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ABSTRACT

Androsace cantabrica (Losa & P. Monts.) Kress is a narrow endemic polyploid restricted tofew northern
Iberian mountains, potentially threatened by global warming and human activities. However, A. cantabrica
is taxonomically not accepted and is considered a synonym of A. adfinis. We investigated six A. cantabrica
populations, which cover its entire distribution range, together with related taxa and used Angiosperms353
target capture sequence data at two scales: (1) applying phylogenomic approaches to resolve species-level
taxonomic conflicts and (2) conducting population genomic analysis to provide conservation recommenda-
tions.

We optimized the use of the universal Angiosperms353 target capture bait set in conservation genetics for
the first time, demonstrating its versatility in being resolutive at phylogenetic and population genetics
scales. Based on nuclear and plastid data, phylogenetic results resolved A. cantabrica as an independent
clade from A. adfinis, thus supporting it as a distinct species. Phylogenetic incongruence between plastid
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and nuclear data sheds new light on the origin of A. cantabrica, sister to A. adfinis with plastid sequence
data and sister to a clade formed by A. pyrenaica, A. laggeri, A. halleri and A. rioxana using nuclear
genes. Intronic regions were used to call SNPs and calculate population genetics parameters. Population
genetic structure results divide the six populations into two conservation management units with a clear
geographic separation (east and west) although low genetic differentiation (F ST = 0.05) between them. We
estimated the distribution range, population size and threats of A. cantabrica and, under the IUCN Red
List criteria B1ab(ii,iii) + 2ab(ii,iii), classified it as Vulnerable (VU). We recommend translocations for the
western genetic group due to its lower genetic diversity (H E = 0.143) to increase effective population size and
habitat threat management for the eastern genetic group (H E = 0.184). We conducted ex-situ conservation
collected and identified a potential micro-reserve.

Keywords: alpine ecosystem, Angiosperms353, conservation genetics, global warming, phylogenomics, pop-
ulation genomics, threatened species.

1 INTRODUCTION

Alpine environments, dominated by perennial herbs, face severe impacts from global climate change (Seddon
et al. , 2016). Global warming has led to significant changes, such as the encroachment of woody subalpine
plants, narrowing of alpine ecosystems (Capers & Stone, 2011) or the increase of diversity in European
summits (Steinbauer et al. , 2018). While the loss of alpine habitat could be compensated by glacier
retreatment (Whittaker, 1993; Losapio et al. , 2021), the snowline has been wholly lost in the lower and
southern mountain regions where alpine plants are currently refuged in their ridges and peaks facing potential
local extinction (Rumpf et al. , 2022). Global warming also affects alpine plant reproduction, including
plant-pollinator interactions (Inouye, 2020) and seed germination (Mondoni et al. , 2012). Moreover, human
disturbance in mountainous areas, such as civil infrastructures or recreation resources, leads to alpine habitat
fragmentation and quality decline (Winkler, 2020; Chardon et al. , 2023). Therefore, alpine ecosystems and
their species are considered vulnerable to environmental changes (Schwager & Berg, 2019).

By 2100, 36-55% of the alpine species in European mountains are predicted to lose more than 80% of
their habitats (Inouye, 2020). However, limited information is available regarding the current conservation
status of many European alpine species, such as those included in the Androsace L. section Aretia (L.).
SectionAretia includes narrow endemics with low dispersal ability (Anderberg & Kelso, 1996), with 34 rec-
ognized species (Boucher et al. , 2021) mainly distributed in the ”European Alpine System” (Ozenda, 1995).
Only a handful of Aretia species have undergone threat assessments (Fasciani & Pace, 2015; Eustacchio et
al. , 2023). In Spain, Androsace cantabrica (Losa & P. Monts.) Kress has been included in the list of priority
species for conservation (Moreno Saizet al. , 2008).

Androsace cantabrica is an endemic species to the central region of the North Iberian Cordillera Cantabrica
(Fig. 1A; Kress, 1997). It is a perennial, monoecious, and allogamous plant with small, densely clustered
rosettes. The stem is usually less than 5cm long, and the flower corolla is deep pink (Figs. 1B and C;
Kress, 1997).Androsace cantabrica is known to occur in seven localities; however, population size estimates
are only known in four of them (Fig. 1A, in red), with less than 6,000 individuals estimated across 20 1x1km
UTM quadrats (Baudet et al. (2004). This species is found on siliceous or acidic substrates in mountainous
areas above 2000m, typically in ridges, and often associated with low shrubs or pastures (Tejero et al. ,
2022). The central distribution core is centred around the Tres Mares area, partially overlapping with the
Alto Campoo ski resort. All population sites have traditionally been subjected to controlled burning to
promote pasture development. Global warming will likely affect its reproductive output, like Tejero et al.
(2022) observed lower germination rates in experiments with warmer temperatures. Baudet et al. (2004)
proposed to categoriseA. cantabrica as ”Endangered” in the Spanish Red List, later confirmed by Moreno
Saiz et al. (2008). However, A. cantabrica is not an accepted species name (https://powo.science.kew.org/,
accessed 14th July 2024); instead, it is treated as a synonym of A. adfinis subsp. adfinis Biroli. This
taxonomic uncertainty has conservation implications because the European conservation framework does
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not consider it a species, thus not categorised as threatened. Scientific evidence is urgently needed to resolve
this taxonomic conflict as a first step to provide effective conservation (Godfray et al. , 2004).

Molecular phylogenetics has emerged as a crucial tool for addressing taxonomic challenges (de Queiroz &
Gauthier, 1992), and its resolution has greatly enhanced with the advent of high-throughput sequencing
methodologies (Campos et al. , 2023). However, attempts to clarify species boundaries in this complex of
Androsace species were mostly based on traditional molecular approaches. Previous morphological studies
suggested that A. cantabrica was closely related toA. laggeri A.Huet (Kress, 1997). Genetic data using
different molecular markers, such as the plastid trn L-F region and the internal transcribed spacer (ITS,
Schneeweiss et al. , 2004), amplified fragment length polymorphism (AFLPs, Dixon et al. , 2008), and double
digest restriction-site associated DNA (ddRAD-seq, Boucher et al. , 2021), proposed that A. cantabrica
andA. adfinis are sister taxa, forming a cantabrica-adfinis clade sister to a clade formed by A. halleri L. and
A. laggeri (/halleri clade hereafter), but with low bootstrap support. However, a more recent phylogenetic
tree reconstructed with full plastome sequences suggests that the clade formed by A. cantabrica and A.
adfinis is not sister to the /halleri clade (Smyčka et al., 2022). Therefore, the evolutionary relationships
among the Iberian Androsace section Aretia taxa and A. adfinis remain uncertain and still need to be
resolved.

Targeted sequencing using the universal Angiosperms353 probe set can generate hundreds of homologous
low-copy nuclear loci sequences, establishing it as a powerful tool in plant evolutionary studies (Johnson
et al. , 2019). This approach is cost-effective and allows the use of herbarium materials in phylogenomic
analysis (Breweret al. , 2019). Nuclear genes can yield a distinct phylogenetic topology compared to
plastid genes (Stubbs et al. , 2023). By combining these two genomic sources, researchers can explore
reticulate evolution and potential hybrid origins more effectively (Vriesendorp & Bakker, 2005). However,
most previous studies using Angiosperms353 data have primarily focused on clade boundaries at the genus,
family, and order levels (e.g., Nepenthes (Nepenthaceae), Murphy et al. , 2020; Gentianales, Antonelli et
al. , 2021; Primulaceae, Larson et al. , 2023), with few addressing species-level taxonomic conflicts (e.g.,
Campos et al. , 2023). In addition to its application in phylogenomics, Angiosperms353 data can be utilised
in population genetic studies (Slimp et al. , 2021), which is invaluable for designing effective conservation
plans for threatened species (Liu & Zhao, 1999; Xiong et al. , 2024). Compared to RAD-Seq (Davey &
Blaxter, 2010), Angiosperms353 offers a more cost-effective alternative with reduced missing data, and it
can be used in plants with different genome sizes (Slimp et al. , 2021). However, to our knowledge, the
application of Angiosperms353 in practical conservation genetics has yet to be reported.

Our research objectives are threefold: to clarify the taxonomic status of A. cantabrica using nuclear An-
giosperms353 loci and plastid data; to evaluate its threatened status and IUCN category; and to provide
conservation recommendations for A. cantabrica based on population genetics analysis. This approach will
also enable us to evaluate the effectiveness of Angiosperms353 in conservation genetics research.

2 MATERIALS AND METHODS

2.1 Plant material

In the summer of 2020, A. cantabrica populations were sampled from six locations that collectively represent
its distribution range, as illustrated in Fig. 2A. Within these populations, its distribution is often fragmented,
resulting in multiple subpopulations, notably in Tres Meras (TM). A total of thirty-five individuals were
collected, with six individuals sampled from each population, except for Hoya Continua (HC), where only one
individual was available for analysis. Three additional individuals were sampled from different subpopulations
within TM, along with one more from a separate Valdecebollas (VB) subpopulation. Related taxa of A.
cantabrica from the northern Iberian Peninsula were also sampled, including six individuals from an A.
halleri subsp. nuria Schönsw. & Schneew. population (Fig. 2B; Suppl. Table 1). Fresh leaf tissue samples
were dried in silica gel, and specimen vouchers were preserved at the JACA Herbarium (Suppl. Table 1).
Specimens from the four Alps taxa were obtained from the Kew Herbarium (Suppl. Fig. 1), with additional
sequencing data sourced for related taxa and Primula matthioli (L.) V.A.Richt. which was selected as an
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outgroup (Suppl. Table 2). Field sampling also involved recording population sizes, key reproductive traits,
and the conservation status of each population. We further reassessed the IUCN category following the
standards set by the IUCN Species Survival Commission (2012).

2.2 Molecular methods to generate Angiosperms353 sequence data

Total DNA was isolated using a modified CTAB protocol (Doyle & Doyle, 1987). Genomic libraries were
constructed as optimized in (Viruelet al. , 2019) using half volumes of the NEBNext® UltraTM II DNA
Library Prep Kit for Illumina® (New England Biolabs, Ipswich, MA, United States), purified using AMPure
XP magnetic beads and multiplexed with NEBNext® Multiplex Oligos for Illumina® (Dual Index Primer
Sets I and II). Equimolar pools containing twelve genomic libraries were enriched with half-reactions of the
Angiosperms353 probe kit (Johnson et al. , 2019; Baker et al. , 2022) following myBaits®kit manual v5.03
(Arbor Biosciences). DNA concentrations were calculated using a QuantusTM fluorometer (Promega Corp.),
and an Agilent 4200 TapeStation (Agilent Technologies, Santa Clara, CA, United States) was used to assess
fragment length. Sequencing was performed on a HiSeq (Illumina, Inc.) by Macrogen (Seoul, South Korea),
producing 150 bp paired-end reads.

2.3 Quality filtering of FASTQ raw data

The raw sequencing files were checked for quality using FastQC (Andrews, 2010) and MultiQC (Ewels et al. ,
2016), then trimmed using Trimmomatic (Bolger et al. , 2014) to remove adapters and reads with low quality
(LEADING:30 TRAILING:30). Paired reads were used as input in HybPiper (Johnson et al. , 2016) and the
”mega353” target file (McLay et al. , 2021) was used to recover Angiosperms353 loci sequences. Reads were
mapped to the mega353 reference using BWA (Li & Durbin, 2009) and were then assembled de novo using
SPAdes (Bankevich et al. , 2012). Exon, intron and supercontig sequences were recovered using Exonerate
(Slater & Birney, 2005). We excluded genes flagged with paralog warnings by Hybpiper and genes that were
not recovered in at least 75% of samples.

We extracted protein-coding and intergenic sequences from the complete plastid genome of Androsace mariae
Kanitz (GenBank: MT732944) and removed duplicates and sequences shorter than 200bp, resulting in a
plastome reference of 125 plastid fragments. This reference was then used to recover plastid sequences with
HybPiper, as described above.

2.4 Estimation of ploidy

We estimated the ploidy levels of Androsace samples using nQuire (Weiß et al. , 2018) following the approach
by Viruel et al. (2019). To prepare the reference file for nQuire, we extracted the longest exon recovered
per gene using bioawk (available at https://github.com/lh3/bioawk) and excluded any genes that received
paralog warnings from the initial reference. We then evaluated ploidy by analyzing the delta log-likelihood
(Δ logL values produced by nQuire across three models —diploid, triploid, and tetraploid— to identify the
best-supported ploidy level.

2.5 Phylogenomic analysis

We reconstructed phylogenetic trees using one representative sample from each of the six A. cantabrica
populations and all other taxa. Some genome skimming data available online (Suppl. Table 2) were added
for reconstructing the plastid phylogeny.

Loci sequences were aligned with MAFFT (–auto; Katoh & Standley, 2013), and then the alignments were
trimmed with trimAl (-automated1; Capella-Gutiérrez et al. , 2009). For both Angiosperms353 loci and
the 125 recovered plastid fragments, we inferred nuclear and plastid phylogenetic trees using both coalescent
and concatenated maximum likelihood (ML) approaches. In the coalescent approach, we inferred single-locus
phylogenetic trees from each trimmed alignment using IQ-TREE (Minh et al. , 2020) with 1000 ultrafast
bootstrap replicates (-bb 1000; Hoang et al. , 2018), and branches with less than 10% bootstrap support
were collapsed with Newick utilities (Junier & Zdobnov, 2010). We then used ASTRAL-III (Zhang et al. ,
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2018) to infer the species tree (hereafter, ASTRAL tree), applying the ”-t 3” flag to annotate local posterior
probabilities (LPP) for each node.

In the concatenated ML approach, all trimmed alignments were concatenated with FASconCAT-G (Kück
& Meusemann, 2010). The best-fit model inferred by IQ-TREE (-m MFP) was applied in RAxML-NG
(Kozlovet al. , 2019) to infer the species tree using the concatenated partitioned matrix with 1000 bootstrap
replicates (–tree pars{20} –bs-trees 1000; hereafter, RAxML tree). Additionally, we implemented a greedy
strategy (Lanfear et al. , 2012) with the relaxed hierarchical clustering algorithm (Lanfear et al. , 2014) to
select the best partition model, which was applied in IQ-TREE to infer the species tree with 1000 SH-like
approximate likelihood ratio test replicates (-alrt 1000; Guindon et al. , 2010) and 1000 ultrafast bootstrap
replicates (hereafter, IQ-partition tree). We visualized the phylogenetic trees using Dendroscope (Huson &
Scornavacca, 2012) and FigTree (available at https://github.com/rambaut/figtree).

To investigate potential phylogenetic conflicts and signs of reticulate evolution, we used SplitsTree4 (Huson
& Bryant, 2006) to create a split network based on the Neighbor-Joining algorithm with the Angiosperms353
data. In the resulting network, we masked specific samples to retain only those within the A. cantabrica, A.
adfinis and /halleri clades for focused analysis.

2.6 Variant calling and filtering

To compare the population genetic results between the threatenedA. cantabrica and the non-threatened A.
halleri , we performed variant calling and population genetic analyses using 35A. cantabrica samples from
six populations and six samples ofA. halleri subsp. nuria from a single population. We followed the pipelines
and scripts provided by https://github.com/lindsawi/HybSeq-SNP-ExtractionSlimp et al. (2021, available at
) with some modifications. In their pipeline, Slimp et al. (2021) used supercontig sequences, demonstrating
that most genetic variation occurred in flanking non-coding regions, which tend to accumulate mutations
quickly due to limited functional constraints (Palumbi, 1996). We used sequences from supercontig and
intron regions separately for comparative analyses. We prepared a reference file for supercontigs and introns
using the same approach described above to generate the nQuire reference, in this case, selecting each
gene’s longest supercontig and intron sequence. Additionally, we excluded any genes flagged by HybPiper
for paralogy warnings (Bryc et al. , 2013).

To obtain single-nucleotide polymorphisms (SNPs) data, we used the framework developed by DePristo et
al. (2011) in GATK (McKennaet al. , 2010). We combined aligned and unaligned reads to the reference,
removed duplicate sequences, and performed genotype calling collectively for all samples after generating
preliminary variants individually for each sample (Poplin et al. , 2018) in a Variant Call Format (VCF) file.
The filtering conditions we conducted on the initial VCF file included using a ”hard filter” (QD < 5.0 || FS
> 60.0 || MQ < 40.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0), removing indels and SNPs with
missing data in GATK, and removing linked SNPs in PLINK (Changet al. , 2015). We conducted a Base
Quality Score Recalibration in GATK and repeated the variant calling step. To address the potential effects
of polyploidy, which can artificially increase heterozygosity and allelic richness (Hokanson & Hancock, 1998),
it is essential to filter fixed heterozygotes in SNP datasets in polyploid species (e.g., Douglas et al., 2015;
Cornille et al., 2016; Blischak et al., 2018; Pavan et al., 2020). We removed loci with observed heterozygosity
(H O) > 0.5 from A. cantabrica (Appendix S1) data using the R package ”VCFR” (Knaus & Grünwald,
2017). We established this filter by comparing heterozygosity and inbreeding coefficient results for the diploid
A. halleri to those obtained for the tetraploid A. cantabrica (see Appendix S1 and Results). The unfiltered
data were retained for comparative studies.

2.8 Population genetic indicators for conservation recommendations

Following the framework proposed by Ottewell et al. (2016) for conservation planning, we calculated three
population genetic indicators: genetic differentiation (F ST), genetic diversity (observed and expected he-
terozygosity,H O and H E) and inbreeding coefficient (F IS). To identify conservation management units
and set conservation priorities, we analyzed the population genetic structure as outlined by Fraser & Bernat-
chez (2001) using two primary approaches: (1) Principal Coordinate Analysis (PCoA): We generated genetic
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distance-based PCoA plots in GeneAlEx (Peakall & Smouse, 2012) to visualize genetic relationships among
populations; (2) Clustering Analysis: We inferred the optimal number of genetic clusters (K ) in STRUC-
TURE (Pritchard et al. , 2000) using 10,000 burnin and 100,000 MCMC generations, with ten replicates per
K value, testing up to K equal to the number of populations plus two. The most likely K was determined
following Evanno et al. (2005) approach as implemented in Structure Harvester (Earl & vonHoldt, 2012), and
the results were visualized with StructuRly (Criscuolo & Angelini, 2020). File format conversions between
software were conducted in PGDSpider (Lischer & Excoffier, 2012).

3 RESULTS

3.1 Sequence data and recovery

On average, 32.98% of reads were mapped to target regions, ranging from 14.88% to 66.83%. The sequence
length recovery rate, relative to gene lengths in the ”mega353” target file, averaged 80.56%, ranging from
25.55% to 86.52% (Suppl. Table 3). Sample 21B61 was removed from analysis due to the absence of gene
recovery. Sample Z4 had a notably low recovery rate of 25.55%, the lowest among A. cantabrica samples
(Suppl. Table 3). This sample was temporarily retained to assess the impact of low-recovery samples and
variation in recovery rates on variant calling and population genetic analyses. The average plastid sequence
length recovery rate was 92.03%, ranging from 60.69% to 98.64%, excluding herbarium samples (Suppl. Table
4).

3.2 Phylogenetic trees and network

The phylogenetic trees reconstructed with the Angiosperms353 loci (hereafter, Angiosperms353 trees) show
strong support, with bootstrap values above 90% for most inter-species nodes (Figs. 3A and Suppl. Fig.
2). The IQ-partition and RAxML trees are largely congruent, withA. cantabrica resolved as a sister to the
/halleri clade (Fig. 3A). In the ASTRAL tree, a phylogenetic conflict was observed regarding the placement
of A. rioxana A.Segura (Suppl. Fig. 2); here,A. rioxana was resolved as a sister to the /halleri and A.
cantabrica clades rather than being embedded within the /halleri clade, as seen in other phylogenetic trees
(Fig. 3). In the plastid tree,A. cantabrica is resolved as a sister to A. adfinis , with these two forming a
clade that is sister to A. alpina (L.) Lam.. The /halleri clade is resolved as a sister to the clade formed byA.
alpina , A. adfinis , and A. cantabrica (Fig. 3B).

Our ploidy estimation analysis predicts that A. rioxana , A. cantabrica and A. adfinis subsp. brigantiaca
(Jord. & Fourr.) Kress are tetraploid, whereas all other species tested are estimated as diploid (Suppl. Table
5). The split network analysis reveals indicated gene flow and reticulate evolution in the formation of these
species, with A. cantabrica emerging as a relatively independent evolutionary branch related to A. adfinis
and the /halleri clade, yet showing more ancestral gene flow with the /halleri species (Fig. 3C).

3.3 Variant calling and filtering

Initial filtering steps produced several SNP datasets, including a ”hard filter” dataset (SNPs HF), a dataset
excluding SNPs with missing data (SNPs HF NMD), and a set excluding linked SNPs (SNPs HF NMD -
NLD) (Table 1). Removing the low-recovery sample Z4 from the analysis altered the STRUCTURE results,
reducing the optimal number of clusters fromK =5 (with Z4) to K =2 (without Z4; (all comparative analysis
results for this section can be found in Appendix S1). The population structure position of Z4 diverged from
its native population. Consequently, we opted to discard Z4 in subsequent analyses.

Despite the high SNP count from supercontigs (34,138 SNPs after linkage disequilibrium filtering), no si-
gnificant difference in population genetics parameters (F ST,H E and F IS) was observed between datasets
derived from supercontigs and introns (Table 1, Appendix S1). Therefore, intron-derived SNPs were selected
for final analyses to ensure robustness and compatibility across related studies.

Table 1. Number of variants produced by different filtering steps (Appendix S1).

Condition N SNPs+ indels Only SNPs SNPs HF SNPs HF NMD SNPs HF NMD NLD SNPs HF NMD NLD 0.5HO
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Table 1. Number of variants produced by different filtering steps (Appendix S1).

A. cantabrica supercontig (with Z4) 34 62132 49523 36138 7514 1824 859
A. cantabrica supercontig (without Z4) 33 61987 49412 36042 17093 3880 1943
A. cantabrica intron 33 8760 6964 5218 1944 869 462
A. halleri supercontig 6 25253 20827 17261 13829 966 -
A. halleri intron 6 2759 2253 1788 1319 273 -

3.4 Population genetic analysis

Using two SNP datasets, one with 869 SNPs and one filtered to retain only those with HO [?] 0.5 (462
SNPs), we observed consistent population structure results in PCoA and STRUCTURE analyses, except
for the position of individual TM 6 in the PCoA plot under 869 SNPs (Fig. 4). The population division
separated western (Group W: LL, EP, HC) and eastern populations (Group E: TM, VB, CD) (Fig. 4).
Although the most likely number of K estimated was 3 for the 869 SNPs matrix, both groups maintained
similar genetic structure.F ST values indicate low differentiation between groups (i.e., F ST < 0.15), aligning
with limited recent gene flow observed between them (Table 2).

Table 2. Genetic differentiation (F ST) values between five location populations and two groups, with the lower triangle being the case using 869 SNPs and the upper triangle using 462 SNPs.

Populations TM VB CD LL EP Group W Group E
TM - 0.056 0.069 0.096 0.102 - -
VB 0.033 - 0.080 0.098 0.115 - -
CD 0.043 0.051 - 0.118 0.133 - -
LL 0.054 0.056 0.069 - 0.124 - -
EP 0.057 0.062 0.076 0.060 - - -
Group W - - - - - - 0.050
Group E - - - - - 0.032 -

Table 3. Sample size (N), observed heterozygosity (H O), expected heterozygosity (H E) and inbreeding coefficients (F IS) values in A. cantabrica and A. halleri studied populations. Estimates with all SNPs (869 SNPs) and removing those with H O > 0.5 (462 SNPs) are shown.

Populations N H O H E F IS

A. halleri 6 0.393 0.344 -0.103
A. cantabrica 869 SNPs 462 SNPs 869 SNPs 462 SNPs 869 SNPs 462 SNPs
TM 6 0.513 0.219 0.313 0.172 -0.543 -0.214
VB 6 0.498 0.199 0.300 0.154 -0.564 -0.232
CD 5 0.487 0.219 0.300 0.166 -0.541 -0.257
LL 6 0.510 0.187 0.289 0.130 -0.691 -0.347
EP 5 0.506 0.168 0.278 0.110 -0.753 -0.417
Mean 28 0.503 0.198 0.296 0.146 -0.611 -0.277
Group E 21 0.499 0.214 0.321 0.184 -0.407 -0.190
Group W 12 0.505 0.179 0.299 0.143 -0.576 -0.190
Mean 33 0.502 0.197 0.310 0.164 -0.482 -0.136

Using A. cantabrica intron-derived data, we observedF IS values (> -0.5) when SNPs withH o > 0.5 were
not removed (Table 3). However,F IS values became relatively low negative after filtering. In both cases,
Group E exhibits relatively higherH E values than Group W, with the TM population having the highest
H E value. The genetic diversity of the TM population remains lower than that of the non-threatened and
diploid A. halleri (Table 3).

3.5 Reproductive biology, distribution range and population size of A. cantabrica
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Both pistils and stamens of A. cantabrica are situated within the corolla tube (Fig. 5A), which makes wind
pollination highly improbable. Initially, the corolla exhibits a prominent yellow ring within the throat, which
fades after pollination along with the pink of the corolla, serving as a signal to potential pollinators (Fig.
5B). This signalling contrasts with other Androsace species, where the colour change post-pollination is
typically more pronounced transitioning to a deeper hue (Fig. 5C). Androsace cantabrica generally attracts
various Hymenoptera and Diptera pollinators (Fig. 5D) and shows notable variation in peduncle length due
to growth conditions: individuals growing amidst taller weeds and shrubs develop longer peduncles (Figs.
5E and F).

Table 4 Estimated population sizes and threat factors of A. cantabrica populations.

Location No. of individuals ever reported No. of observed individuals Threat factors
TM 3216 ca. 2500 Global warming*. Anthropogenic disturbances+
VB 109 ca. 100 Population size. Global warming.
CD 417 ca. 300 Global warming.
LL 1629# ca. 100 Population size. Global warming.
HC - ca. 1000 Global warming.
EP - ca. 25 Population size. Global warming.
Shrubs and heath are colonizing mountain peaks and ridges. + Ski resorts and hiking trails. # This number corresponds to the entire Peña Prieta population, LL is a subpopulation.

Additionally, our findings indicate a relatively low reproductive yield, as A. cantabrica only produces 3-
4 seeds per flower (Fig. 5G), with notably larger seeds than most other Androsace species (Fig. 5H).
These traits and restricted habitat distribution above 2,000 m highlight the species’ adaptation to its alpine
environment and vulnerability to shifts in habitat quality and availability.

As detailed in Table 4, our population size estimates indicate around 100 individuals in the Peña Prieta
subpopulation and approximately 2,500 in Tres Mares (TM), where we observed a decline in numbers likely
due to pressures from nearby ski resorts and hiking trails. Other populations, including those in Hoya
Continua (HC) and other small subpopulations, collectively estimate fewer than 6,000 individuals. Key
threats toA. cantabrica include habitat encroachment from shrub expansion, particularly in areas that were
once controlled by herbivory or fire, which are now dominated by taller vegetation (Figs. 6A-C). These
encroaching shrubs — namely Vaccinium uliginosum L.,Juniperus communis var. saxatilis Pall., and Calluna
vulgaris (L.) Hull (Figs. 6D–F) — create competitive pressures that limit the available light and space for
A. cantabrica . Consequently, most individuals are observed growing along the margins of these shrubs.

3.6 Conservation status and recommendations

Based on our distribution range and population size results (Section 3.5), we propose that A. cantabrica be
classified as Vulnerable (VU) under the IUCN Red List criteria: B1ab(ii,iii) + 2ab(ii,iii). This categorization is
supported by an estimated extent of occurrence (EOO) of less than 20,000 km2 (B1); an area of occupancy
(AOO) of less than 2,000 km2 (B2); fewer than 10 locations (a), and ongoing declines in both area of
occupancy (b(ii)) and habitat extent and quality (b(iii)).

Considering the population genetic structure analysis results, we compared the genetic diversity values
between the two genetic groups and observed a higher genetic diversity in Group E. Conservation measures for
Group E are recommended to primarily focus on managing ecological and demographic threats at the species
level to maintain population size and gene flow. For Group W, emphasis on in-situ diversity restoration and
facilitating translocations of individuals to increase population size, especially for the small-size (individuals
< 100) EP population, are recommended.

4 DISCUSSION

Our study reveals that Androsace cantabrica represents a genetically distinct lineage within the /halleri cla-
de, underscoring its unique evolutionary history and conservation significance. Our study exemplifies the use
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of Angiosperms353 target capture data in species delimitation using phylogenomic analysis, and we establish
that A. cantabrica maintains high phylogenetic differentiation from closely related species and clades, sup-
porting its taxonomic independence and validating its conservation priority. The population genetic diversity
identified through our analysis provides a foundation for actionable conservation strategies, especially in light
of anthropogenic pressures and climate change.

4.1 Species boundary delimitation of Androsace cantabricausing phylogenomics

Clarifying the taxonomic status of A. cantabrica has both scientific and conservation implications, as dis-
tinguishing it from closely related taxa is crucial for understanding its threatened status and prioritizing
conservation measures (Godfray et al., 2004; Ottewell et al., 2016; Kress et al., 2017). We implemented a
phylogenomic approach to resolve whether A. cantabrica is a valid species and, therefore, threatened or if
it is part of a wider and non-threatened taxon (A. adfinis subsp. adfinis ). Phylogenetic reconstructions
based on hundreds of nuclear loci and plastid sequences obtained from Angiosperms353 target capture data
consistently resolvedA. cantabrica as a monophyletic clade, confirming its phylogenetic distinctiveness in
alignment with previous morphological (Kress, 1997) and karyotypic data (Kress, 1984). Our phylogenomic
approach improved our understanding of A. cantabrica and allowed us to investigate its distribution, genetic
diversity and evolutionary origin and supported its categorization as a valid species in need of conservation.

The placement of A. cantabrica as sister to the /halleri clade in the nuclear Angiosperms353 phylogenetic
trees, rather than to A. adfinis, aligns with the morphological groupings of Androsace sect. Aretia as per
Smith & Lowe (1997). Interestingly, while nuclear Angiosperms353 data positioned A. cantabrica as a sister
to the /halleri clade, plastid data and previous studies suggested a closer phylogenetic relation to A. adfinis .
This topological incongruence may reflect a divergence in evolutionary paths between the plastid and nuclear
genomes, a phenomenon observed across many plant species (e.g., Galbany-Casals et al., 2014; Viruel et al.,
2018 Favre et al., 2022; Liu et al., 2023).

The evolutionary origin and taxonomic identity of A. cantabrica have been subjects of significant debate.
Initially, it was hypothesized that A. cantabrica was an allopolyploid species resulting from hybridization
between A. laggeri (2n = 38, localized in the central Pyrenees) and A. halleri (2n = 38, distributed in
the Cantabrian Mountains, Pyrenees, Massif Central, and Vosges; Kress, 1984). However, this hypothesis
was challenged by Dixon et al. (2008), who used amplified fragment length polymorphism (AFLP) data to
refute a close relationship between A. cantabrica and eitherA. halleri or A. laggeri . Instead, they suggested
thatA. cantabrica was an autopolyploid related to the southwestern Alps’ A. adfinis s.l. , which includes A.
adfinis subsp.adfinis , A. adfinis subsp. puberula (Jord. & Fourr.) Kress, and A. adfinis subsp. brigantiaca
. Our data indicate that A. cantabrica is a polyploid and likely has a complex evolutionary history. While
Dixon et al. (2008) proposed an autopolyploid origin closely related to A. adfinis , our analysis suggests
a different scenario, albeit without conclusively identifying the exact polyploidy type. Although paralogous
genes were limited in our analysis, which included A. cantabrica samples, definitive proof of an autopolyploid
origin is absent. For example, A. adfinis subsp. brigantiaca is suspected of being a recent hybrid (Boucher
et al., 2016) with tetraploid features, yet only exhibited six paralogous genes in HybPiper analyses. Possible
scenarios for A. cantabrica origin include an ancient homoploid hybridization event involving the ancestors
of A. cantabrica and the /halleri clade, followed by local polyploidization, or an initial allopolyploidization.
In any case, given its phylogenetic, morphological, and karyological uniqueness, A. cantabrica should be
considered a valid species with an evolutionary trajectory shaped by rapid speciation, introgression, and
possibly hybridization in alpine environments (Hibbins et al., 2020; Smyčka et al., 2022).

4.2 Conservation status and strategies for Androsace cantabrica

Our results support classifying Androsace cantabrica as Vulnerable (VU) based on the IUCN Red List
framework, proposed under criteria B1ab(ii,iii) + 2ab(ii,iii), which accounts for its restricted distribution,
ongoing declines in area of occupancy, and quality of habitat. Our research indicates that the estimated
extent of occurrence (EOO) is below 20,000 km², with an area of occupancy (AOO) under 2,000 km²,
thus meeting the spatial thresholds for Vulnerable status. This is similar to the reasoning to categorise
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A. hemisphaerica Ludlow as Endangered due to a very limited distribution range (i.e., EOO of 1,008 km2;
Bhutan Endemic Flowering Plants Workshop, 2017). Furthermore,A. cantabrica populations are restricted to
fewer than ten isolated locations, each experiencing habitat encroachment from shrub expansion and ongoing
degradation due to human activities, consistent with criteria B1ab(ii,iii) + 2ab(ii,iii). One notable limitation
of our IUCN assessment is the potential underestimation of population size due to the species’ association
with dense shrub margins, making locating individuals challenging. The ongoing shrub expansion reduces the
visibility of A. cantabrica and exacerbates competition for light and space, threatening population stability
across its range. Additionally, while the current distribution data meets IUCN’s ”Vulnerable” criteria, further
decline in shrub-controlled habitats could eventually lead to ”Endangered” status.

Our revised population estimates (see Table 4) underscore the challenges of accurately assessing population
sizes, as we observed potential discrepancies with past reports, especially in highly disturbed areas like Tres
Mares (TM). For instance, TM showed a marked decline in population size compared to previous counts, likely
due to human disturbances from ski resort expansions, hiking trail use, and trampling. Such disturbances,
combined with the environmental pressures from global warming, drive shrub expansion into alpine zones.
In the TM region, this shrub encroachment and diminished herbivory and fire threaten the remaining open
meadow habitats essential for A. cantabrica survival. These disturbances significantly affect the species’
distribution and resilience, as reflected in the observed population declines and limited recruitment in this
location.

Our results demonstrate the strengths of Angiosperms353 as an effective tool for refining the conservation
status of polyploid species likeA. cantabrica . The population genetic analysis divides A. cantabrica popu-
lations into two genetic conservation units: Group W, comprising western populations with lower genetic
diversity, and Group E, which includes eastern populations showing relatively higher genetic diversity (H

E values as high as 0.184). While the genetic data confirms low inbreeding and healthy population struc-
ture across regions, they also reveal low genetic diversity within smaller populations (Group W), suggesting
that some populations’ habitat fragmentation and small sizes could increase genetic vulnerability over time.
For Group W, in-situ conservation measures should focus on bolstering genetic diversity by translocating
individuals from genetically diverse populations within this group. The Peña Prieta population has an esti-
mated population of approximately 1,600 individuals fragmented into smaller subpopulations, such as the
LL population near Peña Prieta, with approximately 100 individuals. Future work should involve gathering
complementary genetic data from HC and Peña Prieta localities to identify potential donor populations
with higher genetic diversity within the same genetic group and conducting translocations to strengthen
the population size and genetic diversity in the EP population. Although the TM population exhibits the
highestH E, translocating individuals from TM (i.e., Group E) to Group W is not advisable due to the
potential risk of outbreeding depression (Lynch, 1991). Avoiding translocations between genetically diffe-
rentiated populations is crucial without experiments investigating the risk of outbreeding depression, as it
can reduce fitness through adverse breeding effects (Liu & Zhao, 1999). After any translocation efforts, if
necessary, establishing a monitoring program to track fruiting rates, seed setting, and seedling survival will
be essential for assessing population health and adaptability (Liu & Zhao, 1999). Despite the relatively high
H E of the TM population, it is still lower than that of other non-threatened taxa (e.g., A. halleri subsp.
nuria ), emphasizing the importance of mitigating anthropogenic disturbances in the TM area to preserve
its genetic diversity. As an overall recommendation, conservation practices should focus on the genetic group
W by reducing threats where appropriate and feasible, for example, reducing shrub competition to improve
habitat suitability or collaborating with ski resorts near Peña Prieta to develop conservation and sustainable
practices that mitigate human impact on surrounding habitats.

Conversely, for Group E, conservation efforts should emphasize mitigating ecological threats by managing
shrub encroachment to maintain habitat openness essential for A. cantabrica ’s survival. Shrub encroachment
poses a significant threat to the TM area, with impacts particularly severe at higher altitudes where open
habitats are more vulnerable to invasive shrub growth. This underscores the need for targeted interventions,
such as controlled burning or grazing, where shrubs colonize high-altitude habitats and limit suitable gro-
wing spaces for A. cantabrica . Additionally, we recommend long-term monitoring of all known populations
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alongside efforts to locate and characterize additional populations.

Ex-situ conservation approaches are efficient for the long-term conservation of threatened species (e.g., Schoen
and Brown, 2001; Wambugu et al., 2023). In 2021, more than 2,000 seeds were collected as part of the
PRIOCONEX project (https://sites.google.com/aranzadi.eus/prioconex) to be stored at the Seed Bank in
Gipuzkoa, Spain (Accession number 52/2020). Seeds from more than 50 mother plants were collected from the
TM area to preserve most of its genetic diversity, and several morphometric measurements and germination
protocols were conducted (Tejero et al., 2022). Ex-situ conservation of seeds from the western group is also
recommended, but due to the scarcity of the species in the area, this task might be demanding in time and
prospection.

Micro-reserves might be very efficient for conservation of cryptic populations of endangered plant species
without a strong impact in local land use (Laguna, 2000; Médail et al., 2021). We recommend the creation of a
micro-reserve in a specific locality in TM area (ETRS89 UN 86101 65592; 2058 MASL) which hosts the most
conspicuous and dense known population and with the highest heterozigosity values. Additionally, it seems
valuable to initiate high-altitude reintroductions given the projected habitat loss by 2070 (MITECO, 2011).
Such measures align with PRIOCONEX, which focuses on ex-situ conservation in response to climate impacts
on alpine habitats (Yuste et al., 2021). Notably, A. cantabrica produces larger seeds than most Androsace
species, likely indicative of a K-selected reproductive strategy to adapt to harsh environmental conditions
(Sam, 2013). However, seed production is limited (3–4 seeds per flower), and A. cantabrica exhibits cold-
dependent germination (Tejero et al., 2022), complicating in-situ population expansion. Further research to
investigate the effects of environmental changes on germination and the survivability of seedlings will provide
essential knowledge for the long-term conservation of this species.

4.3 Practical considerations of using Angiosperms353 in conservation genetics

Our results exemplify the potential of using target capture sequencing with the universal bait panel Angio-
sperms353 for population genetic studies (Slimp et al., 2021), offering high data quality and valuable cost
efficiency for population-level analyses. Angiosperms353 target capture has broad applications for conser-
vation genetics, effectively capturing intraspecific variation within populations and supporting conservation
genomics for rare or threatened taxa. The ability to integrate herbarium samples makes it particularly suited
for conservation genetics (Slimp et al., 2021). Although Phang et al. (2023) found that population structure
analysis using Angiosperms353 yielded limited resolution within species, our results demonstrate a higher
resolution, likely because we did not combine multiple species when calling SNPs.

Based on SNPs data extracted from intronic regions, we developed specific recommendations: 1) inspecting
samples with low target sequence recovery, as generated in HybPiper, which could serve as indicators to
assess subsequent SNPs recovery and/or errors in population genetic structure results (Yi & Latch, 2022),
although the levels of missing data are expected to be lower than in other approaches such as RADseq (Slimp
et al., 2021); 2) prioritization of intronic SNPs for population genetics due to their higher mutation rate,
although this could vary in other species; 3) exclusion of paralog genes (Bryc et al., 2013), and 4) removing
highly heterozygous SNPs (HO > 0.5) to enhance data accuracy in polyploid species.

5. Conclusions

Our study confirms the taxonomic and phylogenetic distinctiveness ofAndrosace cantabrica and emphasizes
the utility of Angiosperms353 target capture data in resolving species-level conflicts within complex plant
groups. We demonstrated that A. cantabrica is a distinct species requiring conservation action, counter to
previous hypotheses suggesting a close affiliation with A. adfinis subspecies. The contrasting results between
nuclear and plastid phylogenies highlight the complex evolutionary history of A. cantabrica and related
taxa, underlining the need for integrated molecular approaches to untangle rapid radiations and reticulate
evolution. Future research should further investigate the polyploid origin of A. cantabrica and monitor its
genetic structure and diversity in the face of ongoing climate change. Long-term conservation planning,
including habitat management, controlled translocations, and ex-situ conservation, will be vital to prevent
genetic erosion and habitat loss for this Vulnerable alpine species.
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The Angiosperms353 target capture approach proved effective for population-level conservation genetics,
even in a polyploid species likeA. cantabrica . Moreover, we advocate for the adoption of Angiosperms353
in similar conservation genetics studies, given its cost-effectiveness, sample efficiency, and the potential to
incorporate herbarium samples whilst enabling comparative studies between species based on population
genetic metrics calculated using the same set of molecular markers.
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B, Crespo M, Wildpret W . 2008 . Lista Roja 2008 de la flora vascular española .Morozowska M,
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species tree reconstruction from partially resolved gene trees. BMC Bioinformatics 19: 153.

FIGURE CAPTIONS

Figure 1. (A) Map of currently known A. cantabrica locations. Red circles indicate population sites with
census estimates from Baudet et al. (2004). Baudet et al. (2004) did not detect A. cantabrica in the
Curavacas region, marked by the green circle. White circles show marginal populations described more
recently. (B) A. cantabrica specimen close-up. (C) A. cantabrica in its natural habitat.

Figure 2. Sampling sites of A. cantabrica and related taxa. (A) Six sampling locations for A. cantabrica
. Pentagrams represent six individuals of a subpopulation sampled, and dots represent a single individual
sampled. (B) Sampling sites for related taxa ofA. cantabrica in the northern Iberian Peninsula.
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Figure 3. Phylogenetic tree and network split plots. (A) Angiosperms353 loci RAxML tree with node
values indicating support from 1000 bootstrap replicates. (B) RAxML tree of 125 plastid fragments derived
from Angiosperms353 off-target data. A. adfinis andA. alpina plastid sequences are derived from the online
genome skimming data. (C) Angiosperms353 loci phylogenetic network split-plot.
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Figure 4. Results of population structure analyses using 462 SNPs (ACD) and 869 SNPs (BEF), respec-
tively. (AB) PCoA plots, generated in GeneAlEx. (CE) DeltaK plots, generated in Structure Harvester
from the STRUCTURE outputs, with the corresponding K values at their peaks on the plots representing
the optimal cluster status for population structure (Evanno et al. , 2005). (DF) Population structure plots
of all individuals are generated in StructuRly.

Figure 5 . Information on the reproductive biology of A. cantabrica . (A) A. cantabrica ’s corolla char-
acteristics at the beginning of flowering. (B) A. cantabrica ’s corolla characteristics after pollination. (C)
A. ovczinnikovii Schischk. &Bobrov, an example of the corolla throat turning from yellow to red after
pollination in the genus Androsace . (D) A. cantabrica ’s primary pollinators: 1. Diptera insects 2. Hy-
menoptera insects. (E) A. cantabrica grows in low, weedy meadows and has relatively short peduncles. (F)
A. cantabrica growing in taller weeds or shrubs has longer peduncles, which could exceed 10cm. (G)A.
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cantabrica ’s dehiscent capsule contains 3-4 seeds. (H) Seed size comparison of A. cantabrica , A. pyrenaica
,A. laggeri and A. halleri .

Figure 6. Habitat information for A. cantabrica . Three types of habitat: i) open alpine meadows around
rocks (A), ii) within shorter shrubs (B), and iii) on the edge of taller and denser shrubs (C). Three main shrub
species dominate the landscape: i) Vaccinium uliginosum L. (D), ii) Juniperus communis var. saxatilis Pall.
(E) and Calluna vulgaris (L.) Hull (F). Anthropogenic disturbance in the Tres Meras (TM) area: construction
of ski resorts and hiking trails (G-H).
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