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Abstract

Climatic oscillations of the Quaternary rapidly compelled plant species to shift their geographical range. How alpine plant
species responded to climate change, however, remains elusive and remnants of the cold-adapted flora that currently strive
in restricted ranges as small, isolated populations have been particularly overlooked. To address the evolutionary history of
such a ‘glacial relict’, we here sampled and genotyped all known native populations of a narrow endemic species from the
northwestern Alps, Papaver occidentale, as well as closely related taxa with double digest restriction-site Associated DNA
(ddRAD) sequencing. Spatial patterns of genetic variation across populations coupled with insights from climatic niche
modelling through time address underpinings of the long-term persistence of the species in face of climate changes. Evidence
from population genetics and ecological modelling indicates that P. occidentale likely persisted through the last glacial maxi-
mum outside of the Western Prealps and that a major lineage recolonized the area from lower elevation, external regions.
Differentiated lineages at the Northern margins of the species distribution range highlight highly divergent and geographically
restricted populations that include considerable share of private markers and may indicate local glacial survival in isolated
conditions. Our data thus imply that processes having shaped intraspecific spatial genetic structure within the Alps can be
complex and lead to mosaic of populations with a mixed-history of local survival and immigration. A better understanding
of spatio-temporal aspects of range contraction—expansion is crucial to shed light on processes underlying the evolution of
remnant populations of such endemic species and set conservation priorities considering current climate changes.

Keywords Arctic-alpine flora - Conservation biology - ddRAD sequencing - Narrow endemic species - Papaver alpinum
species complex - Refugia during last glacial maximum

Introduction

Climatic oscillations of the Quaternary rapidly compelled
species to shift their geographical range (Hewitt 2004),
especially in the alpine regions that were heavily glaci-
ated during cold periods such as the last glacial maxi-
mum (LGM) some 22,000 years ago (Schonswetter et al.
2005). How plant species react to climate change, however,
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remains poorly understood and the European Alps offer an
adequately heterogeneous model landscape to address the
impact of range expansion—contraction on the evolution of
alpine plants (Ozenda 2009). The European Alps are among
main regional centers of biodiversity and their flora contains
around 10% of endemic species (Aeschimann et al. 2011).
How arctic-alpine plants shifted their distribution ranges in
between cold-phases of the LGM and current times is largely
unknown, as remain consequences for their diversification
(Kadereit 2017; Schonswetter and Schneeweiss 2019).

Glacial history of alpine plants in the European Alps
The current distribution of cold-adapted species across
the European Alps is commonly interpreted as the result

of a tabula rasa scenario (reviewed in Stehlik 2000). This
hypothesis typically postulates extinction of all populations
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within the heavily glaciated Alps during cold phases and
hence species persistence in nearby lowlands or secondary
massifs at the periphery of ice sheets. Extra-alpine refugia
were accordingly postulated as main sources of current pop-
ulations for several alpine species and generally supported
by clines of genetic diversity left by recolonization towards
the center of the Alps (Stehlik et al. 2002a; Taberlet et al.
2012; Thiel-Egenter et al. 2011).

The so-called nunatak hypothesis, contrastingly, pos-
tulates in situ survival (or resistance) of populations
throughout climatic cold phases in ice-free mountain tops
(nunataks) within otherwise highly glaciated alpine areas.
Endemic alpine species being particularly abundant at both
extremities of the Alps, those regions (i.e., south-western
and north-eastern Alps) were early postulated as major
refugia with relatively stable climates, where alpine plants
persisted throughout cycles of range contraction—expan-
sion (Harrison and Noss 2017; Smycka et al. 2017; Trib-
sch 2004). Consistent with long-term persistence of cold-
adapted plant populations in nunataks across the Alps (i.e.,
so-called, cryptic refugia), specific mountain ranges in the
central Alps host narrow endemic species such as Phyteuma
humile (Schneeweiss et al. 2013) or represent hotspots of
genetically differentiated populations in several widespread
species such as Eritrichium nanum (Stehlik et al. 2002b) or
Senecio halleri (Bettin et al. 2007).

Despite continuous efforts to disentangle intricate pat-
terns of genetic variation within species in the light of the
tabula rasa paradigm, the contribution of different LGM
refugia to the current flora of the Alps remains elusive.
Accordingly, the extent to which different cold-adapted spe-
cies from alpine habitats recolonized the Alps from specific
external low-elevation populations or from in situ refugia
in the peripheral vs the central Alps remains a largely open
question (Schonswetter and Schneeweiss 2019). More gen-
erally, the spatial arrangement of refugia likely influences
gene-flow during range contraction—expansion and how
it interacts with the evolutionary diversification of plants
from different elevations is still poorly understood (Kadereit
2017). In contrast to several widespread species that have
been investigated at the scale of the entire Alps (e.g., Taber-
let et al., 2012), species that currently occur as small, iso-
lated populations (i.e., so-called glacial relicts) have been
neglected and deserve further attention (Jiménez-Alfaro
et al. 2016).

Endemic species of the Western Prealps

The Western Prealps (i.e., the area covering North-Western
calcareous periphery of central Alps, from Haute-Savoie in
France to Lake of Thun in Switzerland) form a relatively
small but well-defined geological and biogeographical
unit (Gilomen 1941; Caron 1973). They are part of the
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external calcareous Alps extending from Isére in France
to Lower Austria (Berthouzoz et al. 2013), and represent
the intersection between the major LGM refugia at both
extremities of the Alps (Gerber et al. 2010; Parisod 2008;
Thiel-Egenter et al. 2011). Currently dominated by subal-
pine vegetation, those calcareous mountains show several
alpine species with fragmented distribution on mountain
tops (Gerber et al. 2010). Postulated as favorable for spe-
cies from calcareous bedrocks during the LGM, candi-
date refugia remain to be precisely identified (Paun et al.
2008; Schonswetter et al. 2005). The area certainly played
a major role as early source of postglacial recolonizers
towards the central Alps (Parisod 2008), and several spe-
cies such as Biscutella laevigata or Eryngium alpinum pre-
sent genetically diversified and differentiated populations
across the Western Prealps (Naciri and Gaudeul 2007,
Parisod and Besnard 2007). The area appears as a major
hybrid zone for lineages of species such as Arabis alpina
(Rogivue et al. 2018; Thiel-Egenter et al. 2011) and, con-
sistent with the hypothesis of secondary contact among
lineages, the narrow endemic of the Western Prealps Are-
naria bernensis was demonstrated to be of allopolyploid
origin (Berthouzoz et al. 2013). It calls for additional case
studies on processes at the origin of endemic species in the
Western Prealps to shed light on their role as a museum vs
cradle of biodiversity (Gerber et al. 2010).

The genus Papaver includes a hundred species in several
sections among which the monophyletic sect. Meconella
presents exclusively arctic-alpine and high-mountain spe-
cies (Carolan et al. 2006). It includes Papaver radicatum,
which is among most northerly-growing plants with records
up to 83° North, and the alpine poppy complex (Papaver
alpinum s.1.) that includes over 13 outcrossing species dis-
tributed in small isolated regions across the European Alps
and some other major central- and southern European moun-
tain ranges (Markgraf 1958). Notably, white-flowered and
narrow-lobed alpine poppies growing on calcareous bed-
rock were circumscribed as a distinctive group (Kadereit
1990) and taxa nested within the white-flowered clade (i.e.,
P. ernesti-mayeri, P. occidentale, P. sendtneri, and P. tatri-
cum) were traditionally treated as separate species or subspe-
cies of P. alpinum (e.g., Jalas and Suominen 1991). Among
them, Papaver occidentale (Markgr.) H.E. Hess, Landolt &
Hirzel has early been recognized as an endemic species with
a distribution range matching the boundaries of the Western
Prealps (Hess et al. 1977). Molecular markers hardly cor-
roborated the traditionally delimited taxa based on highly
polymorphic morphological characters, and internal divi-
sion within P. alpinum s.1. remain debatable (Schonswetter
et al. 2009). As populations of P. occidentale form a well
supported genetic group testifying its history as a separate
lineage (Schonswetter et al. 2009) and are on priority lists
regarding action plans for protection (BAFU 2011), this
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genetically and geographically-delimited conservation unit
deserves further investigation.

Several aspects of the biology and ecology of P. occiden-
tale remain poorly investigated besides very few local stud-
ies and reports (Bétrisey 2014; Bornand and Hoffer-Massard
2003; Delarze 2012). The taxon appears to be currently
restricted to north facing calcareous screes of the alpine zone
(Thlaspion rotundifolii). Although such habitat is usually
not disturbed by human activities, this stenothermic plant
requires high-elevation, cold screes on calcareous and such
habitats are becoming rare among mid-elevation summits of
the Western Prealps. Vulnerable to future climate changes,
the majority of population present between 50 and 800 indi-
viduals, and largest ones include up to 10,000 individuals.
As all members of the sect. Meconella, P. occidentale is per-
ennial with leaves in basal rosettes, but presents no means of
vegetative propagation (Kadereit 1990). Individual plants are
outcrossing and often start to flower 1 year after germina-
tion, with an average generation time estimated at ca. § years
supporting high seed production (Nordal et al. 1997; B.
Clémant, personal observations). The present study aims at
describing the distribution of genetic variation among extant
populations of the endemic P. occidentale to understand how
such a taxon persisted in face of past climate changes. More
specifically, it characterizes a comprehensive sample of P.
occidentale, as well as closely related outgroups selected
based on earlier literature, to delineate its native distribu-
tion and address the phylogeography of remnant populations
using genome-wide double digest Restriction-site Associ-
ated DNA (ddRAD) sequencing. Such historical insights on
the genetic structure within this endemic taxon are used to
set conservation priorities.

Materials and methods
Sampling of plant material

Papaver occidentale was early treated as a species distinct
from other white-flowered taxa of the P. alpinum complex
such as P. sendtneri (Hess et al. 1977), whereas Kadereit
(1990) suggested its affinity to poppies of the Tatra Moun-
tains in the Carpathians (P. tatricum). To account for taxo-
nomic uncertainty, all known populations of the P. alpinum
complex showing four white petals across the Western Pre-
alps were considered in this study (incl. P. sendtneri) and we
further included samples from P. tatricum. Current popula-
tions were comprehensively sampled across the whole West-
ern Prealps (Fig. 1) by revisiting all localities reported in
Info Flora (www.infoflora.ch), the literature (Markgraf 1958)
and unpublished reports (Delarze 2012; Bétrisey 2014).

In each field population, 1 m-radius plots of similar
density (considering subpopulations including at least five

Habitat
suitability

High

occidentale”

# aurantiacum

lapeyrousianum

Fig. 1 Habitat suitability and distribution of Papaver occidentale at
the last glacial maximum (a) and at present time (b). The current dis-
tribution of the different taxa of the P. alpinum complex across the
European Alps is illustrated, with the range of known populations of
P. occidentale shown as black dots across the Western Prealps. Maxi-
mum extent of the ice sheet is shown in light grey

individuals) were surveyed and georeferenced using a GPS
(Satmap Active 10). One or two plots were sampled in
populations of less than 25 individuals, whereas three to
five plots were sampled in larger populations as to maxi-
mizing the distance between plots and encompass the local
distribution while collecting in similarly dense subpopula-
tions. Leaf material was non-invasively sampled from one
individual per plot for a total of 112 native samples from
19 populations nested in six regions (Massif des Bornes,
Grammont, Gummfluh, Vanil Noir, Dent de Savigny and
Spillgerten; Table 1). Four individuals from two small
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Table 1 Samples from native

Pop.* Ind.* Tajima’s D Allelic richness Private alleles Fig

Heterozygosity

. Region

populations of Papaver

occidentale genotyped with Massif des Bornes 5 20

ddRAD sequencing, and their

. Grammont 1 6

selected genetic parameters
Gummfluh 2 9
Vanil Noir 4 28
Dent de Savigny 2 10
Spillgerten 5 39

1.496 1.67 19 -0.09 0.281
1.144 1.50 7 -0.283 0.254
1.336 1.59 8 -0.217 0.288
1.848 1.65 59 -0.12  0.291
1.394 1.56 6 -0.236 0.284
1.814 1.70 74 -0.115 0.306

“Number of populations (Pop.) sampled within each region with two to twelve individuals (Ind.) according

to the local distribution

non-native populations from the Jura Mountains were addi-
tionally here included to confirm their introduction from the
Massif des Bornes (Delarze 2012). In addition, we included
outgroup samples of close relatives from the North of the
Alps (Schonswetter et al. 2009) as twelve individuals of P.
sendtneri from the Northern Alps (Pilatus and surroundings)
and eight individuals of P. tatricum from the Tatra Moun-
tains, for a total of 136 samples (Supplementary Information
Table S1).

Climatic niche modelling and potential distribution
through time

Species distribution modelling based on all known occur-
rences of P. occidentale was performed following Guisan
et al. (2017) to generate coarse predictions supporting inter-
pretations. A general additive model was developed, cali-
brated and validated at the locale scale, in the area currently
occupied by P. occidentale (see Supplementary Text 1). We
identified potential distribution at large scale (present and
LGM) based on the same response curves. As pertinent vari-
ables such as the distribution of calcareous screes developed
in Fragniere et al. (2020) are available at neither the large
scale nor across time, we here described the potential dis-
tribution of P. occidentale during LGM using temperature
and precipitation from Worldclim data (Hijmans et al. 2005;
CCSM4 model at 2.5 arc-minutes resolution), after exclu-
sion of the surface covered by ice following Ehlers et al.
(2011).

Preparation of ddRAD sequencing libraries

DNA was extracted from silica-dried leaves of all 136 indi-
vidual samples using DNeasy Plant Mini Kit (QIAGEN)
according to the manufacturer’s protocol. Extracted DNA
was checked for integrity on agarose electrophoresis and
quantified using Nanodrop before genotyping by the ddRAD
sequencing approach.

Libraries for ddRAD sequencing were prepared following
(Peterson et al. 2012) with slight modifications. In brief, 250
nanograms of genomic DNA from each of the 136 individual
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sample was digested with 0.5 ul EcoRI-HF and 1 ul Msel
(New England Biolabs) in 3 ul NEB Smartcut Buffer for
50 min at 37 °C. After inactivation at 65 °C for 20 min and
cleaning with 1 X AMPure XP beads (Beckman Coulter),
adapters were ligated in a 30 pl reaction volume using 2 ul
P2-biotin adapters, 2 ul P1_X adapters, 3 pul 10xT4 DNA
ligase buffer and 1 pul T4 DNA ligase. The P1_X EcoR1
adapters included 48 barcodes (5 bp long), whereas the P2
Msel adapters included a Biotin tag and four degenerated
bases to identify PCR duplicates on one strand as well as
the index and the flow cell annealing region on the other
strand. Samples were then pooled and DNA fragments of
targeted length of 550 bp were size-selected using 0.6 X fol-
lowed by 0.12 x undiluted AMPure XP beads. Biotin-tagged
fragments were further selected with Dynabeads M-270
Streptavidin (Invitrogen). For each Msel index, remaining
ddRAD fragments were PCR-amplified for ten cycles and
cleaned using 1 X AMPure XP beads. The concentration
and distribution of fragment sizes of each library as well
as their final pool were checked using the Bioanalyzer with
the High Sensitivity DNA kit (Agilent). The pooled library
supplemented with 20% PhiX (Illumina) for quality control
was sequenced as 100-bp single-end reads on one lane of
Ilumina HiSeq3000 lane at the Next Generation Sequencing
Platform of the University of Bern.

Reference assembly and SNP calling

Raw sequences were quality controlled with rastQc (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
processed with the ppOCENT pipeline (www.ddocent.com)
following Griinig et al. (2020). After demultiplexing and
trimming with the PROCESS_RADTAG component of STACKS
v.1.26 (Catchen et al. 2013), reads above 80% similarity
were clustered using cD-HIT to generate the reference cata-
logue of loci against which individual reads were mapped
using BWA (Li and Durbin 2009). Such an approach based
on de novo reference fits best practice (LaCava et al. 2020)
and was here priviledged to alternative reference-based
approaches using the distantly related P. somniferum and
its recent history of genomic duplication (Guo et al. 2018).
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Multi-allelic SNPs were called with FREEBAYES v1.1
(https://github.com/ekg/freebayes) and further filtered with
vcrrooLs (Danecek et al. 2011). Only variants with a mini-
mum depth of 3, a mean depth of 10, a minor allele count of
3 and a minor allele frequency of 0.05, were retained. SNPs
with more than 20% missing data per population and cover-
age larger than 100 were further excluded. After decom-
position of multi-allelic SNPs and removal of indels, only
bi-allelic loci with less than 10% missing data among indi-
viduals were kept. Genome-wide Tajima’s D was estimated
using PopGenome (Pfeifer et al. 2014). SNPs in (global)
Hardy—Weinberg equilibrium were haplotyped using RAD_
HAPLOTYPER Vv.1.1.5 (Willis et al. 2017) to generate a dataset
of independent and polymorphic ddRAD loci.

To further exclude variants possibly under selection,
those ddRAD loci encompassing coding regions (i.e.,
within an annotated gene) were identified using the recent
P. somniferum reference genome (Guo et al. 2018) using the
Burrows-Wheeler aligner. Although not all coding regions
are under selection and specific non-coding sequences may
be non-neutral, such a non-genic dataset should include a
majority of nearly-neutral loci for historical inferrences
(Nielsen 2005).

Genetic structure and isolation by distance

Genotypes of all individuals were visualized with a Neigh-
bornet network based on the proportion of different sites
between all individuals (uncorrectedP) using SPLITSTREE4
v4.14.8 (Huson and Bryant 2006). The number of private
alleles and allelic richness using rarefaction, as well as
observed and expected heterozygosity and Fg within popu-
lations and regions, were estimated from ddRAD-derived
SNPs using the R-package piversity (Keenan et al. 2013).
Genetic diversity was further partitioned among populations
nested within regions using analyses of molecular variance
in ARLEQUIN VER.3.5 (Excoffier and Lischer 2010) with 1000
permutations.

Model-based clustering of individuals based on multilo-
cus allele frequencies inferred the genetic structure among
samples using STRUCTURE v2.3.4 with admixture and cor-
related allele frequencies, but without a priori information
(Pritchard et al. 2000). Analyses included 10 replicated runs
for each number of clusters (K) between K=1 and K=9
with 50,000 iterations of burn-in followed by 1,000,000
iterations. The optimal K was inferred following the AK
method based on change in Ln probabilities L(K) (Evanno
et al. 2005) using STRUCTURE HARVESTER (https://omictools.
com/structure-harvester-tool). Outcomes of replicates were
integrated using cLumpp (Jakobsson and Rosenberg 2007)
and, after permutation of matrices across replicated analy-
ses with the same K, the mean matrix output was visual-
ized using pisTRUCT (Rosenberg 2003). These analyses were

performed for all 136 samples as well as for the 112 native
P. occidentale samples separately, based on all loci as well as
non-genic loci only. Given the large number of loci and the
limited influence of cluster size on individual membership
estimates, resulting patterns are reliable (Rosenberg et al.
2005).

Genetic isolation by geographical distance expected under
restricted dispersal of neutral genes was assessed by Mantel
tests. Pairwise genetic distances estimated by Rousset’s 4
(Rousset 2000) in spaGepi v1.3 (Hardy and Vekemans 2002)
were associated to Euclidean spatial distances between indi-
viduals using the MANTEL function in the R-package VEGAN
(https://cran.r-project.org/web/packages/vegan/index.html),
with significance evaluated by 999 permutations. Analyses
were first carried out for all the 112 native P. occidentale
individuals and, then, within each genetic cluster out of
STRUCTURE analyses.

Results

Potential distribution of Papaver occidentale
during the Last Glacial Maximum

Coarse niche modelling based on the current distribution of
native populations of P. occidentale confirmed that current
areas with suitable humidity and temperature mostly occur
at high elevation across the Western Prealps. In contrast,
during the LGM, this area was mostly unavailable due to
covering by ice sheet, while climatically suitable space was
distributed across large areas outside of the Alps. In particu-
lar, large potential LGM refugia appeared close to the South,
the North and the West edge of the current distribution of P.
occidentale (Fig. 1).

Genotyping of ddRAD loci in Papaver occidentale

The 136 samples analyzed here using the ddRAD sequencing
approach included 112 native and four introduced individu-
als of P. occidentale as well as 20 outgroup individuals from
P. sendtneri and P. tatricum. Around 272 x 10° sequencing
reads passed our quality control and were mapped at 76.8%
on our de novo reference catalogue made of 66,940 con-
tigs. Stringent filtering of 338,463 raw SNPs yielded 5912
biallelic SNPs (Supplementary Information Table S2) that
revealed a large excess of frequent variants consistent with
a positive Tajima’s D among all 136 individuals (D=1.78)
or among individuals within each region (Table 1).

SNPs were haplotyped into 3070 independent ddRAD
loci in all 136 individuals. Loci identified in coding
sequences highlighted 701 independent loci that may be
non-neutral and that were removed to yield a non-genic
dataset with 136 genotypes at 2369 ddRAD loci. Datasets
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resulted in similar patterns of genetic variation (Supplemen-
tary Information Figure S1) and analyses based on all 3070
ddRAD loci are presented here.

Genetic structure

Neighbor-Net network based on proportions of SNPs among
all 136 individuals clustered genotypes according to tax-
onomy and geography of samples, with outgroups from P.
sendtneri and P. tatricum forming a group consistently dif-
ferentiated from samples of P. occidentale (Fig. 2).

Based on multilocus allele frequencies, STRUCTURE
clustered all samples from the North-East of the study area
with the close geographically outgroup samples of P. sendt-
neri. Within P. occidentale, genotypes from populations of
the Jura Mountains clustered with samples from the Massif
des Bornes, as expected based on the documented introduc-
tion of those populations. After their exclusion, 112 samples
of P. occidentale were considered representative of native
populations in our dataset and all presented distinct geno-
types distributed among the six regions (Table 1).

Hierarchical AMOVA among the 112 native samples
showed that individuals harbour most of the genetic vari-
ation, with only 5.1% (Fgc) and 12.1% (Fr) of the total
variance segregating among populations and regions,
respectively (Supplementary Information Table S3). Further
congruent with such genetic homogeneity within P. occi-
dentale, individual inbreeding coefficients within popula-
tions (mean Fjg=—0.21) and regions (F;+=0.001) were
non-significantly different from zero, as could be expected
for a representative of Papaveraceae with an efficient

0.01

P. tatricum
Gummfluh

P. sendtneri

Massif
des
Bornes

Dent de
Savigny

Grammont Vanil Noir

Fig.2 Neigbour-Net network based on proportions of SNPs among
all 136 studied samples from the Papaver alpinum complex analyzed
here. Outgroups from P. sendtneri and P. tatricum form a group con-
sistently differentiated from native samples of P. occidentale whose
samples cluster according to their region of origin
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self-incompatibility system. Pairwise Fgp supported sig-
nificant genetic structure between most of the 19 native
populations of P. occidentale, with higher differentiation
among populations from different regions (Supplementary
Information Table S4). Although genetic diversity appeared
evenly distributed among regions, allelic richness as well
as observed heterozygosity were significantly greater in
large populations of the Massif des Bornes, Vanil Noir and
Spillgerten than in other regions, where the species is locally
less abundant (Table 1). Accordingly, 85.4% of the private
alleles segregating within the species were represented
among those three regions that also host largest populations.

Clustering of genotypes among all 136 samples using
STRUCTURE showed a mean Ln probabilities L(K) increasing
from K=1 to K=9 (Fig. S1) and identified optimal num-
bers of genetic clusters at K=2, K=3 and K=5. Clustering
based on the full dataset of SNPs vs SNPs in non-genic loci
detected largely similar hierarchical genetic clusters across
K (Fig. S1), supporting patterns representative of neutral
genetic structure within P. occidentale. cLumpP and DISTRUCT
outputs confirmed individual assignment among clusters
across replicated STRUCTURE runs and, from K =2, popula-
tions of Spillgerten formed a genetically differentiated clus-
ter (Fig. 3). Outgroups and individuals from Vanil Noir were
detected as genetically distinct from K =3 and, at higher K,
further genetic differentiation was detected among taxa and
regions. Similar analyses focused on the 112 native samples
of P. occidentale confirmed this hierarchical structure with
optimal K at 2 and 3, and supported the Spillgerten popula-
tion as being most divergent lineage (Fig. S1).

Isolation by distance among all native individuals of
P. occidentale showed a significant correlation of 0.81
(»p=0.001). Similar analyses within each genetic cluster
highlighted significant isolation by distance within the
Massif des Bornes (0.54, p=0.001), Spillgerten (0.47,
p=0.001) and Vanil Noir (0.66, p=0.001) as well as within
the remaining regions (Gummfluh and Dent de Savigny:
0.87, p=0.001).

Discussion

Pattern of genetic variation within Papaver
occidentale

The fine-scale genetic composition of the narrow endemic
Papaver occidentale is here investigated for the first time.
Individuals genotyped with ddRAD sequencing congru-
ently clustered into coherent groups using distance-based
or model-based inferences in STRUCTURE, and highlighted
P. occidentale as consistently differentiated from other
white-flowered taxa of the P. alpinum complex included
in this analysis. Despite overall genetic similarity between
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Fig.3 Genetic structure of Papaver occidentale based on 3070
ddRAD loci. Structure barplots show the hierarchical partitioning of
genetic variation from K=2 to K=5 clusters among native samples
of the species (112 samples; Table 1) as well as introduced popula-
tions in Jura and outgroups (P. sendtneri and P. tatricum; 136 sam-
ples). The distribution of native populations among genetic clusters

P. occidentale, P. sendtneri and P. tatricum, samples were
unambiguously identified as P. occidentale or P. sendtneri
based on morphology and multilocus genotypes, clarifying
the distribution of native populations of P. occidentale con-
sidered as a conservation unit.

Native populations from the southern part of the dis-
tribution range of P. occidentale were assigned to a well
defined genetic cluster that is substantially differentiated

from the Western Prealps shows a widespread Southern lineage
of P. occidentale that is genetically close to outgroups and extends
up to the North of the species range. Differentiated gene pools are
restricted to specific regions such as Spielgerten and Vanil noir in the
North of the species range

from northern populations growing in the Vanil Noir or
Spillgerten regions. As the species presented overall genetic
isolation by distance across its range, detected clusters may
reflect inflated coincidence with geographic regions along
such a genetic cline (Serre and P#ibo 2004). Such arte-
factual clustering is, however, unlikely to explain the high
genetic differentiation of specific populations such as here
observed in Spillgerten. As the assignment of individuals
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into geographical clusters chiefly results from discontinuity
in genetic distances reflecting geographic barriers to gene
flow (Rosenberg et al. 2005), the restricted genetic clusters
detected here at Vanil Noir and Spillgerten appear largely
isolated from other populations of P. occidentale that form
a genetic cluster highlighting a widespread Southern lineage
related to outgroups and showing large expansion across the
Western Prealps. Despite their restricted spatial extent across
specific mountains, these Northern populations appear not
only differentiated but also highly diversified, harbouring
exceptionally high levels of allelic richness and private
variants suggestive of long-term accumulation of genetic
diversity. Within the widespread southern lineage, com-
parable variation was only apparent among southern-most
populations of the Massif des Bornes. Such a pattern with
highest allelic richness at both the northern and the south-
ern margins, whereas the geographic centre of the species
distribution range is less diverse, appears mostly consistent
with long-isolated lineages.

Potential source(s) of postglacial (re)colonization

As the current distribution area of P. occidentale in the
Western Prealps was largely covered by the massive LGM
Alpine ice sheet, populations likely survived across some
of the low-elevation regions highlighted by niche model-
ling as putatively climatically suitable during the cold
period. In northeastern and southeastern Alps, individual
plants and even large populations of P. alpinum s.1. were
observed in gravel river beds and road sides at low altitudes
(Schonswetter et al. 2009). Therefore, it is not unlikely that
ancestral populations of P. occidentale were frequent in
calcareous-rich glacier forelands and vast alluvial terraces
that surrounded heavily-glaciated parts of central Alps dur-
ing the LGM. They then followed the retracting glaciers
and survived only in few isolated and small areas (Kadereit
1990). The excess of frequent variants at genome-wide SNPs
is indicative of population contraction across the species
range and, therefore, consistent with scenarios involving
range shift of large LGM populations towards the currently
restricted distribution of genetically differentiated lineages
across the Western Prealps.

Descriptive insights on current genetic variation at
ddRAD loci within P. occidentale directly assess neither
the location of LGM refugia nor whether recolonization
occurred from one or multiple regions. Southern and north-
ern lineages appearing genetically divergent from other
white-flowered taxa, with samples from the Spielgerten
population standing out at the lower level of hierarchical
clustering (i.e., from K=2), support relatively ancient iso-
lation. Without reliable fossil calibration available, it, how-
ever, remains challenging to firmly distinguish between pat-
terns of genetic differentiation shaped in independent LGM
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refugia or through early allopatry at the onset of postglacial
recolonization (e.g., following long-distance dispersal). Pat-
terns of spatial genetic variation were, therefore, privileged
to identify potential refugia and postglacial recolonization
pathways used by P. occidentale towards its current range
in the Western Prealps.

South-western Alps have regularly been discussed as a
large refugium, where alpine plants survived throughout the
LGM (Schonswetter et al. 2005). Although the P. alpinum
complex is represented by P. aurantiacum there (Aeschi-
mann et al. 2011), a long-term persistence of P. occiden-
tale at the edge of the Alps can hardly be rejected and may
appear consistent with the highly diverse populations cur-
rently observed at the southern margin of its distribution
range (Hampe and Petit 2005). The considerable areas in the
north and the west of the current range of P. occidentale that
were climatically and edaphically suitable during the LGM
could indeed have contributed to all or specific lineages of
the Western Prealps (Parisod 2008). Large areas in the north
of the Alps were suggested to have sheltered favorable con-
ditions for alpine plants during the LGM (Schmitt 2009)
and harbour relict populations of alpine plants on extra-
zonal rocky habitats (Reisch et al. 2003; Vogler and Reisch
2013). Such a scenario would suggest a mostly postglacial
differentiation of taxa currently occurring across the north-
ern Alps (P. occidentale and P. sendtneri) and possibly the
Tatra Mountains (P. tatricum). A western refugium looks
also plausible and may support not only a genetically dif-
ferentiated P. occidentale but would further be consistent
with a diversification of the P. alpinum complex in distinct
LGM refugia (Kadereit et al. 2004). Similar scenarios were
priviledged for other species such as Erinus alpinus (Ste-
hlik et al. 2002a) and commonly postulated to explain the
disjunct distribution of alpine plant species in the Massif
Central, the Jura Mountains and the Western Alps (Kropf
et al. 2008; Parisod 2008). Although the species may have
arguably gone locally extinct before notice, the absence of
native populations of P. occidentale in the Jura Mountains
despite favorable conditions for reproduction must be con-
sidered discordant with the otherwise plausible hypothesis
of a (north-)western refugium.

Provided that spatial patterns of genetic variation in P.
occidentale hardly favor one over the multiple competing
scenarios fitting the tabula rasa paradigm, it may be worth
considering debated alternatives involving in situ persistence
within the Alps. Being a cold-adapted species from perigla-
cial habitats, P. occidentale has an ecological potential to
have survived the LGM on micro-topographically favorable
sites on mountain tops extruding from otherwise inactive ice
sheets across the external calcareous Alps (Stehlik 2000).
The patchy distribution of genetic clusters from P. occiden-
tale across the Western Prealps matches scenarios involv-
ing long-term persistence of divergent lineages in nunataks
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closer to the current species range. The high accumulation
of private alleles in northern populations of P. occidentale
such as Spillgerten indeed seems coherant with in situ sur-
vival of populations across patches of rocky habitats at the
northern edge of the ice sheets during the LGM. Accord-
ingly, the current distribution of P. occidentale would result
from an interplay of local survival in isolation and postgla-
cial immigration from external refugia that yielded lineages
such as the widespread genetic cluster of P. occidentale cur-
rently observed from the Massif des Bornes to the Dents de
Savigny and that almost swamped former residents. Such a
mixed-scenario, whereby high-mountain species adapted to
periglacial habitats survived the LGM across peripheral and
interior refugia is realistic (Schonswetter and Schneeweiss
2019) and may explain the distribution of several plants
across the Western Prealps. Given that the extant range of
P. occidentale is restricted and that no populations exist out-
side of formerly glaciated areas, a comparative context is not
available to explicitly test alternative scenarios.

Complex demographic processes under climate
changes

Provided the intricate genetic variation within alpine species
such as P. occidentale, how divergence may have accumu-
lated in isolation and then homogeneized during contrac-
tion and expansion phases remains difficult to quantify with
available approaches. As the tabula rasa and the nunatak
hypotheses are likely non-mutually exclusive, it remains
challenging to test for all realistic demographic scenarios
that could account for the spatial extent of different refugia
and the timing of gene flow across heterogeneous landscapes
such as the Alps. Past (cold phase) refugia may not host
suitable conditions anymore and remnants of glacial sur-
vivors may expectedly grow far from their LGM source,
complicating inference of spatio-temporal scenarios of
range contraction—expansion from the current distribution
of genome-wide variation, even when based on all known
native populations such as here achieved within P. occiden-
tale. Heuristic approaches integrating demographic and eco-
logical modelling such as recently used by Pan et al. (2019)
may help to explore and favor plausible scenarios, although
still awaiting the development of high-resolution proxies to
be used across space and time in the context of mountainous
regions such as the Alps.

To conclude on processes underlying the distribution of
rare endemic taxa such as P. occidentale and, more gener-
ally, the role of Quaternary climatic oscillations on species
evolutionary diversification in the Alps (Kadereit 1990;
Schonswetter et al. 2009), additional work is necessary.
Although consistent with the long-term isolation of diver-
gent gene pools, the present study cannot conclude on the
nature of P. occidentale as a biological species and further

comparative phylogeography of high-mountain taxa of the
P. alpinum complex would be necessary to shed light on
the hierarchy of spatio-temporal processes having shaped
such a group of cold-adapted species across the Alps. It is,
however, already clear that multiple regions within the range
of P. occidentale harbor high levels of genetic diversity and
private alleles, and that corresponding populations are of
crucial importance for the management of biodiversity. More
generally, as several glacial relicts currently find a refugium
in the Alps, further work is needed to understand their evolu-
tion and offer useful guidelines regarding their conservation
in face of current climate changes.
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