c​o​l​s​​y​s​.​2​​8​.​1​.​3​5​9

Rieseberg LH, Ellstrand NC, Arnold M (1993) What can molecular and morphological markers tell us about 
plant hybridization? Crit Rev Plant Sci 12:213–241. https://doi.org/10.1080/07352689309701902

Rieseberg LH, Archer MA, Wayne RK (1999) Transgressive segregation, adaptation and speciation. Heredity 
83:363–372. https://doi.org/10.1038/sj.hdy.6886170

Ringnér M (2008) What is principal component analysis? Nat Biotechnol 26:303–304. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
3​8​/​n​b​t​0​3​0​8​-​3​0​3​​​​​​​

Rodríguez S, Palop ML, Palacios C, González-Candelas F (2003) Molecular and morphological differen-
tiation in Limonium dufourii (Plumbaginaceae), an endangered Mediterranean plant. Conserv Genet 
4:383–391. https://doi.org/10.1023/A:1024085517637

Rodríguez-Tamayo ML, Pérez-García FJ, Giménez-Sánchez ML, Sola AJ, Caparrós JL, Masip R, Garrido-
Becerra JA, Schwarzer V, Mota JF (2003) Limonium estevei Fern. Casas. ¿Por quién doblan las campa-
nas? In: Mota JF, Carreño F, Valle D (eds) Flora amenazada de la provincia de Almería: una perspectiva 
desde la Biología de la Conservación. University of Almería, Almería, pp 178–180

Rodríguez-Tamayo ML, Lozano R, Mota J (2005a) The translocation of critically endangered Limonium 
estevei Fern. Casas. Poster presented at the Symposium Biodiversity Loss in Europe, Almería, Spain

Rodríguez-Tamayo ML, Merlo ME, Lozano R, Mota J (2005b) Demographic monitoring of the natural popu-
lation and introduction of Limonium estevei Fern. Casas. Poster presented at the II Congress on Plant 
Conservation Biology, Gijón, Spain

Salleo S, Nardini A (2000) Sclerophylly: evolutionary advantage or mere epiphenomenon? Plant Biosyst 
134:247–259. https://doi.org/10.1080/11263500012331350435

Salmerón-Sánchez E, Pérez-García FJ, Medina-Cazorla JM, Martínez-Nieto MI, Martínez-Hernández F, 
Garrido-Becerra JA, Mendoza-Fernández AJ, Merlo ME, Mota JF (2014) Genetic analysis based on 
plastidial and ribosomal sequences of the endemic bi-edaphic taxon Jurinea pinnata (Lag.) DC. (Com-
positae) in the Guadix-Baza Basin. Plant Biosyst 149:922–932. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​8​0​/​1​1​2​6​3​5​0​4​.​2​0​1​
4​.​9​8​3​2​0​3​​​​​​​

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH image to ImageJ: 25 years of image analysis. Nat 
Methods 9:671–675. https://doi.org/10.1038/nmeth.2089

Schwartz MK, Luikart G, Waples RS (2007) Genetic monitoring as a promising tool for conservation and 
management. Trends Ecol Evol 22:25–33. https://doi.org/10.1016/j.tree.2006.08.009

Segarra-Moragues JG, Villar L, López J, Pérez-Collazos E, Catalán P (2007) A new Pyrenean hybrid Cirsium 
(Asteraceae) as revealed by morphological and molecular analyses. Bot J Linn Soc 154:421–434. ​h​t​t​p​s​
:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​0​9​5​-​​8​3​3​9​.​2​​0​0​7​.​​0​0​6​6​8​.​x

Statgraphics Techologies Inc. (2022) Statgraphics Centurion 19 v19.4.04. Available at ​h​t​t​p​s​:​/​/​s​t​a​t​g​r​a​p​h​i​c​s​.​
n​e​t​/​​​​​​​

Taberlet P, Gielly L, Pautou G, Bouvet J (1991) Universal primers for amplification of three non-coding 
regions of chloroplast DNA. Plant Mol Biol 17:1105–1109. https://doi.org/10.1007/BF00037152

Urfus T, Chrtek J, Kaplan Z, Prančl J, Ponert J, Trávníček P, Slovák M (2025) Flow cytometry in conserva-
tion: detecting hybridization risks in threatened plant species. Biodivers Conserv 34:1–22. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​1​0​0​7​/​s​1​0​5​3​1​-​0​2​5​-​0​3​0​6​2​-​5​​​​​​​

Vos P, Hogers R, Bleeker M, Reijans M, Lee TVD, Hornes M, Adrie F, Pot J, Paleman J, Kuiper M, Zabeau 
M (1995) AFLP: a new technique for DNA fingerprinting. Nucleic Acids Res 23:4407–4414. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​9​3​/​n​a​r​/​2​3​.​2​1​.​4​4​0​7​​​​​​​

Wendelberger KS, Richards JH (2017) Halophytes can salinize soil when competing with glycophytes, inten-
sifying effects of sea level rise in coastal communities. Oecologia 184:729–737. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​
7​/​s​0​0​4​4​2​-​0​1​7​-​3​8​9​6​-​2​​​​​​​

Whittall J, Liston A, Gisler S, Meinke AR (2000) Detecting nucleotide additivity from direct sequences is 
a SNAP: an example from Sidalcea (Malvaceae). Plant Biol 2:211–217. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​5​5​/​s​-​2​0​0​
0​-​9​1​0​6​​​​​​​

Wolf DE, Takebayashi N, Rieseberg LH (2001) Predicting the risk of extinction through hybridization. Con-
serv Biol 15:1039–1053. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​​1​0​​4​​6​​/​j​.​1​​5​​2​3​-​​1​7​​3​9​.​​2​​0​0​1​.​0​1​5​0​0​​4​1​0​3​9​.​x

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, Cavender-Bares J, Chapin T, Cornelis-
sen JHC, Diemer M, Flexas J, Garnier E, Groom PK, Gulias J, Hikosaka K, Lamont BB, Lee T, Lee W, 
Lusk C et al (2004) The worldwide leaf economics spectrum. Nature 428:821–827. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​
1​0​3​8​/​n​a​t​u​r​e​0​2​4​0​3​​​​​​​

Publisher's Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

1 3

Page 23 of 24  54

https://doi.org/10.1146/annurev.ecolsys.27.1.83
https://doi.org/10.1146/annurev.ecolsys.28.1.359
https://doi.org/10.1146/annurev.ecolsys.28.1.359
https://doi.org/10.1080/07352689309701902
https://doi.org/10.1038/sj.hdy.6886170
https://doi.org/10.1038/nbt0308-303
https://doi.org/10.1038/nbt0308-303
https://doi.org/10.1023/A:1024085517637
https://doi.org/10.1080/11263500012331350435
https://doi.org/10.1080/11263504.2014.983203
https://doi.org/10.1080/11263504.2014.983203
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.tree.2006.08.009
https://doi.org/10.1111/j.1095-8339.2007.00668.x
https://doi.org/10.1111/j.1095-8339.2007.00668.x
https://statgraphics.net/
https://statgraphics.net/
https://doi.org/10.1007/BF00037152
https://doi.org/10.1007/s10531-025-03062-5
https://doi.org/10.1007/s10531-025-03062-5
https://doi.org/10.1093/nar/23.21.4407
https://doi.org/10.1093/nar/23.21.4407
https://doi.org/10.1007/s00442-017-3896-2
https://doi.org/10.1007/s00442-017-3896-2
https://doi.org/10.1055/s-2000-9106
https://doi.org/10.1055/s-2000-9106
https://doi.org/10.1046/j.1523-1739.2001.0150041039.x
https://doi.org/10.1038/nature02403
https://doi.org/10.1038/nature02403


Biodiversity and Conservation (2026) 35:54

Authors and Affiliations

Lucía Miranda-Hernández1  · Esteban Salmerón-Sánchez1  ·  
María J. Fernández-Cobo1  · Encarna Merlo1  · Carlos Salazar-Mendías2  ·  
Antonio J. Mendoza-Fernández3  · Fabián Martínez-Hernández3  ·  
Francisco J. Pérez-García1  · Juan F. Mota1

	
 Esteban Salmerón-Sánchez
esanchez@ual.es

1	 Department of Biology and Geology, University of Almería, Ctra. Sacramento s/n,  
04120 Almería, Spain

2	 Department of Animal Biology, Plant Biology and Ecology, University of Jaén, Campus Las 
Lagunillas s/n, 23071 Jaén, Spain

3	 Department of Botany, University of Granada, Avenida de la Fuente Nueva s/n,  
18071 Granada, Spain

1 3

54  Page 24 of 24

http://orcid.org/0009-0007-1288-4447
http://orcid.org/0000-0002-2237-0163
http://orcid.org/0009-0001-6812-6043
http://orcid.org/0000-0002-8410-3490
http://orcid.org/0000-0002-9448-1460
http://orcid.org/0000-0002-7577-6634
http://orcid.org/0000-0002-5124-5492
http://orcid.org/0000-0002-5778-2803
http://orcid.org/0000-0001-5754-279X

	﻿Hybridization, ecological niche, and conservation of the threatened endemic species ﻿Limonium estevei﻿: an integrated approach in the genus ﻿Limonium﻿
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study area and sampling
	﻿DNA extraction and AFLP analysis
	﻿Nuclear ribosomal and plastid DNA amplification and sequencing
	﻿Morphometric analysis
	﻿Edaphic properties and elemental analyses

	﻿Results
	﻿AFLP analysis
	﻿Nuclear ribosomal and plastid DNA analysis



