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A B S T R A C T

The Eurasian steppes are among the largest and most threatened biomes on Earth. During cold periods of the
Pleistocene, the zonal Eurasian steppes had a much larger extent as compared to interglacial periods, and
repeatedly expanded into large areas of present-day forested temperate Europe. Conversely, during warm pe-
riods, forest expansion recurrently forced Eurasian steppe biota into disjunct and small warm-stage refugia, i.e.
today’s extrazonal steppes. The rare, threatened and disjunctly distributed northwestern African and European
members of Astragalus sect. Caprini constitute an ideal model for gaining insights into the evolutionary dynamics
of typical steppe biota. Here, we reconstructed the spatiotemporal diversification of northwestern African and
European members of Astragalus sect. Caprini based on a combination of RADseq data, single gene markers
(internal transcribed spacer, plastid ycf1), genome size measurements and multivariate morphometrics. We
outline an evolutionary scenario in which the group originated in the Irano-Turanian region and started to
diversify shortly after the Mid-Pleistocene-Transition (ca. 0.5 to 0.7 Ma). While lineages occurring in (sub-)
mediterranean mountain ranges diverged early, lineages occurring in northern lowland steppes are much
younger (ca. 0.2 to 0.3 Ma), emphasizing the importance of southern European mountain ranges as long-term
refugia. Recurrent colonization of the western Mediterranean region by eastern Mediterranean lineages and
secondary contacts of currently spatially isolated lineages have significantly (co-)shaped the genetic structure
within the group; we assume that these events may be a consequence of cold-stage range expansions. Based on
combined genetic and morphometric data, we suggest treating the ten lineages introduced in this study as in-
dependent species, contrasting previous taxonomic treatments.

1. Introduction

The Eurasian steppes are among the largest biomes on Earth.
Bordered by boreal forests to the North and (semi-)deserts to the South,
macroclimate-driven (= zonal) steppes extend from the Pontic Plains in
the Black Sea basin eastwards to Mongolia and China (Wesche et al.,
2016). Outside the continuous distribution of zonal steppes, steppic
grasslands also occur within mildly continental, predominantly forested
areas if additional edaphic and microclimate-related factors enhance
drought. Such plant communities are termed extrazonal or edaphic
steppes; they usually occur on south-exposed, well-drained slopes or
over sandy or gravelly soils (Ellenberg and Leuschner, 2010; Jännicke,

1892; Wesche et al., 2016). Highly disjunct islands of extrazonal steppes
and similar xeric grasslands (Jäger, 1971; Loidi, 2017) are distributed
throughout Europe, from the Iberian Peninsula in the west to the Balkan
Peninsula and the Carpathians in the east, encompassing the inner-
Alpine dry valleys and Central European areas, such as the Pannonian
Basin or parts of the Kyffhäuser region in Germany (Braun-Blanquet,
1961; Braun-Blanquet and de Bolòs, 1957; Feurdean et al., 2018; Kaj-
toch et al., 2016; Magnes et al., 2021). The Carpathians and Balkan
Mountains (Stara Planina) form a natural barrier to the adjacent zonal
steppes in the east. The occurrence of numerous species in both zonal
and extrazonal steppes reflects the ecological similarity of these habitats
(e.g., Astragalus onobrychis L., Cricetus cricetus L., Euphorbia seguieriana
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Neck., Omocestus petraeus Brisout de Barneville, Stipa capillata L.;
Feoktistova et al., 2017; Frajman et al., 2019; Kirschner et al., 2020;
Meusel et al., 1965; Záveská et al., 2019).

The Eurasian steppe biome has undergone massive climate-driven
contractions and expansions. During cold stages of the Pleistocene,
such as the Last Glacial Period (115 to 12 kya), the zonal Eurasian
steppes had amuch larger extent as compared to interglacial periods and
repeatedly expanded into large parts of presently forested temperate
Europe (reviewed in Hurka et al., 2019). During warm stages, forest
expansion recurrently forced Eurasian steppe biota into disjunct and
small interglacial refugia, i.e. today’s extrazonal steppes (Stewart et al.,
2010). Therefore, extrazonal steppes and their biota have traditionally
been considered remnants of a continuous cold-stage steppe belt, which
became isolated from each other and from the zonal steppes due to
postglacial forest expansion at the onset of the Holocene, 11,700 years
ago (Binney et al., 2017; De Soo, 1929; Jännicke, 1892). However, the
divergence between zonal and extrazonal lineages of steppe biota may in
fact be much older; vicariant separation in several typical steppe taxa
occurred as early as the Mid-Pleistocene, ca. 1.4 Ma (Kirschner et al.,
2023, 2022, 2020; Záveská et al., 2019). Warm-stage refugia of extra-
zonal steppes were often situated in mountainous areas, i. e. along the
margin of the Pannonian Basin or in the Western Balkan Peninsula; such
topographically diverse areas have likely provided suitable microcli-
mates during varying climatic conditions (Athanassiou, 2012; Kryštufek
et al., 2009; Pross et al., 2015), enabling the survival of biota during cold
as well as warm periods (Egorov et al., 2020; Magyari et al., 2010, 2008;
Varga, 2010; Willner et al., 2021).

Astragalus L. (milkvetch) is the most species-rich genus of xeric
habitats in Eurasia. Within this genus, Astragalus sect. Caprini DC. is
morphologically characterized by basifixed hairs, thickly textured le-
gumes and relatively large yellow flowers arranged in typically few-
flowered and short-stalked inflorescences (Podlech, 1999, 1988; Pod-
lech and Zarre, 2013). It comprises ca. 300 diploid species (Podlech,
1988, 1986; Martin et al., 2008; Sytin 2009), that inhabit arid habitats
ranging from lowlands up to the subalpine and alpine belt; their distri-
bution extends from Northwestern Africa and Western Europe to Central
Asia. In Northern Africa and Europe, A. sect. Caprini is represented by –
depending on the taxonomic treatment – approximately a dozen taxa,
which are morphologically differentiated based on characters related to
floral and legume traits, hairiness of petals and leaflets, or length of the
peduncle (Podlech, 1988; Podlech and Zarre, 2013). However, character
states overlap, leading to different taxonomic treatments in the more
widespread taxa (Supplementary Table S1). The mountain-dwelling taxa
are generally narrowly distributed and rare, particularly in the Western
Mediterranean, where all northwestern African and European members
of Astragalus sect. Caprini (in the following abbreviated as AEMAC) are
of high conservation interest. Critically endangered A. cavanillesii Pod-
lech and A. tremolsianus Pau occur in the southeastern Iberian Peninsula
(Lorite et al., 2007; Teso et al., 2018), and A. maurus (Humbert&Maire)
Pau is limited to a few populations (< 5) in northern Morocco (Fougrach
et al., 2007; Podlech and Zarre, 2013). In the Eastern Mediterranean,
A. hellenicus Boiss. is a narrow endemic found only in southern Greece
and rare, disjunctly distributed A. nummularius Lam. occurs in Crete,
Lebanon and Syria (Podlech and Zarre, 2013; Strid and Tan, 1997).

In Europe, the two most widespread species of A. sect. Caprini,
A. dasyanthus Pall. and A. exscapus L., are exclusively occurring in
lowland steppes. The former is morphologically aberrant due to its
caulescent habit and is the only species that occurs in sympatry with
other members of this group. It is widespread from the southeastern
Pannonian Basin and the Carpathian Basin through the zonal Eurasian
steppes eastwards to western Kazakhstan (Podlech and Zarre, 2013).
The latter is morphologically polymorphic and taxonomically contro-
versial; for instance, above-mentioned A. hellenicus was included in
A. exscapus subsp. exscapus by Podlech and Zarre (2013). Astragalus
exscapus occurs in insular steppe habitats from the northeastern Iberian
Peninsula over the inner-Alpine valleys, the Apennines and dry areas of

Central Europe to the southern Balkan Peninsula and the northwestern
Black Sea coast (Becker, 2010; Cancellieri et al., 2017; Ferrández Pala-
cio, 2003; Goncharov et al., 1946; Meusel et al., 1965; Podlech and
Zarre, 2013; Strid and Tan, 1997; Talavera and Castroviejo, 1999; Tutin
et al., 1968). Two intraspecific entities, currently considered subspecies,
are A. exscapus subsp. transsilvanicus (Schur) Nyár restricted to the
Carpathian Basin (Ciocârlan, 2000; Podlech and Zarre, 2013; Szabo
et al., 2021) and more widespread A. exscapus subsp. pubiflorus (DC.)
Soó. However, their ranges and delimitation are contradictory in na-
tional floras and taxonomic treatments (Supplementary Table S1).
Astragalus exscapus subsp. pubiflorus is scattered in the mountains of
Albania, Bulgaria and northwestern Greece while it is more abundant in
steppic grasslands of the Pontic Plains (Assyov et al., 2012; Barina, 2017;
Chifu et al., 2006; Ciocârlan, 2000; Mosyakin and Fedoronchuk, 1999;
Petrova and Vladimirov, 2009; Pils, 2016; Podlech, 1988; Podlech and
Zarre, 2013; Qosja et al., 1992; Strid and Tan, 1997; Tutin et al., 1968).

The zonal Eurasian steppes are one of the most threatened biomes
worldwide mostly due to agricultural intensification; the same applies to
the westerly adjacent extrazonal steppes of the Pannonian Plains
(Cremene et al., 2005; Dengler et al., 2014; Kamp et al., 2016; Parnikoza
and Vasiluk, 2011; Török et al., 2018). Among the different types of
xeric grasslands, steppes with fairly deep topsoil – which are typical
habitats for species of A. sect. Caprini – are especially susceptible to
negative developments (Mucina et al., 1993), conferring a high regional
extinction risk for the constituent species. The situation of extrazonal
steppes – at least of those in low elevations – is similarly dramatic. For
instance, populations of widespread A. exscapus L. are in strong decline
throughout its distribution area; at least 44 % of all known German
populations have become eradicated in the last 150 years (Becker, 2010,
2003), only a single individual-rich population is left in Austria (Schratt-
Ehrendorfer et al., 2022), and less than 150 individuals remain in two
recently discovered localities in northern Serbia (Diklić, 1972;
Stevanović et al., 1999; N. Kuzmanovic, University of Belgrade, pers.
comm.). The main threats include land use changes such as abandon-
ment of pasturing and mowing and the influx of nitrogen and urbani-
zation (Dengler et al., 2020; Molnár et al., 2012; Török et al., 2018;
Willner et al., 2021). Accordingly, most of the lowland steppe species
and some of the mountain-dwelling species of A. sect. Caprini are in the
focus of conservation efforts, for instance A. cavanillesii, A. dasyanthus,
A. exscapus subsp. exscapus, A. exscapus subsp. pubiflorus, A. exscapus
subsp. transsilvanicus, and A. tremolsianus (Bondarchuk and Rakhmetov,
2018; Ciocârlan, 2013; Iriondo et al., 2009; Kienberg and Becker, 2017;
Kukula et al., 2003; Lorite et al., 2007; Teso et al., 2018).

Taken together, AEMAC are not only disjunctly distributed, rare and
threatened, but also morphologically highly similar, resulting in in-
congruences across taxonomic treatments (Podlech, 1988; Podlech and
Zarre, 2013; Tutin et al., 1968; Supplementary Table S1). Previous
phylogenetic studies have consistently shown that A. sect. Caprini forms
an early-diverging, monophyletic clade within Astragalus (Azani et al.,
2019, 2017; Kazemi et al., 2009; Kazempour Osaloo et al., 2005, 2003;
Su et al., 2021). However, they failed to corroborate species circum-
scriptions and to estimate relationships among species due to the lack of
resolution of the employed genetic markers (ETS, and three plastid re-
gions: Riahi et al., 2011; ITS: Sheikhakbari-Mehr andMaassoumi, 2017),
likely due to the group’s recent diversification. Consequently, molecular
approaches based on a high number of single nucleotide polymorphisms
(SNPs) are likely more suitable for reconstructing relationships among
the closely related taxa. Finally, apart from the scientifically-motivated
striving for sound phylogenetic hypotheses in under-investigated plant
groups, taxonomic concepts such as wide or narrow circumscription of
species directly bear on nature conservation, for instance the range-wide
threat category.

Here, we used SNP data derived from restriction-site associated DNA
sequencing (RADseq), nuclear ribosomal internal transcribed spacer
(ITS) sequences, maternally inherited (for Fabaceae: Corriveau and
Coleman 1988) plastid DNA sequences and morphometric data
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alongside relative genome size (RGS) to elucidate the group’s spatio-
temporal diversification. (1) The first goal was to unravel whether the
populations of (sub-)mediterranean mountain systems from the Iberian
and Balkan peninsulas originated early in the group’s diversification,
whereas populations from lowland steppes originated later. This would
reflect the long-term climatic stability of the (sub-)mediterranean
mountain areas in contrast to the recurrent and large-scale range al-
terations of lowland steppes as a response to the climatic oscillations of
the Pleistocene. (2) The second goal was to evaluate whether the
disjunct distribution exhibited by AEMAC results from vicariance due to
fragmentation of their continuous cold-stage habitats during warm
stages of the Pleistocene or rather from long-distance dispersals. We
further discuss to what extent the recurrent climatic cycles of the
Pleistocene have fueled speciation, lineage formation and secondary
contacts within AEMAC. (3) Finally, we aimed to clarify the group’s
taxonomy based on an integrative approach combining genomic and
genetic evidence as well as RGS and morphometric data. Amongst other,
we reevaluate the circumscription of A. exscapus, a flagship species of
dry grassland conservation in Europe (Becker, 2013).

2. Material and methods

2.1. Study species

To increase readability, from here onwards taxonomy and nomen-
clature deviate from the treatment by Podlech and Zarre (2013) in
anticipation of our results. Specifically, we use the species rank for all
AEMAC taxa, including A. exscapus subsp. transsilvanicus and A. exscapus
subsp. pubiflorus. The latter is split into the two informal units, “A.
pubiflorus Pontic” and “A. pubiflorus Balkan”. Further, the populations
from southern Greece are treated as A. hellenicus and not as A. exscapus
subsp. exscapus, following Flora Hellenica (Strid and Tan, 1997). Finally,
we treat population 6 from northeastern Spain as A. cavanillesii and not
A. exscapus, as originally published (Ferrández Palacio, 2003).

We included A. maurus from Morocco as well as all AEMAC taxa
distributed north of the Mediterranean Sea from the Iberian Peninsula in
the West to the western Pontic Plains in the East in the RADseq dataset
except for A. caprinus L. subsp. huetii Bunge (Sicily) and A. ictericus
Dingler (northern Greece; Supplementary Table S2). Astragalus aego-
bromus Boiss. and Hohen. (33), A. angustiflorus subsp. angustiflorus K.
Koch (31) and A. flexus Fisch. (34), distributed across the Irano-Turanian
region were added as outgroups based on phylogenetic evidence (Azani
et al., 2019, 2017; Riahi et al., 2011; Su et al., 2021) and overall
morphological similarity (Podlech, 1988; Podlech and Zarre, 2013). For
the plastid DNA data set, the outgroup sampling was extended by adding
21 newly generated sequences of 19 taxa (Supplementary Table S2).
Additionally, ycf1 sequences of the following species were downloaded
from GenBank and included in the alignment: A. americanus (Hook.) M.
E. Jones MZ923737, A. annularis Forssk. MK958285, A. frigidus (L.) A.
Gray JQ801559, A. membranaceus (Fisch.) Bunge var. membranaceus
KX255662, A. mongholicus Bunge MT982389, A. remotijugus Boiss. and
Hohen. MK958287, A. vulpinusWilld ON550388. The ITS alignment was
complemented by six newly generated sequences of five taxa
(Supplementary Table S2) and by sequences from GenBank of
A. alopecurus Pall. MF543748, A. annularis KX954894, A. caprinus subsp.
caprinus KX954920, A. frigidus AB231092, A. membranaceus HQ891827,
A. mongholicus MN224267, A. ponticus Pall. AB741296, A. sieversianus
Pall. MK945637, A. vulcanicus Bornm. AB051960 and A. vulpinus
MT923555.

2.2. Plant material

Leaf material (one to three leaflets per individual) of 32 populations
(AEMAC: 21, outgroup: 11) was collected in silica gel between 2011 and
2022. Collecting permits are cited in Supplementary Table S2. For
AEMAC, usually five individuals per population were sampled, totalling

88 individuals, whereas for the outgroup species one to two individuals
per population were collected, totalling 17 individuals (Supplementary
Table S2). We identified the plants using different Floras (Chamberlain
and Matthews, 1969; Tutin et al., 1968; Fischer et al., 2008; Goncharov
et al., 1946; Podlech and Zarre, 2013; Strid and Tan, 1997). Addition-
ally, herbarium material from the herbaria BC, B, IB, M, MSB, MA, and
W (Holmgren, 1990) was sampled for plastid sequencing, totalling 16
individuals (7 AEMAC, 9 outgroup populations; Supplementary Table
S2). A recently collected herbarium voucher of A. maurus (BA 967836,
Supplementary Table S2) was used to complement the RADseq dataset,
totalling 89 individuals from 22 AEMAC populations. Except for wide-
spread A. dasyanthus, the sampling localities cover well the distribution
range of the species. For the morphometric measurements, herbarium
specimens covering the distribution areas of all investigated taxa were
made available by the herbaria B, G, M, MSB, MA, and IB
(Supplementary Table S3).

2.3. DNA extraction, amplification, sequencing and analyses of the
plastid marker ycf1

Extraction of total genomic DNA from silica-dried leaf material and
herbarium specimens followed the CTAB protocol used by Frajman and
Schönswetter (2011). Mapping RAD loci against the reference plastid
genome (Laczkó et al., 2022) of A. flexusON550403 yielded no sufficient
information within AEMAC (7 PstI cut sites, ca. 1300 bp, two variable
sites, data not shown). Therefore, we decided to use the highly variable
plastid region ycf1 (Bartha et al., 2012). Amplifications and sequencing
were done as described by Záveská et al. (2019). Typically, two in-
dividuals per population were sequenced, with the exception of pop-
ulations 1, 2, 15, 16 and 28 from which a single individual was
sequenced. As no intrapopulational variation was found, only one in-
dividual per population was used for the subsequent analyses. Sequences
were aligned using MAFFT (https://mafft.cbrc.jp/alignment/server/)
and the alignment was improved manually in BioEdit 7.0.0. (Hall,
1999). In all analyses, indels were treated as missing values.

A haplotype network based on an 883 bp alignment including all 26
sequenced AEMAC individuals plus one representative each of closely
related A. angustiflorus subsp. angustiflorus and A. angustiflorus subsp.
anatolicus (Boiss.) D.F.Chamb. was constructed using statistical parsi-
mony as implemented in TCS 1.21 (Clement et al., 2000) with PopART
(Leigh and Bryant, 2015). Analyses were run with the default parsimony
connection limit of 95 %.

We used BEAST 2.7.5 (Bouckaert et al., 2019) for reconstruction of
relationships and estimation of divergence times. As there are no reliable
fossils (Wojciechowski, 2005) that can be assigned unambiguously to
Astragalus or other closely related taxa in the IR-Lacking Clade of
Faboideae (IRLC; Lavin et al., 2005; Wojciechowski et al., 1999), the
ycf1 data was secondarily calibrated on three nodes with the inferred
ages from Su et al. (2021, calibration node 1 and 2) and Azani et al.
(2019, calibration node 3): (1) the crown age of Astragalus (mean:
12.51 Ma, SD: 1.6), (2) the crown age of the “Phaca clade” sensu Su et al.
2021 (mean: 7.20 Ma, SD: 0.85), and (3) the crown age of A. sect.
Caprini (mean: 2.33 Ma, SD: 0.6). The ycf1 alignment was 1,051 bp long.
After model testing with ModelFinder (Kalyaanamoorthy et al., 2017),
the TPM3uf + G4 substitution model was chosen based on the Bayesian
information criterion (BIC). Further, a relaxed clock model with a Birth-
Death prior (Heled and Drummond, 2015) was selected. Two indepen-
dent analyses were run for 100 million generations each, sampling every
10,000 generations. To assess convergence and ensure that the effective
sample size (ESS) for all parameters was > 200, log files were analyzed
using Tracer 1.7.2 (Rambaut et al., 2018). Resulting trees of both ana-
lyses were combined using LogCombiner 2.7.5, omitting the first 20% of
trees as burn-in. A maximum clade credibility (MCC) tree based on
16,000 trees and showing median heights was built using TreeAnnotator
2.7.5 and visualized using FigTree 1.4.4 (Rambaut, 2016).
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2.4. Amplification, sequencing and analyses of the internal transcribed
spacer (ITS)

The amplification of the ITS region was done in 20 µl reactions using
8 µl REDTaq PCR Reaction Mix (Sigma-Aldrich), 0.9 µl BSA (1 mg/ml;
Promega), 0.55 µl (10 μM) of both primers (17SE and 26SE, Sun et al.,
1994) and 1 µl of 1:10 diluted DNA of unknown concentration. To
enhance the specificity of the primer pair, we used a touchdown PCR
program of 35 cycles with 30 s at 94 ◦C, starting annealing temperature
of 56 ◦C, which was decreased by 0.4 ◦C each cycle until 48◦ C from
where on it stayed constant, 1 min at 72 ◦C. The final extension step was
72 ◦C for 10 min. Control for amplification success, enzymatic purifi-
cation and sequencing was done as described for ycf1. After identical
sequences were removed from the final alignment, a total of 19 ribo-
types were retained. ModelFinder (Kalyaanamoorthy et al., 2017) was
used to select the appropriate substitution model. Based on the BIC, K80
was chosen and AEMAC was constrained as monophyletic. The dataset
was secondarily calibrated with a normal prior using the same calibra-
tion nodes, settings and downstream analyses as described above for the
plastid dataset.

2.5. RADseq: Library preparation, identification of RADseq loci and SNP
calling

The final RADseq dataset included 22 AEMAC populations (totalling
89 individuals, mean: 4.05 individuals per population) and 3 pop-
ulations from the outgroup totalling 7 individuals. Single-digest RADseq
libraries were prepared from one to five individuals per population using
the restriction enzyme PstI (New England Biolabs) and a protocol
adapted from Paun et al. (2016) employing a double barcoding
approach. Four individuals were sequenced twice to assess the repro-
ducibility of the method. A 6-base-pair (bp) P2 barcode and a 14-bp P1
barcode that differed by at least three bases from each other were
selected to avoid erroneous assignment of fragments due to sequencing
errors. We started with 140 ng DNA per individual and ligated 0.2 µMP1
adapters to the restricted samples. Shearing by sonication was per-
formed with a M220 Focused-ultrasonicator (Covaris) with settings
targeting a size range of 200–800 bp and a mode at 400 bp (peak in
power: 50, duty factor 10 %, 200 cycles per burst and treatment time 90
s at 20 ◦C). To remove undesired fragment lengths from each pool, left-
and right-side size selection steps were done, using × 0.7 and × 0.55 vol
of SPRIselect reagent (Beckman Coulter). After ligation of P2 adaptors,
DNA content of each sample was quantified using a Qubit 4 Fluorometer
(Thermo Fisher Scientific), and samples were pooled to be equally rep-
resented in the final sample. Further, size selection steps were done on
the left side with × 0.55 vol of SPRI reagent before and after the 18
cycles of PCR amplification with Phusion Master Mix (Thermo Fisher
Scientific). The libraries were sequenced on a NovaSeq SP SR100 XP and
a HiSeq2000 sequencer (Illumina) at CSF Vienna (https://csf.ac.at/

facilities/next-generation-sequencing/) as 100-bp single reads.
Raw reads were quality filtered and demultiplexed based on

individual-specific barcodes using Picard BamIndexDecoder included in
the Picard Illumina2bam package (available from https://github.com/w
tsinpg/illumina2bam) and the program process_radtags.pl implemented
in Stacks 2.3 (Catchen et al., 2013, 2011). The RADseq loci were further
assembled, and SNPs were called using the denovo_map.pl pipeline also
implemented in Stacks. Based on the optimization process described by
Paris et al. (2017), the parameters which yielded most polymorphic loci
were chosen for subsequent analyses. Minimum coverage to identify a
stack in denovo_map.pl (Catchen et al., 2013, 2011) was set to 3 (-m 3),
the maximum number of differences between two stacks in a locus in
each sample was three (-M 3), and the maximum number of differences
among loci to be considered as orthologous across multiple samples was
three (-n 3). The program populations implemented in Stacks 2.3 was
used to pre-process and export the selected loci using different filtering
settings according to the requirements of each respective analysis
(Table 1; Catchen et al., 2013, 2011). For all analyses, a maximum
heterozygosity filter (–max_obs_het 0.65) was used to filter potential
paralogs.

2.6. Phylogenetic and dating analyses based on SNP data

A maximum likelihood (ML) phylogeny was computed using RAxML
8.2.8 (Stamatakis, 2014) to infer phylogenetic relationships. SNP data
was pre-processed and exported to VCF format using populations (set-
tings in Table 1; Catchen et al., 2013, 2011). Indels were removed and
SNPs with a minimum coverage lower than ten were filtered using
VCFtools (–minDP 10; Danecek et al., 2011). The VCF-file was then
converted to Phylip format with the vcf2phylip script (Ortiz, 2019).
Invariant sites were removed from the original Phylip file using the –E
flag in RAxML (Stamatakis, 2014), resulting in 23,387 variant SNPs, and
Felsenstein’s ascertainment bias correction was used to account for
missing invariant sites (Leaché et al. 2015). Tree searches were done
under a General Time Reversible model with categorical optimization of
substitution rates (ASC_GTRCAT), using the –K80 flag to assign a Kimura
80 (Kimura, 1980) substitution model (Stamatakis, 2014). The best-
scoring ML tree was bootstrapped using 150 replicates and the
frequency-based stopping criterion (Pattengale et al., 2010).

As the more recent splits were not fully resolved by the plastid and
ITS phylogenies, we estimated divergence times using RADseq data with
SNAPP (Bryant et al., 2012), a package implemented in BEAST 2
(Bouckaert et al., 2019). Due to the computational demand of SNAPP a
reduced dataset containing one to two samples per species was used;
individuals with the lowest amount of missing SNPs per individual were
selected. Populations 16 and 17 of “A. pubiflorus Pontic” were excluded
due to high missing data. The input file was prepared using the script
snapp_prep.rb (available at https://github.com/mmatschiner/sna
pp_prep) and consisted of 9,708 bi-allelic unlinked sites and 16

Table 1
Final number of individuals (N Inds) and number of SNPs (N SNPs) available for each analysis after specific data pre-processing and filtering. Settings used for SNP
export in populations (Catchen et al., 2013, 2011) are provided for each respective analysis; –R (minimum percentage of individuals across populations required to
process a locus), –min-maf (minimum minor allele frequency required to process a SNP and corresponding number of individuals), –max-obs-het (maximum observed
heterozygosity required to process a SNP), –write-single-SNP (restrict data analysis to only the first SNP per locus).

Analysis –R --min-maf --max-obs-het --write-single-SNP N Inds N SNPs

Dsuite
(Malinsky et al., 2021)

0.5 0.0105 (=1 ind) 0.65 not used 91 251,375

RAxML
(Stamatakis, 2014)

0.9 0.0315 (=3 inds) 0.65 not used 95 23,387

SNAPP
(Bryant et al., 2012)

1 − 0.65 used 16 9,708

Splitstree
(Huson and Bryant, 2005)

0.5 0.0112 (=1 ind) 0.65 not used 89 223,419

Structure
(Pritchard et al., 2002)

0.5 0.0112 (=1 ind) 0.65 used 89 51,873
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individuals (for details see Table 1). We used secondary calibration
points obtained from dating analysis of the plastid dataset (described
above), applying a lognormal prior (crown age A. angustiflorus subsp.
anatolicus plus AEMAC: mean: 0.72, SD: 0.2; onset of diversification of
AEMAC: mean: 0.57, SD: 0.2). A Gamma distribution was assigned to the
Lambda prior, with an Alpha of 1 and a Beta of 200, and the mutation
rate was estimated. Three independent iterations were run, each with a
chain length of 2,000,000, sampled every 100 generations. This resulted
in 60,000 trees. Effective sample size (ESS) for all parameters in each run
was > 200, log files were analyzed using Tracer 1.7.2 (Rambaut et al.,
2018). After removing 20 % of trees from each run as burn-in, we
combined the remaining 48,000 trees with LogCombiner 2.7.5, sum-
marized the MCC tree with median heights in Treeannotator 2.7.5, and
visualized the final tree using FigTree 1.4.4 (Rambaut, 2016).

For the 89 AEMAC individuals, SplitsTree 4.12.6 (Huson and Bryant,
2005) was used to create a NeighborNet to visualize potential re-
ticulations. The analysis was based on a dataset with relatively relaxed
filtering settings (Table 1). Network analysis was done using the
NeighborNet method based on Nei’s standard genetic distances between
individuals (Nei, 1972), which were calculated from the individual ge-
notype calls using the R package StAMPP 1.5.1 (Pembleton et al., 2013).

2.7. Ancestral range estimation

To infer the biogeographical history of AEMAC from the phylogenies
produced with RAxML and SNAPP, we used the R package Bio-
GeoBEARS 1.1.3 (https://github.com/nmatzke/BioGeoBEARS; Matzke,
2013, 2014) for R 4.4.0 (https://www.R-project.org/). The RAxML tree
was made ultrametric using the Software Mesquite 3.81 (https://www.
mesquiteproject.org; Maddison and Maddison, 2023). The populations
were assigned to the following ecoregions based on their occurrence. (A)
Western Irano-Turanian Region, (B) Eastern Mediterranean mountain
steppes, (C) Western Mediterranean mountain steppes, (D) Western
lowland steppes, (E) Eastern lowland steppes. As a migration hypothesis
we assumed that migration within and between regions is free (man-
ual_dispersal_multipliers was set to 1) and the maximum range size was
set to 3. Two models were tested (DEC, DIVALIKE), each with and
without the parameter j which allows for founder-event speciation
(“rare jump dispersal event”).

2.8. Exploring gene flow using ABBA-BABA tests, f-branch statistics and
Bayesian clustering

Patterson’s D statistic (ABBA-BABA; Green et al., 2010; Martin et al.,
2015; Patterson et al., 2012) was used to explore potential gene flow
between the six main RADseq clades (see Results). D statistics and the
related admixture fraction estimates (f4-ratio statistics) were calculated
using the software Dsuite (Malinsky et al., 2021). Input data was filtered
and pre-processed as shown in Table 1. Dsuite uses a jackknifing
approach to assess correlations in allele frequencies between closely
related lineages. Tests were designed with a fixed phylogeny of three
ingroup populations and one outgroup population (((P1,P2)P3)O),
wherein a typical ancestral (“A”) and derived (“B”) allele pattern should
follow BBAA. Under incomplete lineage sorting, conflicting ABBA and
BABA patterns are expected to occur in equal frequencies, resulting in
the D statistic equalling zero. If, however, introgression occurred be-
tween P3 and P1 or P2, one would expect an excess of shared alleles and
the D statistic should therefore be significantly different from zero
(Durand et al. 2011). The f-branch or fb(C) metric, a summary of f4
admixture ratios showing excess allele sharing between the branch on
the y-axis and the sample on the x-axis was used to tease apart poten-
tially correlated f4-ratio statistics and estimate gene flow between in-
ternal branches of the RAxML phylogeny (P1-P3; Malinsky et al., 2021).
Within Dsuite, the Dtrios and Fbranch flags were used to identify
introgression between all combinations of the six RADseq groups,
specifying A. angustiflorus subsp. angustiflorus as the outgroup and

applying Bonferroni correction to account for the increased risk of a type
I error when making multiple statistical tests. A separate and subse-
quent, in-depth analysis was done for the western Mediterranean species
and A. nummularius, using A. angustiflorus subsp. angustiflorus as the
outgroup (24 individuals in total). The test was done using the two
conflicting tree topologies inferred by RAxML and SNAPP. The input
data was generated using the same settings as in case of the full dataset
(Table 1), whereas this specific dataset contained 90,880 SNPs after pre-
processing. We considered a gene flow signal as significant if the
following combination of parameters were fulfilled in a test: D∕= 0, Z> 3
and p-value < 0.05 (Durand et al., 2011; Ottenburghs et al., 2017).

Bayesian clustering as implemented in Structure 2.3.4 (Falush et al.,
2003; Pritchard et al., 2000a) was used to estimate the number of demes
and to determine the degree of admixture. For this, a SNP dataset
without outgroups was generated using populations (settings in Table 1;
Catchen et al., 2013, 2011, 2011). Clustering was done using the
Admixture model (Alexander et al., 2009), for K = 1–10 clusters and ten
replicates per K. Each replicate was run with 100,000 MCMC iterations
after an initial burn-in of 50,000 iterations. The best K was determined
following Evanno et al. (2005) using Structure Harvester (Earl and
vonHoldt, 2012). The output of Structure Harvester was further pro-
cessed with CLUMPP (Jakobsson and Rosenberg, 2007) to align cluster
assignment across replicates.

2.9. Relative genome size measurements

Relative genome size (RGS) was inferred from fluorescence in-
tensities of 4′,6-diamidino-2-phenylindole (DAPI)-stained nuclei iso-
lated from silica-gel dried leaf material following Suda and Trávníček
(2006). Bellis perennis L. served as the internal reference standard (2C =

3.38 pg DNA; Schönswetter et al., 2007) for all samples. One to five
individuals each from 21 AEMAC populations were analysed (average
4.28; in total 83) and two individuals were measured from each of the
three outgroup populations (Supplementary Table S2). For populations
1 and 2 of A. maurus, 4 and 5 of A. cavanillesii, and 28 of A. nummularius,
RGS could not be determined as the plant material was of insufficient
quality or not suitable for flow cytometry (i.e. provided as DNA extract
in the case of A. nummularius). Desiccated green leaf tissue (~ 0.5 cm2)
was chopped together with an appropriate amount of fresh reference
standard and processed as described in Doležel et al. (2007). The relative
fluorescence intensity of 3,000 particles was recorded with a Partec
CyFlow space flow cytometer (Partec). Partec FloMax software (Partec)
was used to evaluate the histograms. The reliability of the measurements
was assessed by calculating coefficients of variation (CVs) for the G1
peaks of both the analyzed sample and the reference standard. Histo-
grams resulting from analyses yielding a CV threshold of > 5 % were
manually gated. Boxplots were created in R 4.1.2 (R Core Team, 2021)
and a map showing the mean RGS of each investigated population was
constructed in QGIS 3.22 (https://qgis.osgeo.org).

2.10. Morphometric analyses

Morphological differentiation was investigated across 137 in-
dividuals from 85 AEMAC populations (Supplementary Table S3). From
each of the investigated species, material of at least three individuals
was available for the morphometric measurements: A. cavanillesii (n =

14), A. dasyanthus (n = 31), A. exscapus (n = 36), A. hellenicus (n = 16),
A. maurus (n = 3), A. nummularius (n = 15), “A. pubiflorus Pontic” (n =

6), “A. pubiflorus Balkan” (n = 3), A. transsilvanicus (n = 10),
A. tremolsianus (n = 3). Based on descriptions in the literature and a
preliminary screening, eleven morphological characters were measured
with a caliper on the herbarium vouchers: calyx teeth length in mm (1),
maximal width of calyx tube in mm (2), leaf length in mm (3), length of a
middle leaflet in mm (4), number of leaflets per leaf (excl. terminal
leaflet) (5), width of a middle leaflet in mm (6), pedicel length in mm
(7), peduncle length in mm (8), petiolule length in mm (9), standard
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length in mm (10), and stipule length in mm (11). Further, the number
of hairs on the entire abaxial surface of the standard was determined
(12, also shown as binary character [absent/present] in Fig. 7). Finally, a
ratio (13) was calculated from characters 4 and 7, resulting in a final
matrix of thirteen characters. Each value typically represents the mean

of three measurements. Generative and vegetative characters were
scored on fully developed organs. Correlation among measured char-
acters was tested by Pearson and Spearman correlation coefficients,
depending on the distribution of values. Principal component analysis
(PCA) of standardized variables was conducted with the function

Fig. 1. Temporal diversification and spatial variation of the plastid ycf1 region among northwestern African and European members of Astragalus sect. Caprini
(AEMAC). Symbols indicate taxa, numbers in A and C are population identifiers (Supplementary Table S2), and colors correspond to haplotypes (labeled H1–H11 in
B). A, time-calibrated maximum clade credibility tree including AEMAC and 26 outgroup taxa. Numbers above branches are median ages in million years ago (Ma).
Black and gray circles indicate nodes with posterior probabilities (PP) ≥ 0.95 and PP 0.85–0.94, respectively. Red stars indicate secondary calibration points (see
section 2.3 for details) and blue bars represent 95 % highest posterior densities intervals. B, statistical parsimony network showing relationships among haplotypes.
Sizes of circles reflect haplotype frequencies. Unsampled haplotypes are shown as small uncolored circles. C, geographic distribution of the haplotypes and species.
Black and white stars correspond to the outgroup A. angustiflorus subsp. anatolicus and A. angustiflorus subsp. angustiflorus, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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prcomp and visualized with the R package ggplot2 using R 4.1.2 (R Core
Team, 2021; Wickham et al., 2016) to demonstrate the overall variation
pattern along the first two components. Two separate PCA ordinations
were calculated. In the first dataset, all 137 individuals were included
and twelve of the 13 characters were used (character 3 was excluded
based on initial trials to improve resolution). For the second PCA 88
individuals were analyzed, after excluding the three morphologically
most divergent species A. dasyanthus, A. nummularius and
A. tremolsianus, and 10 characters were used; characters 2, 8 and 9 were
excluded to improve resolution. The second PCA was done to enhance
the morphological separation within the more similar taxa. Based on the
morphometric data, we produced an identification key. Metric values
presented there correspond to the 10th and 90th percentiles, supple-
mented by extreme values in parentheses.

3. Results

3.1. Phylogenetic relationships and divergence times based on plastid ycf1
sequences

The 38 ycf1 sequences for the molecular dating approach were

817–901 bp long (GenBank accession numbers in Supplementary Table
S2); the final alignment was 1,035 bp long and contained 359 variable
and 274 parsimony-informative sites resulting in an overall nucleotide
variability of 34.69 %. The AEMAC (populations 1–28) were resolved as
monophyletic and diverged from their closest relative, A. angustiflorus
subsp. anatolicus in the Mid-Pleistocene 0.72 Ma (95 % highest posterior
densities, HPD: 0.36–1.17; Fig. 1A). The onset of the AEMAC diversifi-
cation was dated to 0.57 Ma (95 % HPD: 0.27–0.94), leading to the
origin of eastern Mediterranean A. nummularius; western Mediterranean
A. maurus and A. tremolsianus diverged 0.47 Ma (95 % HPD: 0.22–0.8;
Fig. 1A). Subsequently, western Mediterranean A. cavanillesii diverged
0.38 Ma (95 % HPD: 0.17–0.65; Fig. 1A). The major split between the
other European lineages, including mountain and lowland steppe taxa,
occurred 0.22 Ma (95 %HPD: 0.08–0.41; Fig. 1A); diversification within
these two major clades took place between 0.14 Ma (95 % HPD:
0.02–0.3) and 0.04 Ma (95 % HPD: 0.0–0.12; Fig. 1A). The estimated
mutation rate of ycf1 was 0.0099 substitutions/site/Ma (95 % HPD:
0.0077–0.0121 substitutions/site/Ma).

The alignment used to infer a haplotype network, which included 28
AEMAC populations as well as the outgroups A. angustiflorus subsp.
angustiflorus and A. angustiflorus subsp. anatolicus (populations 29, 31),

Fig. 2. Internal transcribed spacer (ITS) variation among northwestern African and European members of Astragalus sect. Caprini (AEMAC). Symbols indicate taxa,
numbers in A and B are population identifiers (Supplementary Table S2), and colors correspond to ribotypes (labeled R1–R4). A, time-calibrated maximum clade
credibility tree including AEMAC and 16 outgroup taxa. Numbers above branches are median ages in million years ago (Ma). Black dots indicate maximally sup-
ported nodes (posterior probability 1). Red stars indicate secondary calibration points and blue bars represent 95% highest posterior densities intervals. B, distri-
bution of ribotypes. Symbols indicate taxa, numbers are population identifiers (Supplementary Table S2). The black and white star indicates the location of
A. angustiflorus subsp. anatolicus (29) and A. angustiflorus subsp. angustiflorus (31), respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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contained 30 sequences ranging from 829–865 bp and was 883 bp long.
The matrix comprised 33 variable nucleotide characters, 15 parsimony-
informative sites and two indels (36 and 18 bp long), resulting in 3.73 %
variable characters (indels not included). In total, 11 haplotypes (H)
were revealed (Fig. 1BC). H1–H6 were separated by maximally five
mutational steps. The closely related H1 and H2 were found in “A.
pubiflorus Pontic” and A. transsilvanicus, whereas H3 and H4 were
detected exclusively in A. exscapus. While A. hellenicus and A. dasyanthus
shared H5, H6 was discovered in “A. pubiflorus Balkan” and
A. dasyanthus. H7 and H8 were restricted to A. cavanillesii from southern
and northern Iberian Peninsula, respectively. H9 corresponded to
A. tremolsianus and the closely related H10 belonged to A. maurus. The
earliest-diverging species within AEMAC, A. nummularius, possessed
H11.

3.2. Phylogenetic relationships and divergence times based on ITS
sequences

The ITS alignment was 606 bp long and harboured 85 variable and
26 parsimony-informative sites resulting in an overall nucleotide vari-
ability of 14.02 %. The 19 sequences which were included ranged from
601–603 bp (GenBank accession numbers in Supplementary Table S2).

According to the dated ITS phylogeny (Fig. 2), AEMAC diverged in the
Early Pleistocene 1.2 Ma from the ancestors of a clade comprising
A. angustiflorus, A. caprinus subsp. caprinus and A. vulcanicus (95 % HPD:
0.50–2.1). Monophyletic AEMAC started to diversify in the Mid-
Pleistocene 0.7 Ma (95 % HPD: 0.2–1.44), and comprised four ribo-
types (R1–R4; Fig. 2). Astragalus nummularius was resolved as the
earliest-diverging lineage, followed by A. maurus 0.5 Ma (95 % HPD:
0.09–1.07). Finally, the last split occurred 0.3 Ma (95 % HPD:
0.002–0.78) and resulted in a common and widespread ribotype shared
by the larger part of populations on the one hand and a ribotype shared
by only A. transsilvanicus and “A. pubiflorus Pontic” on the other hand.
Generally, ITS sequence divergence was shallow, and the ribotypes of
A. maurus, A. nummularius and “A. pubiflorus Pontic”/A. transsilvanicus
deviated from the common ribotype by only one substitution. Ribotypes
within AEMAC were separated by maximally two mutational steps (data
not shown). Further, A. aegobromus and A. urmiensis Bunge had the same
ribotype as A. angustiflorus and A. caprinus subsp. caprinus, respectively.
Hence, the former two taxa were excluded (Fig. 2). The estimated mu-
tation rate of ITS was 0.0031 substitutions/site/Ma (95 % HPD:
0.0022–0.0042 substitutions/site/Ma).

Fig. 3. Maximum likelihood (RAxML) phylogeny of northwestern African and European members of Astragalus sect. Caprini (AEMAC) and outgroup based on 23,387
SNPs derived from RADseq. Terminal nodes were collapsed for better legibility. Numbers above branches indicate bootstrap support; taxon names are followed by
population identifiers (see Supplementary Table S2). Colors of terminals reflect the plastid haplotypes as shown in Fig. 1; populations 2 and 28 are represented by a
single individual each.
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3.3. Phylogenetic relationships and divergence times based on SNP data

The RADseq dataset included 22 AEMAC populations plus
A. aegobromus, A. angustiflorus and A. flexus, which were resolved as
closely related outgroups in the plastid (Fig. 1A) and ITS (Fig. 2A)
phylogenetic trees. The four replicates clustered with the corresponding
individual in the RAxML-tree and the NeighborNet, demonstrating the
reproducibility of the method (not shown). The average number of high-
quality reads per sample retained after demultiplexing and quality
filtering was 2.91 (SD = 2.37) million. The denovo_map.pl pipeline
identified a mean coverage of 24.31× (± 14.38) over all samples in the
catalog. All raw RADseq data are available in the NCBI Sequence Read
Archive as BioProject PRJNA1186562 (accession numbers
SAMN44766716–SAMN44766620; further details in Supplementary
Table S2).

In the RAxML phylogeny rooted with A. flexus six main clades were
identified within AEMACwith bootstrap values (BS) of 100%, except for
the Eastern Mediterranean Clade (BS 62 %; Fig. 3); backbone nodes
received a BS of at least 79%. AEMACwas resolved as monophyletic and
was sister to A. angustiflorus subsp. angustiflorus (BS 100 %). The Eastern
Mediterranean Clade comprising A. nummularius and A. hellenicus was
sister to the other five RADseq clades. The Western Mediterranean Clade
consisted of A. cavanillesii, A. maurus and A. tremolsianus. The Pubiflorus
Balkan Clade contained populations of “A. pubiflorus Balkan”, and the
Carpathian-Pontic Clade comprised “A. pubiflorus Pontic” and
A. transsilvanicus. Finally, the Exscapus Clade and the Dasyanthus Clade
contained populations of A. exscapus and A. dasyanthus, respectively.

The time-calibrated SNAPP phylogeny including representatives of
AEMAC and A. angustiflorus subsp. anatolicus recovered species as clades
with maximum support (PP = 1) except for the split between
A. dasyanthus and A. exscapus (PP = 0.95, Fig. 4). The inferred topology
differed slightly from the relationships shown in the RAxML tree (Fig. 3)

and the NeighborNet (Fig. 5A). Specifically, the western Mediterranean
A. maurus was sister to eastern Mediterranean A. nummularius and they
formed the earliest diverging lineage within AEMAC, followed by
A. hellenicus. Further, A. tremolsianus was nested within A. cavanillesii
rather than being sister of A. maurus. Estimates from three independent
runs with two million generations each were consistent and yielded
results in a similar range; ESS values exceeded 200 for each parameter.
The 95 % HPD intervals of the node ages (numbered in Fig. 4) are given
in Supplementary Table S4. The estimated mutation rate was 0.0039
substitutions/site/Ma (95 % HPD: 0.0026–0.0052 substitutions/site/
Ma).

The NeighborNet (Fig. 5A) of AEMAC resulted in the recovery of six
main groups similar to the lineages resolved by RAxML (Fig. 3), while
A. nummularius was only loosely linked to A. hellenicus.

3.4. Biogeography

In the BioGeoBEARS analyses (Supplementary Fig. 1), models
including the j parameter fitted best, suggesting that long-distance
dispersal events have likely occurred in the evolutionary history of
AEMAC. The AIC model selection supported the DIVALIKE + J model,
which had a slightly lower AIC value than the DEC + J model in both
topologies (AIC-RAxML: DIVALIKE + J = 30.22; DEC + J = 31.86;
DIVALIKE = 38.59; DEC = 40.79; AIC-SNAPP: DIVALIKE + J = 34.44;
DEC + J = 35.54; DIVALIKE = 45.57; DEC = 51.68). According to the
ancestral range estimation, the geographic origin of AEMAC lineages lies
in the Eastern Mediterranean mountains (RAxML: 52 %; SNAPP: 60 %).
In addition, the results suggest that the inner Alpine dry valleys, the
Pannonian Basin, the Pontic Plains and Transylvania were colonized
from (sub-)mediterraneanmountains (RAxML: 60 %; SNAPP: 73%). The
origin of the Western lowland steppes was less clear; while the analysis
based on RAxML supported an origin from the Western Mediterranean

Fig. 4. Time-calibrated phylogeny (maximum clade credibility tree) reconstructed with SNAPP. As a proxy for temperature changes during the last 800,000 years the
mean sea surface temperature (◦C; Shakun et al., 2015) is indicated above the chronological scale. The phylogeny is based on 9,708 RAD loci illustrating the
phylogenetic relationships among northwestern African and European members of Astragalus sect. Caprini (AEMAC) and their closest relative A. angustiflorus subsp.
anatolicus. Taxon names are followed by population identifiers (see Supplementary Table S2). Numbers above branches are median ages in million years (Ma). All
nodes were maximally supported (posterior probabilities, PP = 1) except for node 8 (PP = 0.95). Red stars (nodes 1 and 2) indicate secondary calibration points and
blue bars represent 95 % highest posterior densities intervals (details are in Supplementary Table S4). The abbreviation “ang.” stands for the species epithet
“angustiflorus”. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Genetic structure and gene flow among northwestern African and European members of Astragalus sect. Caprini (AEMAC). A, NeighborNet based on 251,375
SNPs. Numbers are population identifiers (see Supplementary Table S2), arrows display strongest gene flow between the clades as evidenced by the f-branch statistic
(values > 0.09 are shown), and colors of arrows correspond to the strength of the signal as indicated in B. The clades resolved in the RAxML phylogeny (Fig. 3) are
indicated. B, introgression as estimated by the f-branch statistic (summary of f4 admixture ratios; details are in Supplementary Table S6). The heat map summarizes
the f-branch statistics estimated in Dsuite. Gray cells indicate inadmissible comparisons due to topological constraints of the underlying phylogeny. White stars
highlight the five strongest gene flow events shown in A. Dotted lines in the phylogeny represent ancestral lineages. Ca-Po, Carpathian-Pontic Clade
(A. transsilvanicus: 12, 14, 15; “A. pubiflorus Pontic”: 16, 17, 19); Dasyanthus Clade (11, 13, 22); Exscapus Clade (7–10); E-Med, Eastern Mediterranean Clade
(A. hellenicus: 26, A. nummularius: 28); Pubiflorus B, Pubiflorus Balkan Clade (“A. pubiflorus Balkan”: 23, 24); W-Med, Western Mediterranean Clade (A. cavanillesii
4–6, A. maurus: 2, A. tremolsianus: 3). Astragalus angustiflorus subsp. angustiflorus (31) was used as outgroup. C, Structure analysis results for K = 7 clusters, results for
other K’s are given in Supplementary Fig 3. Pie charts in the map and bar plots show the assignment of populations and individuals, respectively, to each of the seven
Structure clusters; populations are separated by black vertical lines in the bar plots. Below the bar plots the RAxML phylogeny (as in Fig. 3) is shown.
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mountains (94 %), the analysis based on SNAPP was inconclusive (50 %
for an ancestral range in the Western Mediterranean mountains).

3.5. Patterns of gene flow uncovered with ABBA-BABA tests, f-branch
statistics and Bayesian clustering

ABBA-BABA tests (Fig. 5B, Suplementary Tables S5 and S6) for the
six RADseq groups (based on the RAxML topology; Fig. 3) indicated
significant excess of allele sharing for 16 out of the 20 tested trios (D∕= 0,
Z > 3, p-value < 0.05; Supplementary Table S5). D statistics for signif-
icant trios ranged from 0.26 to 0.08, whereas the highest values were
observed between the Western Mediterranean Clade on the one hand
and the Exscapus, Dasyanthus, Pubiflorus Balkan and Eastern Mediter-
ranean Clade (Supplementary Table S5) on the other hand. The associ-
ated f-branch statistic yielded similar results (Fig. 5B, Supplementary

Table S6) and additionally uncovered gene flow between the co-
occurring Carpathian-Pontic Clade and the Dasyanthus Clade. Two
additional ABBA-BABA tests targeting the Western Mediterranean Clade
and eastern Mediterranean A. nummularius showed significant gene flow
within the Iberian Peninsula (both topologies, Supplementary Fig. 2,
Supplementary Table S7, Supplementary Table S8) and across the strait
of Gibraltar (SNAPP topology, Supplementary Fig. 2, Supplementary
Table S7). In only one of the three tested triplets, significant gene flow
between western Mediterranean A. maurus and eastern Mediterranean
A. nummularius was found (RAxML topology; Supplementary Fig. 2,
Supplementary Table S7).

In the Structure analysis, the optimal number of groups based on
delta K (Evanno et al., 2005) was two, indicating a separation between
the Western Mediterranean cluster and a cluster comprising all other
taxa (Supplementary Figs 3, 4). The results at K = 7 (Fig. 5C) —the K

Fig. 6. Relative genome size (RGS) variation of the studied species of Astragalus sect. Caprini, including northwestern African and European members (AEMAC) and
three outgroup taxa. A, geographical distribution of population means of RGS depicted as circles of varying size. The inset shows the distribution and RGS of
outgroups. B, RGS variation across the investigated taxa; boxes define 25 and 75 percentiles, horizontal lines indicate medians, whiskers span the 5 and 95 per-
centiles, grey points indicate individual measurements. Abbreviated taxa names are spelled out in the inset to the right, numbers are population identifiers
(Supplementary Table S2).
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value after which the likelihood curve flattens (Supplementary Fig. 4)—
essentially reflected the groups resolved in the RAxML phylogeny
(Fig. 3) and the NeighbourNet (Fig. 5A). All clustering solutions at K =

2–10 are shown in Supplementary Fig. 3. Populations A. maurus 2 as well
as “A. pubiflorus Pontic” 16 and 17 shared ancestry with geographically
distant, early diverging A. nummularius. The northernmost population of

the Western Mediterranean Clade (A. cavanillesii 6) and A. hellenicus 26
showed substantial admixture with “A. pubiflorus Balkan”. Finally,
there was admixture between population A. dasyanthus 11 and
A. exscapus. Less pronounced admixture was found among
A. transsilvanicus, A. exscapus, A. dasyanthus and”A. pubiflorus Balkan”
as well as between A. hellenicus and population 4 of A. cavanillesii; due to

Fig. 7. Morphological variation of northwestern African and European members of Astragalus sect. Caprini (AEMAC). Red and black outlines indicate whether the
abaxial side of the standard is hairy or glabrous. Arrows in the insets represent the contribution of the characters to the overall explained variation; numbers
correspond to characters listed in the Materials and Methods. A, PCA based on all AEMAC taxa (137 individuals and twelve characters). B, PCA after exclusion of
morphologically most divergent A. dasyanthus, A. nummularius and A. tremolsianus (remaining: 88 individuals) and ten characters providing a better separation of
taxa overlapping in A. The plot was mirrored in order to enhance comparability with A. Voucher details are given in Supplementary Table S3. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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this low proportion of admixture, we refrain from discussing these re-
sults in detail.

3.6. Relative genome size variation

Within AEMAC, the mean RGS per population ranged between 0.57
(A. exscapus 9, A. dasyanthus 13, A. transsilvanicus 14 and 15, “A. pubi-
florus Pontic” 19) and 0.66 (A. cavanillesii 6; Fig. 6, Supplementary Table
S2), indicating no variation in ploidy level. At the species level, the
smallest mean RGS of 0.57 was found in A. dasyanthus and
A. transsilvanicus. The largest mean RGS values were found in “A.
pubiflorus Balkan” (0.61), A. hellenicus (0.63), A. tremolsianus (0.65),
and A. cavanillesii (0.66). In A. exscapus (mean RGS: 0.58), the species
with the widest span, individual RGS values ranged between 0.55 in
population 9 and 0.61 in population 7. The outgroup taxa A. angusti-
florus subsp. anatolicus 30 and A. angustiflorus subsp. angustiflorus 31 had
a RGS of 0.56–0.57. More distantly related A. aegobromus 33, A. caprinus
subsp. glaber 35, A. multijugus 47, A. flexus 34, and A. cf. sarytavicus 45
had a RGS of 0.54, 0.59, 0.52, 0.52, and 0.53, respectively
(Supplementary Table S2).

3.7. Morphological differentiation

The calculated correlation coefficients did not exceed 0.85 for any
character pair. Consequently, no characters were excluded. The PCA of
the morphometric dataset, which included all 137 individuals and
twelve characters (Fig. 7A) revealed a clear structure. The first two axes
explained 44.5 % and 25.6 % of the total variability. Astragalus
dasyanthus, A. nummularius / A. tremolsianus, A. cavanillesii and
A. maurus / A. transsilvanicus were well separated from each other and
from the remaining taxa, which showed strong overlap. The first axis
was highly correlated with characters 4, 5 and 6, describing the shape of
the middle leaflets and stipule length (11). Floral characters, i. e. hair-
iness (12) and length (10) of the standard, pedicel length (7) or calyx
teeth length (1) were mainly correlated with the second axis. If present,
the number of hairs on the abaxial surface of the standard (12) ranged
from 5 (“A. pubiflorus Pontic”, voucher G00421088_2; A. nummularius,
voucher G00421096) to 292 (A. dasyanthus, voucher B101097557). All
examined specimens of A. dasyanthus, “A. pubiflorus Balkan” and “A.
pubiflorus Pontic” had hairy standards, while in A. hellenicus and
A. nummularius this was the case in 7 out of 15 (46.67 %) and 2 out of 15
(13.33 %) specimens, respectively. The standards of the remaining
species (A. cavanillesii, A. exscapus, A. maurus, A. transsilvanicus and
A. tremolsianus) were consistently glabrous (Fig. 7). To further investi-
gate the taxa with overlapping morphometric variability, a second PCA
was performed, after exclusion of most divergent A. dasyanthus,
A. nummularius and A. tremolsianus. This second approach yielded clear
groups with almost no overlap (Fig. 7B), supporting morphological
differentiation of the investigated species. Similar to the large dataset,
the first axis (45.8 %) was highly correlated with characters describing
vegetative parts, i. e. leaf length (3) or length of a middle leaflet (4),
whereas generative traits such as hairiness (12) and length of the stan-
dard (11) were correlated with the second axis (16.7 %).

4. Discussion

4.1. Initial westward range expansion from (sub-)mediterranean
mountains in the Mid-Pleistocene

The northwestern African, southern and central European members
of Astragalus sect. Caprini (AEMAC) form a strongly supported mono-
phyletic group (Figs. 1–4). The RGS data (Fig. 6, Supplementary Table
S2) showed no ploidy variation; accordingly, only diploid chromosome
counts of 2n = 16 have been reported so far (A. dasyanthus: Pavlova,
1988; A. exscapus: Dvořák et al., 1977; Mesícek and Javurková-
Jarolímová, 1992, “A. pubiflorus Balkan”: 2n = 16 + 2B, Petrova and

Vladimirov, 2020; Pavlova and Tosheva, 2002a; A. angustiflorus subsp.
angustiflorus, Maassoumi, 1989). Within AEMAC, A. nummularius,
occuring in Crete, Syria and Lebanon was consistently resolved as the
earliest-diverging lineage, either as sister to all other AEMAC species
(ycf1 tree, Fig. 1; ITS tree; Fig. 2), or forming a clade together with A.
hellenicus from southern Greece (RAxML tree, Fig. 3), or with A. maurus
from northwestern Africa (SNAPP tree, Fig. 4); potential reasons for
these incongruences are discussed below. Close relatedness of
A. nummularius and A. hellenicus is reflected also in their morphology;
both are small-sized plants with few flowers and with petals whose
abaxial surface can be either hairy or glabrous. In contrast, in the other
investigated species these character states became fixed (Fig. 7).

The phylogenies retrieved from differentially inherited marker sys-
tems as well as the BioGeoBears analyses congruently suggest that the
westbound range expansion of AEMAC may have started from western
Asia, where most outgroup taxa occur (Figs. 1–4, Supplementary Fig. 1,
Supplementary Table S2). Western Asia has been shown to be the center
of diversity and a source area for several subgeneric groups within
Astragalus (Azani et al., 2019; Folk et al., 2024ab; Maassoumi and
Ashouri, 2022). A similar West Asian origin of the Mediterranean taxa
was recently revealed in the Euphorbia nicaeensis All. alliance, which
inhabits similar types of grasslands as the members of AEMAC
(Stojilkovič et al., 2022). Our findings once again highlight the impor-
tance of the Irano-Turanian floristic region as a source area for the
colonization of the Mediterranean Basin (Manafzadeh et al., 2017; also
see Herrando-Moraira et al., 2023; Ramos-Gutiérrez, 2022) and the
Eurasian steppes (Žerdoner Čalasan et al., 2024). The split of AEMAC
from its sister A. angustiflorus subsp. anatolicus was dated to roughly 0.7
Ma (Fig. 1) and coincides with the end of the Mid-Pleistocene Transition
(MPT, 1.25–0.7 Ma; Clark et al., 2006; Lisiecki and Raymo, 2007), when
cold stages became significantly longer (ca. 100 ky instead of ca. 40 ky),
and more intense (Hays et al., 1976; Herbert, 2023). It is noteworthy
that in the A. caprinus group, the second lineage within A. sect. Caprini
showing westward range expansion to North Africa, divergence times
are highly similar to those found in AEMAC (Fig. 1). Specifically, this
group diverged from its Irano-Turanian sister A. urmiensis 0.8 Ma and
subsequently started to diversify 0.4 Ma.

The MPT has likely triggered large-scale expansions of steppes at the
expense of forests in Europe and Western Asia, similarly as observed
during later glacial stages (Binney et al., 2017). This is reflected in the
fossil pollen record (Popescu et al., 2010) and the mammal megafauna
associated with the Eurasian steppes that emerged and diversified dur-
ing and shortly after the MPT (Kahlke, 2014; Kahlke et al., 2011).
Similarly, the diversification within AEMAC started between ca. 0.5 Ma
and 0.7 Ma (Figs. 1, 2, 4), likely driven by increasingly extreme climatic
fluctuations after the MPT (Figs. 1, 4; Supplementary Table S4), sup-
porting a scenario in which climatically-induced contractions and
fragmentations of continuous cold-stage steppes during interglacials
facilitated allopatric speciation as shown for other steppe species
(Brown, 1957; Baca et al., 2023; Kirschner et al., 2023). In this respect,
our results are consistent with diversification scenarios described for
various Eurasian steppe biota, including vascular plants, insects, and
mammals, which also took place during or shortly after the MPT (Baca
et al., 2023; Chang et al., 2017; Hodková et al., 2019; Kirschner et al.,
2022; Kryštufek et al., 2009; Maylandt et al., 2024; Palkopoulou et al.,
2013; Seidl et al., 2022; Sucháčková Bartoňová et al., 2020; Yuan et al.,
2023).

4.2. Mountain species diverged earlier than lowland steppe species and
have larger genomes

Within AEMAC, present-day range-restricted species occurring in
(sub-)mediterranean mountain habitats such as western Mediterranean
A. cavanillesii, A. maurus and A. tremolsianus as well as eastern Medi-
terranean A. hellenicus, “A. pubiflorus Balkan” and A. nummularius
constitute lineages, which, according to the RADseq-based analyses,
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diverged earlier than the more northerly distributed, widespread species
of lowland steppes such as A. dasyanthus, A. exscapus, “A. pubiflorus
Pontic” and A. transsilvanicus (Figs. 1–4). In the same line as the
ancestral range estimation conducted with BioGeoBEARS
(Supplementary Fig. 1), this strongly supports a transition from moun-
tain habitats to lowland steppes, followed by diversification, as observed
within the A. onobrychis species complex (Záveská et al., 2019). Moun-
tain ranges are better climatically buffered than lowlands (Scherrer and
Körner, 2011) and thus likely acted as refugia, enabling the long-term
survival of species by profiting from topographic heterogeneity
(Willner et al., 2021), i. e. by tracking of the climatic niche along the
altitudinal gradient (Surina et al., 2011), similar to what is observed
under current global warming (Chen et al., 2011; Rumpf et al., 2018). In
contrast, in lowland steppes, niche tracking forced the biota to shift their
ranges over large distances, conferring a strong homogenization of gene
pools (Kirschner et al., 2022).

Reflecting their phylogenetic divergence, (sub-)mediterranean
mountain species such as A. cavanillesii, A. hellenicus, “A. pubiflorus
Balkan” and A. tremolsianus show a tendency towards larger genomes
and strong RGS differentiation across species. In contrast, the four
closely related lowland steppe lineages A. dasyanthus, A. exscapus, “A.
pubiflorus Pontic” and A. transsilvanicus have similarly smaller genomes
(Fig. 6). The RGS was larger in members of AEMAC than in the distantly
related outgroup species from western and central Asia (Fig. 6, Sup-
plementary Table S2), while both subspecies of A. angustiflorus, most
closely related to AEMAC (Figs. 1–4) and distributed from the southern
Caucasian area to western Anatolia, had a RGS at the lower end of the
variation within AEMAC (Fig. 6, Supplementary Table S2). The exact
causes for the observed RGS variation are elusive, but differences in the
amount of retrotransposons and other repetitive elements have been
considered the main cause of GS variation in angiosperms (Pellicer et al.,
2018). Additionally, a previous study indicated the presence of two B
chromosomes in “A. pubiflorus Balkan” (Pavlova and Tosheva, 2002a),
which may have also contributed to the observed RGS variation among
taxa.

4.3. The origin of western Mediterranean species is complex and difficult
to elucidate

The divergence of western Mediterranean lineages occurred early in
the evolution of AEMAC (0.5–0.3 Ma; Figs. 1–3), but their origin is
intricate and challenging to reconstruct. Specifically, although the
western Mediterranean species form a well-resolved group in the NNet
(Fig. 5A), a maximally supported monophyletic clade in the RAxML
phylogeny (Fig. 3), and constitute a genetic cluster identified by the
Structure analysis at K = 2–10 (Fig. 5C, Supplementary Fig. 3), mono-
phyly of the Western Mediterranean Clade was not congruently
resolved. For example, the ribotype of A. maurus diverges early (0.5 Ma)
and does not group with the younger (0.3 Ma) members of the Western
Mediterranean Clade, which all had the “common ribotype” in the ITS
tree (Fig. 2). Furthermore, A. maurus and A. tremolsianus belong to an
earlier diverging clade (0.5 Ma) and do not cluster with monophyletic
A. cavanillesii in the plastid tree (0.4 Ma; Fig. 1). Additional incongru-
ence was revealed by the SNAPP analysis (Fig. 4), which resolved
A. maurus as sister to earliest-diverging A. nummularius, an ancestral
connection also indicated by the Structure analysis (Fig. 5C, Supple-
mentary Fig. 3), while A. tremolsianus was nested within later diverging
(0.4 Ma) A. cavanillesii. Incongruence within the Western Mediterranean
Clade can be partly caused by gene flow among its members, as revealed
by the ABBA-BABA analyses (see section 4.5, Supplementary Fig. 2,
Supplementary Table S7 and S8; Mallet et al., 2016). However, as in-
congruences of RADseq-based analyses could arise from both biological
as well as methodological factors (Fleming et al., 2023; Hühn et al.,
2022; Wagner et al., 2020), formulating an unequivocal hypothesis for
the origin of the Western Mediterranean Clade is challenging. Since
incongruence involves western and eastern Mediterranean species, we

speculate that these conflicting patterns and the signals of admixture
discussed below (see section 4.5, Fig. 5) might indicate that the Iberian
Peninsula was colonized at different time horizons by at least two in-
dependent immigrations of AEMAC lineages from the eastern Mediter-
ranean. This reflects scenarios outlined for other plant groups, where
close evolutionary links were found between early diverging lineages
occurring in the western and eastern extremes of the Mediterranean
Basin (Erophaca baetica, Casimiro-Soriguer et al., 2010; Astragalus sect.
Tragacantha, Hardion et al., 2016; Myrtus communis, Migliore et al.,
2012; reviewed by Nieto Feliner, 2014).

Whether range expansion to the western Mediterranean was facili-
tated by stochastic long-distance dispersals (Nathan, 2006), or rather
involved continuous range expansion during the cold stages of the
Pleistocene cannot be safely inferred based on our results. According to
the BioGeoBEARS analyses (Supplementary Fig. 1), we cannot rule out
that the evolution of AEMAC involved long-distance dispersals, and the
occurrence of A. nummularius in Crete and the close relationship be-
tween A. maurus and A. tremolsianus,which are separated by the Strait of
Gibraltar, clearly demonstrate a certain ability of AEMAC for trans-
oceanic dispersal. Previous studies have shown that long-distance dis-
persals have occurred in Astragalus despite of relatively heavy seeds
(Bobo-Pinilla et al., 2021, 2018; Folk et al., 2024b), even bridging the
Atlantic (Azani et al., 2019). Whereas the exact mechanism of dispersal
(abiotic or biotic) remains unclear, it is noteworthy that Astragalus DNA
was identified in the content of the digestive system of different extinct
megaherbivores, including wholly mammoths (van Geel et al., 2008;
Axmanová et al., 2020). Additionally, recent findings indicate that
Astragalus seeds can survive the gut passage of large mammals
(Jaganathan et al., 2019; Trabelsi et al., 2023) and were indeed found in
the digestive system and dung of different animals (Ghasemi et al., 2024;
Houghton et al., 2020; Lovas-Kiss et al., 2015); suggesting their potential
role as vectors.

4.4. Mid-Pleistocene colonization of steppe habitats in central and eastern
Europe

Central and eastern European lowland steppes as well as the inner-
Alpine valleys were likely colonized from the eastern Mediterranean
in the Mid-Pleistocene; the split between mountain-dwelling “A. pubi-
florus Balkan” and the lowland steppe AEMAC was dated to 0.22 (ycf1;
Fig. 1) or 0.30 Ma (SNAPP; Fig. 4). Astragalus dasyanthus and A. exscapus
diverged roughly at the same time (0.23Ma, Fig. 4), while “A. pubiflorus
Pontic” and A. transsilvanicus separated later (0.14 Ma, Fig. 4). These
results support a fairly recent colonization of the Pontic Plains by
A. dasyanthus and “A. pubiflorus Pontic” and reject the classical
biogeographical assumption of an east-to-west colonization of the
Pannonian-Pontic steppes (De Soo, 1929), a scenario also hypothesized
for the steppe beetle Lethrus apterus (Sramkó et al., 2022). This high-
lights the importance of extrazonal refugia such as the Pannonian Basin
and the Balkan Mountains for steppe organisms with a broad, zonal-
extrazonal distribution, further emphasizing the high conservation
value of extrazonal steppes (Kirschner et al., 2020). Interestingly,
recently evolved A. exscapus and A. dasyanthus did not only hybridize
where they co-occur (Fig. 5C, Supplementary Fig. 3); they also show
signals of strong gene flow with the Western Mediterranean Clade,
suggesting a past connection (discussed below; Fig. 5AB). Populations of
A. dasyanthus from the Pannonian Basin have the same plastid haplotype
as A. hellenicus (Figs 1, 3) and the Carpathian-Pontic populations of
A. dasyanthus shared the haplotype with “A. pubiflorus Balkan” (Fig. 1).
These connections were also found by the ABBA-BABA test (Fig. 5B,
Supplementary Table S5 and S6). Sharing of haplotypes and the indi-
cated gene flow between these species, which are distantly related in the
RADseq phylogenies (Figs 3, 4), hints at incomplete lineage sorting or
hybridization (“chloroplast capture”; Petit et al., 2004; Rieseberg and
Soltis, 1991), as well supporting a scenario of recurring secondary
contacts among divergent AEMAC lineages.
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4.5. Secondary contacts co-shaped the genetic structure of AEMAC

Climate-mediated rapid and large-scale range expansions and con-
tractions have had an important impact on the diversification of
Eurasian steppe biota (Kirschner et al., 2020; 2023). Our results suggest
that these dynamics have also played an important role in the diversi-
fication of AEMAC. This is reflected by incomplete lineage sorting and
recurrent gene flow between diverging lineages, processes which are
well known from other plant groups (Cai et al., 2021; Rose et al., 2021;
Stojilkovič et al., 2022). Secondary contacts during cold-stage range
expansions of currently spatially isolated lineages likely co-shaped the
genetic structure of AEMAC, which is supported by both Structure and
ABBA-BABA analyses (Fig. 5, Supplementary Tables S5 and S6). It has
been suggested that Mid- to Late-Pleistocene dynamics stimulated
admixture (Anderson and Stebbins, 1954; Folk et al., 2018, 2023;
Hewitt, 2011), a pattern also found in various Eurasian steppe organisms
(Bartha et al., 2013; Sinaga et al., 2024; Tukhbatullin et al., 2023; Van
Der Valk et al., 2021; Záveská et al., 2019). While admixture in the
Structure analysis could be related to sampling biases or incomplete
lineage sorting (Fig. 5C; Meirmans, 2018; Puechmaille, 2016), ABBA-
BABA analyses clearly supported an important role of gene flow in
AEMAC (Fig. 5B; Patterson et al., 2012)

The results of large-scale range expansions and contractions in
AEMAC can be observed as secondary contacts between nowadays iso-
lated lineages. Striking examples are the strong signal between (1)
eastern Mediterranean “A. pubiflorus Balkan” and western Mediterra-
nean A. cavanillesii or (2) between the eastern lowland species
A. dasyanthus, A. exscapus and/or their common ancestor and the
western Mediterranean species (Fig. 5, Supplementary Table S5). In this
respect, long-distance dispersals might have also played a role (see
section 4.3).

At a smaller geographic scale, we found evidence of gene flow be-
tween recently evolved species with overlapping distribution ranges, a
widely observed pattern found in many other systems (Malinsky et al.,
2018; Mallet, 2005; Soltis and Soltis, 2009). For example, the signals of
gene flow between A. dasyanthus and A. exscapus or between
A. dasyanthus and members of the Carpathian-Pontic Clade. Within the
Western Mediterranean Clade, gene flow was detected between
A. cavanillesii and A. tremolsianus occurring in close vicinity in the
southern Iberian Peninsula and between A. maurus and A. tremolsianus
(Supplementary Fig. 2, Supplementary Tables S7 and S8). The latter
indicates a connection across the Strait of Gibraltar, which has already
been shown to be permeable to gene flow in some plant groups (Bobo-
Pinilla et al., 2018; Bougoutaia et al., 2021; Nieto Feliner, 2014; Gil-
López et al., 2022; Guzmán and Vargas, 2009; Martín-Rodríguez et al.,
2020).

4.6. Towards a revised taxonomic framework for European members of
A. sect. Caprini

Our study shows that an integrative approach, which combines
complementary methods, can successfully resolve relationships within a
recently evolved and widespread group, for which controversial taxo-
nomic treatments exist (Podlech 2011, 1988; Podlech and Zarre, 2013;
Strid and Tan, 1997; Supplementary Table S1). In contrast to previous
phylogenetic studies that only used Sanger sequencing to investigate
relationships and to make taxonomic claims on members of sect. Caprini
or closely related groups (i. e. sect. Alopecuroidei) within the Phaca clade
(Javanmardi et al., 2012; Riahi et al., 2011; Sheikhakbari-Mehr and
Maassoumi, 2017), we were able to formulate robust hypotheses about
interspecific relationships of a recently emerged group by using RADseq
and the plastid marker ycf1. This highlights the importance of molecular
approaches based on a high number of single nucleotide polymorphisms
(SNPs) and/or highly variable markers to investigate phylogenetic re-
lationships on inter- and intraspecific levels in Astragalus, which expe-
rienced parallel diversification bursts in several clades at the onset of the

Pleistocene and around and after the MPT (Azani et al., 2019; Folk et al.,
2024b; Su et al., 2021; Záveská et al., 2019; Figs. 1, 2, 4). Discrimination
among AEMAC species was not possible with ITS, due to the recent
divergence of lineages and the pace of the mutation rate, which was
approximately three times slower in ITS compared to ycf1 (see Results;
section 3.1, 3.2). Highly similar results were found in the steppe plant
A. austriacus (Maylandt et al., 2024).

Based on the presented morphometric, genetic and genomic data, we
suggest treating the ten AEMAC lineages introduced in this study as
independent species. This stands in stark contrast to the previous taxo-
nomic treatment by Podlech and Zarre (2013), where A. exscapus was
broadly circumscribed to include A. hellenicus, A. transsilvanicus, the
northernmost population of A. cavanillesii (population 6, Figs. 1, 5;
Ferrández Palacio, 2003) and the westernmost populations of “A.
pubiflorus Pontic” from the Pontic steppes (Ukraine, Romania). We
show that A. hellenicus does not overlap morphologically with
A. exscapus (Fig. 7B); according to the RADseq data it is, alongside
morphologically similar A. nummularius, one of the earliest-diverging
lineages within AEMAC species (Figs. 3, 4) and also differs in RGS
(Fig. 6). Similarly, A. transsilvanicus, endemic to the Transylvanian
Basin, is morphologically and phylogenetically divergent from A.
exscapus (Figs. 3, 4, 7) and is phylogenetically most closely related to
geographically close “A. pubiflorus Pontic” (Figs. 1–4). It is noteworthy
that ca. 85 % of the populations of A. transsilvanicus were driven to
extinction over the last 200 years and only 24 recent populations are
known today, illustrating the taxon’s massive and very immediate threat
(Bădărău et al., 2000, 2001).

4.7. Unexpected sister relationship between morphologically dissimilar
A. dasyanthus and A. exscapus

A strong argument to treat the investigated AEMAC entities as
separate species is the fact that A. dasyanthus, the only caulescent and
thus morphologically most divergent species within AEMAC, for which
species status was always beyond any doubt, is among the later-
diverging species (Fig. 4); it was resolved as sister to A. exscapus in all
genetic analyses (Figs. 1, 3, 4, 5A, 7A). Its position in the phylogenetic
trees indicate that A. dasyanthus is the only AEMAC that reversed to the
ancestral, caulescent growth form exhibited by taxa outside A. sect.
Caprini. This probably implies that this conspicuous difference has a
simple genetic basis. Indeed, the acaulescent (stemless) habit is typical
for members of A. sect. Caprini and can be considered a synapomorphy
of this section, with reversal in A. dasyanthus. We speculate that this
unique morphological feature may cause a later and prolonged flower-
ing of A. dasyanthus (Maylandt, personal field observations), allowing its
sympatric occurrence with – likely cross-compatible – members of this
group, such asA. exscapus, “A. pubiflorus Balkan”, “A. pubiflorus Pontic”
and A. transsilvanicus. The early divergent lineages within the “Phaca
Clade”, i. e. members of A. sect. Alopecuroidei or A. sect. Cenantrum (as
circumscribed by Su et al., 2021) have well-developed stems. Obviously,
low growth and positioning of the apical shoot meristems close to the
ground may be beneficial in biomes with strong grazing pressure such as
steppes (Díaz et al., 2007). In addition to the strong differentiation in
plant habit, the densely hairy petals of A. dasyanthus contribute further
to the strong morphological differentiation from its sister A. exscapus,
which has glabrous petals.

4.8. Resolving the taxonomic confusion associated with A. pubiflorus

In the past, the distinction between A. pubiflorus and A. exscapus was
contradictory across treatments in terms of both morphology and dis-
tribution range (Supplementary Table S1). This is mainly because “A.
pubiflorus Pontic” occasionally possesses sparsely hairy to glabrous
petals, which led to the wrong interpretation that such individuals
belong to A. exscapus (Becker, 2010; Ciocârlan, 2000; Fedorov et al.,
2002; Goncharov et al., 1946; Podlech, 1988; Podlech and Zarre, 2013;
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see Supplementary Table 1). Similarly, populations of A. pubiflorus from
the southern Balkan Peninsula have been mistaken for A. exscapus
(Barina, 2017) or have been either treated as A. exscapus subsp. pubi-
florus (Pils, 2016; Podlech, 1988; Podlech and Zarre, 2013; Strid and
Tan, 1997; Strid, 2024) or A. pubiflorus (Fedorov et al., 2002; Goncharov
et al., 1946; Qosja et al., 1992; see Supplementary Table 1). In contrast
to all previous taxonomic treatments of A. pubiflorus, our results show
that the taxon in the traditional circumscription is polyphyletic and
should therefore be split into two allopatric species corresponding to “A.
pubiflorus Pontic” and “A. pubiflorus Balkan”. A formal description of
“A. pubiflorus Balkan” based on a more comprehensive sampling is
underway (Maylandt et al., in prep.). As the type specimen of
A. pubiflorus pertains to “A. pubiflorus Pontic”, no nomenclatural
changes are needed for that entity.

4.9. Revised distribution ranges of A. cavanillesii and A. exscapus directly
bear on the species’ actual threat

Western Mediterranean A. cavanillesii, A. tremolsianus and A. maurus
should be retained in the current circumscription (Talavera and Cas-
troviejo, 1999) with the exception of population 6 that is clearly
A. cavanillesii (Figs. 1, 3–4, 7) but was previously treated as A. exscapus
(Podlech, 2011; Talavera and Castroviejo, 1999). This change implies an
increase in the distribution area and number of known populations of
A. cavanillesii, originally considered a critically endangered species
restricted to two single populations in the southern Iberian Peninsula
(Sánchez-Gómez et al., 2004). Consequently, its conservation status
should be re-evaluated. Astragalus tremolsianus is covered by the Council
Directive 92/43/EEC on the conservation of European natural habitats
and of wild fauna and flora, protected at national level, and has a con-
servation and management plan from the Andalusian government. The
third Western Mediterranean AEMAC species A. maurus is not protected,
but a conservation assessment is necessary as it is a rare and narrow
endemic (Fougrach et al., 2007; Romo, 2002).

Obviously, the proposed taxonomic changes confer a strong reduc-
tion of the range of A. exscapus, which was previously thought to be
widespread. As outlined above, the single Iberian population previously
included in A. exscapus rather pertains to A. cavanillesii, and the
mountain-dwelling populations from the western Balkans (=”A. pubi-
florus Balkan”) and southern Greece (=A. hellenicus) in fact belong to
other species. The same applies to A. transsilvanicus and widespread “A.
pubiflorus Pontic”, which were sometimes included in A. exscapus.
Altogether, our re-evaluation of the species’ range suggests that A.
exscapus is more range-restricted than assumed previously, which
directly bears on the future conservation and protection status of this
threatened and declining species (Barina et al., 2007; Becker and Voß,
2003; Schnittler and Günther, 1999; Schratt-Ehrendorfer et al., 2022;
Stevanović et al., 1999; Wilhalm and Hilpold, 2006). A detailed study on
the spatiotemporal diversification and past population dynamics of
A. exscapus based on a comprehensive range-wide sampling is underway
(Maylandt et al., in prep.). Below, we provide a revised taxonomic
treatment of the investigated members of AEMAC, modified from Pod-
lech and Zarre (2013), including an identification key. We only list the
most important synonyms; for the complete list see Podlech (2011) or
Podlech and Zarre (2013).

4.10. Key to the investigated northwestern African and European
members of Astragalus sect. Caprini*

1 Plants with a distinct, (2.9)7.3–14.0(17.3) cm long stem, petals always
densely hairy (Pannonian Basin, Transylvania, Pontic Plains)
A. dasyanthus

1* Plants acaulous or with a short, maximally 3.8(4.5) cm long stem, petals
glabrous or sparsely hairy 2

2 Petals at least partially appressed-hairy, hairs sometimes sparse to rarely
absent 3

(continued on next column)

(continued )

2* Petals glabrous 6
3 Small plants with (1)2–4(5) flowers per inflorescence and (2)3–12(14) flowers

per individual, leaf length (25)47–126(140) mm, leaflet length (3.3)3.9–11.0
(12.8) mm and stipule length (4.5)5.9–10.0(11.3) mm 4

3* Larger plants with (3)4–6(8) flowers per inflorescence and (9)11–37(60)
flowers per individual, leaf length (75)119–337(380) mm, leaflet length
(10.8)13.1–28.9(32.0) mm, stipule length (8.1)13.8–18.8(19.8) mm 5.

4 Standard (21.6)22.0–26.0(28.9) mm long (southern Greece)
A. hellenicus

4* Standard (12.6)13.4–18.0(21.4) mm long (Crete, Levant)
A. nummularius

5 Number of lateral leaflets (16)18–22(24), ratio of leaflet length/leaflet width
(2)2.1–2.4(2.5), stipule length (8.1)9.8–13.9(14.0) mm (Pontic
Plains) “A. pubiflorus Pontic”

5* Number of lateral leaflets (22)24–30(32), ratio of leaflet length/leaflet width
(1.49)1.55–2.06(2.37), stipule length (13.4)15.6–18.9(19.8) mm (Albania,
northern Greece) “A. pubiflorus Balkan”

6 Small plants with (1)2–4(5) flowers per inflorescence and (2)3–12(14) flowers
per individual, leaf length (25)47–126(140) mm, leaflet length (3.3)3.9–11.0
(12.8) mm, stipule length (4.5)5.9–10.0(11.3) mm 7

6* Medium to large plants with (3)4–7(8) flowers per inflorescence and (6)13–45
(107) flowers per individual, leaf length (89)147–286(350) mm, leaflet length
(8.6)11.0–23.9(31.3) mm, stipule length (8.8)12.4–19.7(28.5) mm 9

7 Standard (21.6)22.0–26.0(28.9) mm long (southern Greece)
A. hellenicus

7* Standard (12.6)13.5–19.0(21.4) mm long 8
8 Calyx length (7.5)9.1–11.1(11.7) mm, stipule length (4.4)4.6–7.8(7.9) mm

(Crete, Levant) A. nummularius
8* Calyx length (11.6)11.8–12.6 mm, stipule length (9)9.1–10.4(10.6) mm

(southern Spain, Sierra de Gador) A. tremolsianus
9 Large plants, leaf length (207)222–316(350) mm, leaflet length (20.1)

20.7–27.6(31.3) mm, standard length (25.3)27.2–30.2(31.0) mm, pedicel
length (4.1)4.9–7.1 mm, petiolule length (1)1.3–1.7(1.9) mm, stipule length
(13.0)16.1–22.8(28.5) mm, calyx length (17.2)17.7–21.3(21.9) mm, calyx
teeth length (8.8)8.9–11.1(11.5) mm, densely to sparsely hairy 10

9* Medium to larger plants, leaf length (89)140–243(311) mm, leaflet length
(8.6)10.9–17.0(20.9) mm, standard length (18)20.5–26.2(28.9) mm, pedicel
length (2.9)3.6–8.0(10.3) mm, petiolule length (0.3)0.5–1.4(1.6) mm, stipule
length (8.8)12.1–18.8(22.9) mm, calyx length (11.9)12.6–16.6(20.3) mm,
calyx teeth length (5.1)5.6–8.0(9.9) mm, hairy 11

10 Plants densely covered with hairs (Morocco) A. maurus
10* Plants sparsely covered with hairs (Transylvania) A. transsilvanicus
11 Petiolule length (1)1.1–1.4(1.6) mm, pedicel length (5.7)6.1–9.1(10.3) mm,

number of lateral leaflets (12)16–24(26) (southeastern Spain: Sierra de la
Sagra, northeastern Spain: Huesca) A. cavanillesii

11* Petiolule length (0.3)0.5–0.9(1) mm, pedicel length (2.9)3.5–5.8(7.6) mm,
number of lateral leaflets (22)26–30(32) (Alps, Apennines, Germany,
Pannonian Basin) A. exscapus

* for “A. pubiflorus Balkan”, we used the values from a more comprehensive
dataset collected in 2024.

4.11. Revised txonomic treatment of the investigated northwestern
African and European members of Astragalus sect. Caprini

A. cavanillesii Podlech, Mitt. Bot. Staatss. München 25: 161. 1988.
Holotype: [Spain] Prov. Granada, La Puebla de Don Fadrique, 1200 m,
vi. 1900, E. Reverchon 1185 (WU!; iso: B!, BP!, E!, JE!, M SB!, P!, PRC!,
Z!). A. exscapus sensu Ferrández Palacio (2003). Distribution: South-
eastern (Sierra de la Sagra) and northeastern Spain (Huesca).

A. dasyanthus Pall., Reise Russ. Reich. 3: 749. 1776 ≡ Tragacantha
dasyantha (Pall.) Kuntze, Revis. Gen. 2: 944. 1891. Type: [Russia (Eu-
ropean part] ad Ilowlam et Medwedizam, P.S. Pallas (BM!). Distribu-
tion: Bulgaria, Georgia, Hungary, Moldova, Romania, Russia (European
part), Serbia, Ukraine.

A. exscapus L., Mantissa Alt.: 275. 1771 ≡ Tragacantha exscapa (L.)
Kuntze, Rev. Gen. 2: 944. 1891. Holotype: [Germany] Thuringia,
Schreber (LINN!; iso: M!). Distribution: Austria, Czech Republic, Ger-
many, Hungary, Italy, Serbia, Slovakia, Switzerland.

A. hellenicus Boiss., Fl. Or. 2: 292. 1872 ≡ Tragacantha hellenica
(Boiss.) Kuntze, Revis. Gen. 2: 945. 1891 ≡ A. angustiflorus K. Koch
subsp. hellenicus (Boiss.) Ponert, Feddes Repert. 83: 622. 1973. Lecto-
type: designated by Podlech (1988): [Greece] Parnes Atticae, v. 1842,
E. Boissier (G-BOIS!; iso: C!, P!). Distribution: Endemic to southern
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Greece.
A. ictericus Dingler, Flora 64: 381. 1881. Lectotype: (Podlech, Mitt.

Bot. Staatss. München 25: 200. 1988): [Greece] pr. Kosluköi Thraciae,
3.5.1876, H. Dingler (M!: foto MSB!); the original material at B is
destroyed. Distribution: Endemic to northern Greece.

A. maurus (Humb. & Maire) Pau in sched. ad Font Quer, It. Marocc.
1929, n 71. 1930 ≡ A. exscapus L. subsp. maurus Humb. & Maire, Mém.
Soc. Sci. Nat. Maroc 15: 26. 1926. Lectotype, designated by Podlech
(1988): [Morocco] Daya Ciker audessus de Taza, 1400–––1500 m,
25.6.1925, H. Humbert (RAB!; iso: MPU!, P!). Distribution: Endemic to
Morocco.

A. nummularius Lam., Encycl. Méth. Bot. 1: 317. 1783 ≡ Trag-
acantha nummularia (Lam.) Kuntze, Revis. Gen. 2: 946. 1891. Lectotype,
designated by Podlech, (1988): [Greece] A. creticus nummulariifolio,
incano magno fructu, Creta, J.P. de Tournefort (P-TRF 3618!; iso-
lectotypes: B-W 14039!, LE!, MPU!, P: hb. Vaillant!, P-LA!). Distribu-
tion: Crete (Greece), Levant (Lebanon, Syria).

A. pubiflorus DC., Astragalogia: 216. 1802 ≡ Tragacantha pubiflora
(DC.) Kuntze, Revis. Gen. 2:947. 1891. Holotype: Habitat in Sibiria e
herb. Desfontaines, [Astragalus pubiflorus Decand. Astrag. n 111 (scripsit
Desfontaines)] (P!). Distribution: Endemic to the Pontic region: eastern
Romania, Moldova, Russia (European part), Ukraine, (Bulgaria?).

A. transsilvanicus Schur, Verh. Naturf. Vereins Brünn 15: 2. 1876 [et
l.c.: 184. 1877. Lectotype, designated by Podlech (1988): [Romania] In
collibus apricis bei Egerbergy, 1.5.1873, J. Barth ex hb. Schur (P!).
Distribution: Endemic to Transylvania (Romania).

A. tremolsianus Pau, Mem. Mus. Ci. Nat. Barcelona, Ser. Bot. 1(3):
17. 1925. Holotype: [Spain, prov. Almeria] Sierra de Gador, Tremols.
Distribution: Endemic to the summit region of the Sierra de Gador,
southern Spain.
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