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Abstract The current distribution of most species results from ecological niche, past distribution, and migrations
during glacial-interglacial periods and in situ evolution. Here, we disentangle the colonization history of Saxifraga
longifolia Lapeyr., a limestone plant abundant in the Pyrenees and rare in other Iberian mountains and the African
Atlas. Our working hypothesis is that the current distribution results from the shrinkage of a more extensive
distribution in previous cold periods. We sampled 160 individuals of 32 populations across the whole distribution
range and sequenced four DNA regions (rpl32-trnL, rps16-trnQ, trnS-trnG, and ITS). Ecological conditions were
modeled to identify factors promoting high genetic diversity and long-term persistence areas for S. longifolia. In
addition, we inferred phylogenetic relationships, phylogeographic divergence, genetic diversity, and migration
routes. Seven plastid haplotypes were found, of which six occur in the Pyrenees and one in the High Atlas
(Morocco). Discrete phylogeographic analysis (DPA) estimated migration routes predominantly from the Pyrenees
to the other areas. Colonization events to those areas appear to have taken place recently given that the rest of
the Iberian mountains do not harbor exclusive haplotypes. Iberian—-Northern African distribution was inferred to
be the result of long-distance dispersal because the split between Iberian and High Atlas haplotypes is estimated
to have taken place in the last 4 million years ago when the Strait of Gibraltar was already open. Migrations from
the Pyrenees to the south may have been favored by a corridor of predominant limestone rocks along Eastern
Iberia, followed by successful overcoming the Strait of Gibraltar to reach northern Africa.

Key words: high atlas, long-term persistence areas, Mediterranean basin, mountain flora, Quaternary, Saxifragaceae, species
distribution model, Strait of Gibraltar.

1 Introduction became stable at approximately 2.8 Ma (Suc, 1984).
Accordingly, floras of Mediterranean mountains may have
evolved during the Pliocene and Pleistocene (Stebbins,
1984), including alpine floras in high elevations isolated by
lowland Mediterranean conditions. Glacial-interglacial cycles
in the Pleistocene promoted the isolation of mountain plants
in high-elevation mountains across the Mediterranean Basin
during warm (interglacial) periods when alpine plants are
hypothesized to have suffered from small population sizes,
limited gene flow, and reduced time for adaptation to

The distribution and genetic structure of mountain plants in
the Western Mediterranean region have been ultimately
shaped by geologic complexity, coupled with Tertiary and
Quaternary climatic episodes (Vargas, 2020). The onset of the
Mediterranean climate in the Pliocene (c. 3.2 million years
ago, Ma) originated with a climatic seasonality, including a
long summer drought of three or more months. This is a
characteristic feature of the Mediterranean climate that
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environmental changes (Christmas et al., 2016). In colder and
longer periods of time (glacial stages), alpine plant
populations had the opportunity to recolonize lower
elevations of the same mountains and colonize new ones.
Most alpine plants of southern European mountains are the
result of migrations from lower elevations after glacial
periods (Blanco-Pastor et al., 2019) or descendants of
colonists from Northern Europe (Winkler et al., 2012). As a
result, new areas have been colonized by plants, while
refugia have been created depending on climate pulses.
Quaternary refugial areas (sites that have remained environ-
mentally suitable for certain species in the course of glacial
and interglacial climatic changes) have allowed long-term
species survival and accumulation of a higher genetic
diversity than newly colonized areas (Holderegger & Thiel-
Egenter, 2009; Stewart et al.,, 2010). Colonization of new
territories usually implies a decrease in genetic variation due
to founder effects (Hewitt, 2000; Magri et al., 2006). An ideal
scenario to test all these hypotheses is found in the complex
geography of Europe, including numerous peninsulas,
mountains, and islands that, together with dramatic
extinctions in recent glacial periods, have brought about
exclusive phylogeographic patterns (Taberlet et al., 1998;
Hewitt, 1999; Vargas, 2020).

The Pyrenees is one of the richest European mountain
ranges with 3652 plant species, of which 119 (3.4%) are
endemic (Gémez et al.,, 2017). Endemics illustrate current
isolation in a mountain range, while the term subendemic
expresses certain success of colonization of adjacent
mountains (Ninot et al., 2013). This is the case of the
calcicolous Saxifraga longifolia Lapeyr., which is abundant in
the Pyrenees and extremely rare in adjacent and southern
mountains with limestone substrates. Indeed, S. longifolia is
an ideal species to study patterns of colonization of Western
Mediterranean mountain plants in the Pleistocene because
this species: (i) is morphologically well-defined (Webb &
Gornall, 1989; Vargas, 1997), (ii) displays adaptations to
rocky, dry environments exposed to cold-hot fluctuations
(Munné-Bosch et al., 2016; Cotado et al., 2020), (iii) occurs in
a phylogeographically well-studied region (endemic to the
Western Mediterranean) (Vargas, 2020), and (iv) has a
scattered distribution across Iberian and northern African
mountains (Webb & Gornall, 1989). Certain intraspecific
variation has been considered by some authors, which has
led to the description of subendemic taxa: subsp. gausseni
Emberger (northern African mountains), var. aitanica (Pau)
Pau (Sierra de Aitana, SE Iberia), and var. subnana Don
(Pyrennees) (Engler & Irmscher, 1919; Webb & Gornall, 1989).

A widely accepted approach to reconstruct the coloniza-
tion history of a plant species across any territory is to
investigate species-level relationships using a phylogenetic
reconstruction of nuclear and plastid DNA sequences,
followed by phylogeographic analyses based on organelle
sequences (Guzmdan & Vargas, 2009; Liberal et al., 2014).
Indeed, the best method to study historical patterns of
species migration is provided by phylogeography, which
allows inference of the geographical origin of lineages
(Avise et al, 1987), description of migration routes
(Hewitt, 1996; Vargas, 2003), and discovery of refugial areas
(Provan & Bennett, 2008; Médail & Diadema, 2009).
Although a great number of phylogeographic studies of
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Western Mediterranean mountain species have been already
conducted (e.g., Vargas, 2003; Martin-Bravo et al., 2010;
Ferndndez-Mazuecos & Vargas, 2013; Garcia-Fernandez et al,,
2013; Blanco-Pastor et al.,, 2019), few of them deal with
herbaceous plants distributed in the highest mountains of
the Iberia and Atlas mountains (but see Ortiz et al., 2009;
Tremetsberger et al., 2016). Additionally, one of the most
frequently addressed biogeographic questions for Western
Mediterranean species is whether the Strait of Gibraltar has
played a role as a barrier or as a bridge between the floras of
Iberia and northern Africa (Rodriguez-Sanchez et al., 2008;
Guzmdan & Vargas, 2009; Ferndndez-Mazuecos & Vargas,
2010; Jaramillo-Correa et al., 2010; Santiso et al., 2016; Martin-
Rodriguez et al., 2020).

Based on previous results from alpine plant species in
general and S. longifolia in particular (Vargas, 1997; Conti et al,,
1999; Munné-Bosch et al.,, 2016; Cotado, 2019; Cotado &
Munné-Bosch, 2020), our working hypothesis is that
Pleistocene glaciations shaped the current range of S.
longifolia in such a way that its geographic distribution was
larger in previous cold periods, and currently, isolated
populations resulted from multiple interglacial periods
between the four last glaciations. To test this hypothesis,
we addressed four main objectives: (i) to assess phylogenetic
relationships within the S. longifolia group (Saxifraga sect.
Ligulatae subsect. Aizoonia); (ii) to evaluate levels of haplotype
diversity; (iii) to describe the geographic structure of genetic
variation; and (iv) to reconstruct routes of migration across
the Iberian mountains and Strait of Gibraltar.

2 Material and Methods

2.1 Study species

Saxifraga longifolia is a long-lived herb that develops a single
rosette in limestone rocky places (mainly cliffs). The diameter
of this rosette has a noticeable variation reaching up to
30cm in the largest individuals. This species shows
semelparity, meaning that a synchronous blooming episode
occurs once in a lifetime and then the plant dies off right
after fructification (monocarpy). Flower and seed production
increases as a function of plant size, and maximum female
success is reached in plants with an intermediate size (Garcia,
2003). This species endemic to Western Mediterranean
mountains is distributed across the Pyrenees, in particular
in the south-central part, with additional, more isolated
localities in the Cantabrian Mountains, the Eastern and
Southeastern Iberia, and the High Atlas (Morocco) (Webb &
Gornall, 1989). Saxifraga longifolia has an altitudinal range
between s540m.a.s.l in Roncal Valley (Pyrenees) and
2600 m.a.s.l on Pico del Aspe (Pyrenees) (Gémez et al,
2020) and Jbel Ouirarassen (High Atlas).

2.2 Sampling and data collection

To design field sampling, we conducted a preliminary
exploration of S. longifolia occurrence sites in GBIF. We
selected 32 populations of S. longifolia for sampling, including
160 individuals across the whole geographic distribution of
the species (main range and isolated populations), morpho-
logical diversity, and geographic areas with different climatic
conditions (Tables 1, S1). We discarded the population in
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southern France outside of the Pyrenees because it is
suspected to be the result of naturalization (Gonard, 2006)
as well as some unreliable GBIF sites that do not match with
geographical and ecological characteristics of S. longifolia.
Five individuals from each population were randomly
selected for DNA extraction and sequencing. The leaves of
each individual were preserved in silica gel until processed in
the laboratory.

2.3 Species distribution modeling (SDM)

A higher number of haplotypes is expected in areas
climatically favorable for S. longifolia throughout the
Quaternary climatic cycles than in areas with recent
favorable bioclimatic conditions (Coello et al., 2021). To
detect areas with potential high diversity, we used SDM
based on 30 populations sampled in this study (Table 1),
which cover the entire distribution range of the species in
Iberia. We did not include High Atlas populations because of
the bias between the number of populations sampled in
Iberia (30) and the less known High Atlas (2). Furthermore, S.
longifolia only occurs in limestone places, but detailed
lithological information was not available for northwest
Africa. We decided to use only the populations sampled in
this study to build the models because many localities from
local (www.proyectoanthos) and worldwide (GBIF) plant
distribution databases of S. longifolia are based on unreliable
records, as shown by low elevation (below the known
altitudinal limits of the species) or rocky substrates other
than limestone. In addition, the species is often confused
with the common Saxifraga paniculata Mill. in the Pyrenees.
All these led us to restrict the occurrences used for the SDMs
to our 30 sampled populations to have an appropriate match
between genetic identity and geographic sites. We down-
loaded 19 bioclimatic variables from WorldClim 1.4 (Hijmans
et al., 2005) and selected six that were not highly correlated
across |beria according to pairwise correlation coefficients
(Ir] < 0.75): bioo4 (temperature seasonality), bioo8 (mean
temperature of the wettest quarter), bio 09 (mean temper-
ature of the driest quarter), bio11 (mean temperature of the
coldest quarter), bio16 (precipitation of the wettest quarter),
and bio17 (precipitation of the driest quarter). We also chose
six edaphic variables from SoilGrids2017 (https://soilgrids.org;
Hengl et al., 2017) that were not highly correlated (|r| < 0.75)
across Iberia (edao2, volumetric percentage of coarse
fragments, >2mm; edao3, the weight percentage of clay
particles, <0.0002mm; edaos, the weight percentage of
sand particles, 0.05-2 mm; edao6, cation exchange capacity
of soil; edao7, soil organic carbon content; and edao9, pH
index measured in water solution) and one categorical
variable for lithology (iberlit, built from the Lithostratigraphic
Map of Spain; IGME 2006) (Table S2). We assumed that
edaphic and lithological variables have remained stable
throughout at least the last climatic cycle (Nogués-Bravo,
2009). We used the maximum entropy algorithm, as
implemented in Maxent 3.4.0 (Phillips et al, 2006) to
estimate a model under current conditions because this
method works with presence-only data (Elith et al., 2006).
The 30 populations were randomly split into training data
(75%) and test data (25%). One hundred subsample replicates
were performed. To convert continuous suitability values to
presence/absence, we chose the threshold obtained under
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the maximum training sensitivity plus specificity rule,
which has been shown to produce accurate predictions
(Jiménez-Valverde & Lobo, 2007). The model under current
conditions was projected to three past periods: (i) Mid-
Holocene (MIROC-ESM; Hasumi & Emori, 2004) (MH, c.
6 kya); (ii) Last Glacial Maximum (MIROC-ESM; Hasumi &
Emori, 2004) (LGM; c. 22 kya); and (jii) Last Interglacial (Otto-
Bliesner et al., 2006) (LIG; c. 120-140 kya). The resolution was
30" for current, LIG, and MH layers and 2.5’ for LGM layers.
We estimated long-term persistence areas as the intersection
of inferred presence areas from each period until the
present: (i) long-term persistence since the LIG was the
intersection of potential distributions in the LIG, LGM, MH,
and present; (i) long-term persistence since the LGM was the
intersection of LGM, MH, and current distributions; and (iii)
long-term persistence since the MH was the intersection of
MH and current distributions.

2.4 DNA extraction and sequencing

Saxifraga longifolia DNA was extracted from dried leaves
using a DNeasy Plant Minikit (Qiagen Inc., Hilden, Germany).
Polymerase chain reaction (PCR) protocols were optimized
for a final volume of 25 pL, containing 15.2 pL of water, 2.5 pL
of buffer, 1.4 uL of MgCl, 50 mM, 1.6 uL of dNTPs 2.5 mM,
0.5 pL of each primer 10 pM, 0.3 pL of Taq polymerase 5 U/pL,
1uL of BSA 1mg/mL, 1uL of DMSO, and 1pL of the DNA
sample. We amplified one nuclear region (ITS) and we carried
out a pilot study to select variable plastid DNA (cpDNA)
regions. After this pilot study, we discarded the region atpH-
atpl and selected rpl32-trnL, rps16-trnQ, and trnS-trnG (Shaw
et al., 2007). PCR cycles comprised the following steps: 94 °C
for 2 min, followed by 35 cycles of 94 °C for 1 min, 52-54 °C for
1min, and 72 °C for 1min, and a final extension of 72°C for
1omin. DNA sequencing was performed by Macrogen
(Madrid, Spain). Electropherograms were inspected and
assembled in Geneious 2021.1.1.1 (Kearse et al., 2012) and
sequences were aligned by MAFFT 7.308 (Katoh et al., 2002).
Matrices were visually checked, corrected, and minor
changes were implemented. The three plastid DNA regions
(rpl32-trnL, rps16-trnQ, and trnS-trnG) were concatenated in a
single matrix.

2.5 Phylogenetic and phylogeographic analyses (ITS and
plastid DNA)

To determine the species of Saxifraga most closely related to
S. longifolia (to be used as the outgroup in downstream
analyses), we conducted a Bayesian analysis of ITS sequences
in MrBayes using an alignment including our sequences of
S. longifolia and 12 additional sequences of Saxifraga
sect. Ligulatae (10 sequences) and sect. Trachyphyllum
(2 sequences) deposited in the GenBank database (Table 1).
The analysis was conducted using two runs of 10 million
generations each, with a sampling frequency of 1000 and a
burn-in of 10%. Based on the resulting phylogenetic tree, the
four DNA regions of this study (ITS and three plastid regions)
were sequenced for the closest relatives of S. longifolia (see
also Conti et al., 1999). In particular, we sequenced a sample
of S. valdensis from the herbarium of the Royal Botanical
Garden of Madrid (MA-01-00777476) and two newly collected
individuals of S. paniculata and S. cotyledon. These outgroup

J. Syst. Evol. oo (0): 1—20, 2022

85U8017 SUOWLOD aA1ea.1D) 8|qedldde aup Aq peusenob ae e O ‘@S J0Ss|nl 1oy ArIq1T8UlUO A8|IAM UO (SUORIPUOD-PUR-SLLIBYLIOD™AB| IMAteIq 1 U1 |UO//ST1Y) SUORIPUOD PUe SWIS 1 84} 88S *[2202/TT/22] U0 AkeidiTauljuo A8|IM ‘(PepiLes ap OLRXSIUIIN) UOKINOIG [UOTEN 8URIYO0D USIUedS Aq 2T62T'8SI/TTTT 0T/I0p/u0o A3 1M ARIq BUI|UO//SANY WO1S pepeoumod ‘0 ‘TEBI6S.T


http://www.proyectoanthos
https://soilgrids.org

10 Pomeda-Gutiérrez et al.

sequences were aligned with S. longifolia sequences using
MAFFT.

Genealogical relationships among plastid haplotypes and
ITS ribotypes of S. longifolia and the outgroup were inferred
using the statistical parsimony algorithm (Templeton et al.,
1992) as implemented in TCS 1.21 (Clement et al., 2000) with a
95% connection limit. We exclusively used DNA substitutions.
Gaps resulting from mononucleotide repeated units (poly-A
or poly-T) were treated as missing data because they are
known to be highly homoplastic. We also inferred
phylogenetic relationships among S. longifolia sequences
using Bayesian inference, with S. paniculata, S. cotyledon, and
S. valdensis as the outgroup. Separate analyses for cpDNA
and ITS sequences were implemented in MrBayes 3.2.6
(Ronquist et al, 2012) using two runs of 10 million
generations each, with a sampling frequency of 1000 and a
burn-in of 10%. Best-fitting substitution models were selected
using jModelTest (Darriba et al., 2012) (JC for ITS, GTR for
rpl32-trnL, HKY + G for rps16-trnQ, and JC for trnS-trnG).

Lineage divergence times were estimated using BEAST
v1.10.4 (Drummond & Rambaut, 2007) for cpDNA and ITS
sequences separately. Analyzed matrices included sequences
of S. longifolia (one per haplotype or ribotype) and those of
the outgroup species S. paniculata, S. cotyledon, and S.
valdensis. Based on ITS sequence relationships in a wider
phylogenetic context (see above), all sequences except for
that of S. paniculata were constrained as a monophyletic
group. Given the low number of changes found in each DNA
region (Table S3), partitions could not be implemented in the
cpDNA analysis. To the best of our knowledge, there are no
well-documented Saxifraga fossils. For this reason, we
employed a secondary basal calibration point (Hipsley &
Miiller, 2014) from a previous time-calibrated phylogeny of
Saxifraga. In particular, root age was calibrated using the
crown age of Saxifraga sect. Ligulatae, which includes S.
longifolia and the outgroup (7.94Ma, 95% HPD:
4.86-11.87 Ma) (Ebersbach et al., 2017). We selected a simple
constant size coalescent tree prior to facilitate conver-
gence and an uncorrelated lognormal clock. Best-fitting
substitution models were selected using jModelTest (Darriba
et al., 2012) (JC for both ITS and cpDNA regions). The analysis
was conducted using two runs of 100 million generations
each, with a sampling frequency of 10 000 and a burn-in of
10%. The adequacy of effective sample sizes was confirmed
with Tracer (Rambaut & Drummond, 2009). We combined
the two runs with LogCombiner (discarding the burn-in)
and summarized the trees in a maximum clade credibility tree
using TreeAnnotator.

To reconstruct migration routes, we performed a Bayesian
discrete phylogeographic analysis (DPA; Lemey et al., 2009)
in BEAST 1.10.4 (Drummond & Rambaut, 2007) using our
plastid sequences for all sampled individuals. We constrained
all sequences of S. longifolia as a monophyletic group and
defined five areas, including four Iberian areas based on
those described in Buira et al. (2017) (Cantabrian Mountains
and Northern Iberian System, CM; the Pyrenees, PYR; Catalan
Coastal Range and Ebro Depression, CRE; Baetic System and
South-Eastern Mediterranean coast, BS-SEC) and the High
Atlas Mountains (HAM). Nucleotide substitution model HKY
was selected with jModelTest (Darriba et al., 2012) for the
entire alignment. The reconstruction of ancestral areas

J. Syst. Evol. oo (0): 1-20, 2022

followed an asymmetric substitution model. We used a
Bayesian stochastic search variable selection (BSSVS) to infer
statistically supported migration routes. We implemented an
uncorrelated relaxed clock with a lognormal distribution for
the DNA partition and a strict clock for the area partition,
with a simple constant size coalescent tree prior to facilitate
convergence. The root age was calibrated using a normal
prior distribution with a mean age of 7.94 Ma and a standard
deviation of 1.5 Ma (Ebersbach et al., 2017). We used a
Bayesian stochastic search variable selection (BSSVS) to infer
statistically supported migration routes. The analysis was
conducted using two runs of 100 million generations each,
with a sampling frequency of 10 000 and a burn-in of 10%.
Adequacy sample size was confirmed with Tracer (Rambaut
& Drummond, 2009). We combined the two runs with
LogCombiner (discarding the burn-in) and summarized the
trees in a maximum clade credibility tree using TreeAnno-
tator. Finally, we used SpreaD3 0.9.6 (Bielejec et al., 2016) to
calculate Bayes factors (BF) and identify strongly supported
migration routes as those connections between areas with
BF > 3 (Kass & Raftery, 1995).

3 Results

3.1 SDM

According to the maximum entropy model, the inferred
potential distribution of Saxifraga longifolia under current
conditions (Fig. 1D) is mainly found in the Northern,
Northeastern, and Southeastern Iberian mountains, with a
high predictive accuracy (AUC = 0.984). Variable soil organic
carbon content (edao7), the mean temperature of the
coldest quarter (bio11), precipitation of the driest quarter
(bio17), lithological classes (iberlit), and volumetric per-
centage of coarse fragments (>2mm) (edao2) had the
highest percent contributions to the model, with a combined
contribution of 82.8% (Table S2). Projections to the past
showed limited variation in the estimated potential distribu-
tion, with some degree of waxing and waning, particularly in
southeastern mountains (Figs. 1A-1C). In fact, areas of
persistence since the LIG were widely distributed in the
Northern, Northeastern, and Southeastern Iberian mountains

(Fig. 1E).

3.2 Phylogenetic and phylogeographic analyses

The Bayesian analysis of ITS sequences of Saxifraga sect.
Ligulatae and sect. Trachyphyllum supported S. valdensis as
sister species to S. longifolia (posterior probability, PP =1),
with S. cotyledon as a sister to the S. valdensis/S. longifolia
clade (PP =0.99) (Fig. S1).

Concatenated DNA sequences of the plastid regions from
108 individuals of S. longifolia and 3 individuals of outgroup
species (S. paniculata, S. cotyledon, and S. valdensis) resulted
in an alignment length of 1154 bp (367 for rpl32-trnL, 417 for
rps16-trnQ, and 370 for trnS-trnG). Seven substitution-based
plastid haplotypes were identified for S. longifolia, which
formed a single network with no loops and 11 missing
haplotypes within S. longifolia (Fig. 2). The Iberia and the
High Atlas did not share any haplotypes, and five missing
haplotypes separated both haplogroups. In Iberia, haplotype
H2 (71 individuals, 24 populations) was found in the majority
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A LIG (120 - 140 kya) .. "~ B LGM(22kya)

C MH(6kya)

Persistence of
climatically favorable
areas of S. longifolia

Il Persistence since LIG

[—_—JPersistence since LGM

- Persistence since MH

- Favorable only in the present

Fig. 1. Potential distribution of Saxifraga longifolia in Iberia and south of France, estimated with Maxent for the Last Interglacial (LIG),
120-140 kya (A); the Last Glacial Maximum (LGM), 22 kya (B); the Mid-Holocene (MH), 6 kya (C); and the present (D). For each period,
colors represent the probability of suitable conditions as shown in the legend (red indicates the most suitable areas and dark blue the
least ones). Long-term persistence areas (climatically favorable) of S. longifolia since each analyzed period based on Maxent results (E).
Long-term persistence since the Last Interglacial (LIG; 120140 kya to present) in red; since the Last Glacial Maximum (LGM, 22 kya to
present) in yellow; since the Mid Holocene (MH; 6 kya to present) in green; and areas favorable only in the present in dark blue. Maps
are projected to the World Geodetic System (WGS 1984).
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Fig. 2. A, Phylogeographic analysis of Saxifraga longifolia based on three cpDNA regions (rpl32-trnL, rps16-trnQ, and trnS-trnG).
Each circle represents one population colored according to haplotypes found at each population: 1, La Paredina (Haplotype 1);
2, Tetxa (H2); 3, Zorokieta (H2); 4, Roncal (H2); 5, Isaba (H6 and H7); 6, Oza (H2); 7, Fago (H1 and H2); 8, Las Blancas (H2); 9,
Geédre (H2); 10, Pragneéres (H2); 11, Payolle (H2); 12, Nerin (H2); 13, Plan (H5); 14, Cerler (H3); 15, Isabena (H5); 16, Gerri de la Sal
(H2); 17, Gresolet lookout 1 (H2); 18, Gresolet lookout 2 (H2); 19, San Juan de la Pefia (H2); 20, La Pefia water reservoir (H2); 21,
Val d’Onsera (H2); 22, Bubal (H2); 23, Hoz de Jaca lookout (H2); 24, Arguis (H2); 25, Sopeira (H2); 26, Alquezar (H2); 27, Pefias
de Herrera (H2); 28, Ports (H3); 29, Aitana (H2); 30, Sagra (H2); 31, Zaouiat Ahansal (H4); and 32, Jbel Ouirarassen (H4). Base
maps from World Shaded Relief by Esri (2020) (https://services.arcgisonline.com/ArcGIS/rest/services/World_Shaded_Relief/
MapServer) with a World Geodetic System projection (WGS 1984). B, Statistical parsimony network of S. longifolia haplotypes.
Lines represent single substitutions; dots indicate missing haplotypes (extinct or not found). White circles represent the
outgroup (S. paniculata, S. cotyledon, and S. valdensis).

of the individuals and populations (Fig. 2A). We considered
this haplotype the ancestral haplotype because it was (i) the
most frequent, (ii) the most widespread, and (iii) connected
directly with the outgroup. Two lineages were derived from
H2: the first lineage included one haplotype (H1, 10 ind., 2
pop.) from the Cantabrian Mountains and the Pyrenees (La
Paredina and Fago), which is connected with H5 (6 ind., 2
pop.) from the Central Pyrenees (Plan and Isabena) and with
H6 (5 ind., 1 pop.) and H7 (4 ind., 1 pop.) from the Western
Pyrenees (Isaba). The haplotype H6 is separated from H1 by

J. Syst. Evol. oo (0): 1-20, 2022

six missing haplotypes. The second lineage included H3
(5 ind., 2 pop.) from the Central Pyrenees and the Eastern
Iberia (Cerler and Ports), which is separated by five missing
haplotypes from the High Atlas haplotype H4 (7 ind., 2 pop.).
All the haplotypes were found in the Pyrenees except the
High Atlas haplotype H4 (Fig. 2). Within the Pyrenees,
populations of the western (Isaba and Fago) and the central
(Cerler, Plan, and Isabena) valleys showed a higher number
of haplotypes than any other areas (six haplotypes vs one
haplotype). The highest number of haplotypes was found in
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areas environmentally suitable for the species since the LIG
(the Western and the Central Pyrenees) (Fig. 1E). In the
Bayesian phylogenetic tree of plastid sequences (Fig. 3A), all
S. longifolia sequences formed a monophyletic group
(PP =1.00), which supported a single origin with S. valdensis
as sister species. Six supported monophyletic groups
(PP>0.90) were found within S. longifolia corresponding
to (i) haplotypes H3 and H4, (i) haplotype Hg, (iii) haplotypes
H1, H5, H6, and H7, (iv) haplotype Hs, (v) haplotypes H6 and
H7, and (vi) haplotype H7.

Sequencing the ITS region from 71 individuals of S.
longifolia and the three outgroup species resulted in an
alignment length of 468bp. Seven substitution-based

A
S. paniculata g cotyledo "3 -
1
1
1
0.9512
1
0.979
B
S. paniculata,
1 L 1““”5 valdensis
1 | 0.9964

0.5075

and Sagra)

ribotypes were identified in the sequence data set, which
formed a single network with no loops and six missing
ribotypes (Fig. S2). Iberia and the High Atlas did not share
any ribotypes, and there were no missing haplotypes
separating both ribogroups. In Iberia, R1 (52 individuals, 26
populations) was found in the majority of individuals and
populations (Fig. S2A). We considered this ribotype ancestral
because it was the most frequent and widespread one. Three
lineages were derived from R1: the first one was formed by
ribotype R2 (4 ind., 2 pop), present in Eastern Iberia (Parc
Natural dels Ports and Sierra de Aitana); the second lineage
included R3 (4 ind., 3 pop.) from the Central Pyrenees, which
was separated by three missing ribotypes from two

=p-H2 Ancestral Haplotype

(71 S. longifolia sequences from Tetxa,
Zorokieta, Roncal, Oza, Fago (2), Las Blancas,
Gedre, Pragneres, Payolle, Nerin, Gerri de la Sal,
Gresolet lookout 1, Gresolet lookout 2, San Juan,
La Peiia water reservoir, Val d'Onsera, Bubal,
Hoz de Jaca lookout, Arguis, Sopeira, Alquezar,
Herrera, Aitana and Sagra)

H3 Eastern lberia
1 0.9085 —===sstBll]™ and Central Pyrenees

(5 S. longifolia sequences from Cerler and Ports)

=»H4 High Atlas

(7 S. longifolia sequences from
Zaouiat Ahansal and Jbel Ouirarassen)

H1 Cantabrian mountains

and Western Pyreneces
(10 S. longifolia sequences from
La Paredina and Fago (8))

0.9933 =pH5 Central Pyrenees
(6 S. longitolia sequences from Plan and Isabena)

=»-H6 Western Pyrenees (5 S. longifolia sequences from Isaba)
=p»H7 Western Pyrenees

(4 S. longifolia sequences from Isaba)

——=eeumill=p R6 High Atlas (3 S. longifolia sequences from Zaouiat Ahansal)
=p-R7 High Atlas(3s. longlfoha sequences from Jbel Ouirarassen)

10-9985 _ —onsgmlllmp R2 Eastern Iberia

(4 S.longifolia sequences from Aitana and Ports)

=»R1 Ancestral Ribotype

(52 S. longifolia sequences from La Paredina, Tetxa,
Zorokieta, Isaba, Oza, Fago (5), Las Blancas, Gédre,
Pragnéres, Payolle, Nerin, Plan, Cerler (1), Isabena,
Gerri de la Sal, Gresolet lookout 1, Gresolet lookout 2,
La Pefia water reservoir, Val d' Onsera, Bubal (2), Hoz
de Jaca lookout, Arguis, Sopeira, Alquezar, Herrera

———.RS Western Pyrenees 2 S./ongifolia sequences from Roncal)
=p R4Western Pyrenees(3 S. longifolia sequences from Fago)
0.8295 _ —cnsmmll=pR3 Central Pyrenees

(4 S.longifolia sequences from San Juan, Cerler (1) and Bubal (1))

Fig. 3. Fifty percent majority rule Bayesian consensus tree for Saxifraga longifolia. Values above branches represent Bayesian
posterior probability (PP). Colors represent the sequences included in each group; the size is proportional to the number of
sequences. The numbers in brackets correspond to sequences of each group per population, and the absence of brackets
indicates that all sequences of a population are included in the same group. A, Plastid DNA sequences (rpl32-trnL, rps16-trnQ
and trnS-trnG). B, ITS sequences.
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ribotypes present in the West Pyrenees (R4, 3 ind., 1 pop.,
Fago) and (Rs, 2 ind., 1 pop., Roncal); and the third lineage
included High Atlas ribotypes (R6, 3 ind., 1 pop., Zaouiat
Ahansal; and Ry, 3 ind., 1 pop., Jbel Ouirarassen) (Fig. S2B).
All the Iberian ribotypes were found in the Pyrenees, except
for one (R2) only found in Eastern Iberia (Fig. S2A). Within
the Pyrenees, populations of the western (Fago and Roncal)
and the central (San Juan de la Pefia, Bubal and Cerler)
valleys showed higher numbers of ribotypes (four ribotypes
and three ribotypes, respectively) than any other areas.
The highest number of ribotypes was found in areas that
have remained environmentally suitable for the species since
the LIG (Western and Central Pyrenees) (Fig. 1E). In the
Bayesian phylogenetic tree of ITS sequences, S. longifolia
sequences formed a monophyletic group (PP =1.00), which
supported a single origin. Relationships within S. longifolia
were largely unresolved, with four ribotypes (R7, R2, R5, and
R4) were supported as monophyletic groups (PP > 0.99).

Lineage divergence times based on plastid DNA sequences
showed an average value of 4.48 Ma for the split between S.
longifolia and S. valdensis, while the crown age of S. longifolia
had an average of 2.33 Ma. The average divergence time for
the split between Iberian and High Atlas populations was
0.73 Ma (Fig. 4). For ITS sequences, the estimated divergence
time between S. longifolia and S. valdensis was 4.78 Ma, while
the crown age of S. longifolia was 2.45 Ma. The average
divergence time for the split between Eastern Iberia and
High Atlas populations was 1.38 Ma (Fig. S3).

The Bayesian DPA based on plastid DNA sequences inferred
the Pyrenees as the most probable range for the most recent
common ancestor of all S. longifolia sequences (PP = 0.60), and
the other four areas had much lower probabilities (High Atlas
Mountains, PP = 0.13; Catalan Coastal Range and Ebro Depres-
sion, PP = 0.12; Baetic System and South-Eastern Mediterranean
coast, PP = 0.11; and Cantabrian Mountains and Northern Iberian
System, PP =0.04). In addition, four routes strongly supported
by BF values from the Pyrenees to (i) Cantabrian Mountains
(BF=103.2); (ii) Catalan Coastal Range and Ebro Depression
(BF =7.6); (iii) Baetic System and South-Eastern Mediterranean

coast (BF=7.3); and (iv) High Atlas Mountains (BF =9.7).
Migration routes from the remaining areas to the Pyrenees
were moderately supported (BF =3.7-4.7) (Fig. 5).

4 Discussion

The Pyrenees can be considered the cradle of genetic
diversity of Saxifraga longifolia based on the occurrence in
this region of most genetic lineages and ancestral genotypes.
In fact, the survival and differentiation of current lineages in
the Pyrenees during the Quaternary are suggested by our
phylogenetic, phylogeographic, and SDM results. S. longifolia
may have been extensively distributed in the Pyrenees
throughout the Quaternary and suffered limited expansion
and contraction of its distributional range associated with
glacial and interglacial cycles. In contrast with this long-term
occurrence in the Pyrenees, current populations distributed
in other Iberian mountains fit into a pattern of recent
colonization and isolation. This pattern is interpreted based
on the failure to find unique plastid haplotypes across Iberian
mountains outside of the Pyrenees, which may be explained
by isolation in the last glacial-interglacial period. In contrast,
a deeper split and a significant genetic differentiation were
found between Iberian populations and those from northern
Africa.

4.1 Western and Central Pyrenees harbor most S. longifolia
diversity

The Pyrenees harbor six of the seven plastid haplotypes of S.
longifolia recorded in this study (Fig. 2) and four of the seven
ribotypes (Fig. S2). Haplotype lineage distribution also
suggests that the center of diversity of S. longifolia is located
in the Pyrenees, from where migration to the rest of Iberian
and northern African areas appears to have taken place
according to the Bayesian phylogeographic analysis (Fig. 5).
Genetic and lineage diversity, coupled with population
abundance within each area, points to the Pyrenees as the
cradle for S. longifolia differentiation. In particular, Central

3. cotyledon

=~

Opening of the
_— strait of Gibraltar
20Mya (6 Mya)

%s. longifolia Aitana (Easter Iberia)
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| 8. longifolia Cerler (Central Pyrenees)

L T@s, longifolia Jbel Ouirarassen (High Atlas)
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;‘E%S longifolia Isaba 1 (Western Pyrenees)
$. longifoliaIsaba T (Wester Pyrenees)

— 8. valdensis
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Mediterranean
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Fig. 4. BEAST-derived chronogram of Saxifraga longifolia based on three cpDNA regions (rpl32-trnL, rps16-trnQ, and trnS-trnG).
Time scale is in million years ago (Ma). Blue bars indicate the 95% highest posterior density intervals for node ages. The

numbers above branches are Bayesian posterior probabilities.
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Fig. 5. Discrete phylogeographic analysis of Saxifraga longifolia based on three cpDNA regions (rpl32-trnL, rps16-trnQ, and trnS-
trnG). The map includes migration routes with Bayes factor > 3. We defined five areas following Buira et al. (2017): (i) CM:
Cantabrian Mountains and northern Iberian System, (ii) PYR: Pyrenees, (iii) CRE: Catalan Coastal Range and Ebro Depression,
(iv) BS-SEC: Baetic System and South-Eastern Mediterranean coast, and (v) HAM: High Atlas Mountains. The map is projected

to the World Geodetic System (WGS 1984).

and Western populations of the Pyrenees harbor most of this
diversity (Fig. 2). Pyrenean valleys could act as Quaternary
refugia for S. longifolia, although (climatically favorable) long-
term persistence areas for this species were widely
distributed across Iberian limestone mountains (Fig. 1E).
Abrupt valleys offer the opportunity of preserving suitable
habitat conditions despite climatic oscillations, as interpreted
for Fagus sylvatica (Magri et al., 2006), Pinus uncinata (Dzialuk
et al, 2009), Antirrhinum majus (Liberal et al., 2014), and
Rhododendron ferrugineum (Charrier et al.,, 2014). The
importance of the Central Pyrenees as a biodiversity hotspot
is not only hypothesized for plants but also for animal
species (Garcia-Barros et al., 2002). The geography of the
Pyrenees, forming an east—-west barrier between Iberia and
the rest of Europe, is interpreted as a strong limitation for
species dispersal, although some other valleys contribute to
reduce isolation (Wallis et al., 2016). Indeed, the Central
Pyrenees display an important diversity of habitats (lime-
stone, rock places; high mountain pastures and scrubs; and
mature forests) together with a great amount of micro-
habitats, which has resulted in a high degree of plant
endemicity (63 of 119 endemic Pyrenean plant species are
exclusive to the Central Pyrenees) (Gémez et al., 2017).
During the LGM, Pyrenean valleys appear to have been
covered with ice, but S. longifolia could have survived on
cliffs and reached other valleys later on by diffusion
processes when establishment conditions were favorable.
The Quaternary history of the Western Mediterranean is
characterized by glacial and interglacial periods (Vargas,
2020). High-mountain vegetation may have survived during
glacial periods in refugia (Birks, 2016) such as ice-free areas
emerging above the glaciers (nunataks) (Stehlik et al., 2002)

www.jse.ac.cn

and on the borders of glaciated mountains (peripheral glacial
refugia) (Segarra-Moragues et al., 2007; Médail & Diadema,
2009). Glacial periods facilitated colonization of other
mountains, especially by plants with a monocarpic repro-
ductive pattern such as S. longifolia, which generates
hundreds of small fusiform seeds (1-1.5 X 0.4-0.5 mm; see
Vargas, 1997) for each plant that can be easily dispersed by
wind. In contrast, during interglacial periods, these
populations probably had a limitation in their survival and
colonization capacity to highland rocks (Vargas, 2003). These
ecological and biological limitations may have produced
isolated populations recurrently in the history of S. longifolia,
with a higher or lower gene flow depending on the distance
to the nearest population and ecological factors (erosion,
competition for space, soil loss) that may have acted as a
barrier or a bridge between populations (Stehlik et al., 2002).

Interestingly, the most genetically differentiated population
based on plastid DNA sequences is found in the western
Pyrenees (Isaba, 9 ind.), as shown by the six missing haplotypes
needed to connect this population with the phylogeographi-
cally closest population (Fago, 8 ind.) (Fig. 2). In contrast,
geographic distance between them is short (18.39km in a
straight line), which suggests strong haplotype extinction.
Alternatively, failure in obtaining a significant sample size may
have also affected our phylogeographic reconstruction, despite
a particular sampling effort made on that particular area (Sanz
et al,, 2014). Unexpectedly, current phylogeographic isolation
does not mean intraspecific morphological differentiation
(Vargas, 1997). In fact, S. longifolia individuals from Isaba are
morphologically similar to those from other Pyrenean
populations (n=23). Nevertheless, isolation in extreme
Mediterranean conditions may have brought about local
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morphological differentiation, as interpreted from the small
phenotype of S. longifolia var. aitanica (Pau, 1904) from Sierra
de Aitana (Eastern Iberia) (ribotype R2) and long-term isolation
for the subsp. gaussenii from the African Atlas (haplotype H4
and ribotypes R6 and R7).

4.2 Iberian mountains: Multiple patterns of colonization
Phylogeographic and SDM results suggest pulses of active
colonization and extinction across Iberia in multiple ways. As
a result, finding common phylogeographic patterns across
species is difficult (comparative phylogeography) (Vargas,
2003; Kropf et al., 2006; Smycka et al., 2018), even within the
same species. SDM results indicate a potential distribution of
S. longifolia permanently in favorable areas (calcareous
mountains of SW Europe) during the Quaternary (Fig. 1).
Despite the difficulty of determining how macroclimatic
variables influence the distribution of species and lineages
located at microsites (Kuntz & Larson, 2006), we can draw
some interpretations from the S. longifolia distribution
model. The importance of edaphic and lithological variables
(>60% of the model, Table S2) can be related to the
importance of limestone substrates over climate variables for
this species. On the one hand, soil organic carbon content
(edaoy), lithological class (iberlit), and volumetric percentage
of coarse fragments (>2mm) (edao2) (Hengl et al., 2017)
explained more than 50% of the variation (Table S2). On the
other hand, mean temperature of the coldest quarter (bio11)
and precipitation of the driest quarter (bio17) explained
>32%. These climate variables represent low temperature
during winter (bio11) and water supply during summer
(bio17), essential ecological requirements for S. longifolia
(Cotado & Munné-Bosch, 2020). Climate conditions during
the Quaternary probably caused significant extinction of S.
longifolia populations but also persistence in favorable
microsites, as found for Kernera saxatilis, Silene rupestris,
and Gentiana alpina (Kropf et al., 2006). Recent colonization
events between and within mountain ranges have been
suggested for Androsace vitaliana (Dixon et al., 2009), which
had a recent isolation in the Pyrenees and mountains of
Central and Eastern Iberia (Vargas, 2003). Connectivity
between limestone mountains out of the Pyrenees has also
been reported for Brachypodium distachyon, which also
reached the Eastern Iberian mountains (Marques et al., 2017).
A waxing-and-waning process during the Pleistocene may
have caused genetic and morphological differentiation,
which have been identified by taxonomists in terms of new
subspecies endemic to particular mountain ranges (see
Vargas, 2003 for details). A close connection between the
Cantabrian mountains and the Pyrenees is supported by our
DPA analysis (Fig. 5), but the lack of a strong phylogeographic
structure indicates that the Cantabrian populations may be the
result of a recent colonization as well, as described for some
other species (Garcia-Barros et al., 2002).

4.3 Eastern Iberian corridor to the Strait of Gibraltar and
beyond

Our phylogenetic reconstruction based on ITS and plastid
sequences is congruent with an early split of northern
African and European populations (<3.33Ma). A further
connection between both continents was found neither by
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phylogenetic nor phylogeographic analyses. The time-
calibrated phylogeny using ITS sequences (Fig. S3) is
equivocal about a split before or after the opening of the
Strait of Gibraltar (5 Ma). However, the phylogeny of plastid
sequences supports a colonization in the last three million
years (Fig. 4), which is only compatible with long-distance
dispersal over the Strait of Gibraltar.

The High Atlas haplotype is connected by five missing
haplotypes with Els Ports (Eastern Iberia) and Cerler
populations (the Central Pyrenees) (Fig. 2), which suggests
an ancient relationship with northeastern Iberia populations.
S. longifolia could have migrated at least once from the
Pyrenees to the High Atlas by long-distance dispersal or most
likely in a process where Eastern Iberia may have been an
ideal corridor, as shown by numerous limestone mountains
that connect the Pyrenees and the Strait of Gibraltar. On the
north African side, the limestone Rif mountains are located
between the Mediterranean coast and the High Atlas;
however, there are no records of S. longifolia in the Rif
mountains despite similar edaphic and climatic conditions
(Rodriguez-Sanchez et al., 2008). Further exploration should
be carried out in northern Morocco given that new small
populations of S. longifolia have been found in the last
decades in Spain (Pefias de Herrera, Moncayo, Escudero,
1992; La Paredina, Rodriguez, 1977; Sagra Mountains, Font
Quer, 1961), suggesting that the distribution of scattered
populations of S. longifolia is still poorly known.

Colonization routes from the Pyrenees to the east of Iberia
could have been favored by the vast corridor of tundra/
steppe vegetation adapted to the cold climate that
connected these regions during the LGM (22kya) (Kropf
et al., 2006). This pattern is also found in some Pyrenean
species such as a subendemic snapdragon (Antirrhinum
majus, Liberal et al., 2014), the endemic daffodil (Narcissus
alpestris), and the endemic newt (Calotriton asper) (see a
revision by Garcfa-Barros et al, 2002). During the LIG
(120140 Ma), when warmer temperatures may have not
allowed the persistence of S. longifolia at low elevations, its
populations were probably fragmented and stayed isolated
in mountain systems at higher elevations (Fig. 1A). There are
other examples of even more disjunct distributions like
Veronica aragonensis, which could have used this corridor to
reach the Baetic System from the Pyrenees (Padilla-Garcia
et al., 2021). In the opposite direction, Arendria tetraquetra
could have also used this limestone corridor to reach the
Pyrenees from Southeastern Iberia (Vargas, 2003).

The Eastern Iberian corridor facilitated colonization of
Eastern and Southern Iberian mountains and then the High
Atlas by S. longifolia. However, local extinctions probably
occurred in S. longifolia populations outside the High Atlas
and the Pyrenees after the first colonization process. Thus,
colonization from the Pyrenees is indicated by haplotypes
sharing with other limestone Iberian mountains. As a result
of recent colonization across Iberia, we failed to find a strong
phylogeographic pattern, which prevented us to point out a
close connection between Iberian and High Atlas popula-
tions. Indeed, molecular and ecological evidence suggest
that a clearer pattern was probably blurred during the
waxing-and-waning process that occurred in the Eastern
Iberian corridor during the Pleistocene.

www.jse.ac.cn

85U8017 SUOWLOD aA1ea.1D) 8|qedldde aup Aq peusenob ae e O ‘@S J0Ss|nl 1oy ArIq1T8UlUO A8|IAM UO (SUORIPUOD-PUR-SLLIBYLIOD™AB| IMAteIq 1 U1 |UO//ST1Y) SUORIPUOD PUe SWIS 1 84} 88S *[2202/TT/22] U0 AkeidiTauljuo A8|IM ‘(PepiLes ap OLRXSIUIIN) UOKINOIG [UOTEN 8URIYO0D USIUedS Aq 2T62T'8SI/TTTT 0T/I0p/u0o A3 1M ARIq BUI|UO//SANY WO1S pepeoumod ‘0 ‘TEBI6S.T



Pyrenees as a cradle of Saxifraga longifolia 17

Acknowledgements

The authors are very grateful to Victor Ezquerra, Iker Pardo,
Jules Rutten, Daniel Gdmez, Ismael Gonzadlez, Pablo Ferrer,
and J.M. Ninot for the fieldwork. Advice and help given by
Médnica Garcia-Gallo and Emilio Cano (laboratory technicians
at the Royal Botanical Garden, Spanish National Research
Council, CSIC) were fundamental for this study. The authors
are grateful to the MA herbarium, especially to Leopoldo
Medina, Concepcién Baranda, Valentin Fernandez, Eva
Garcia, and Alberto Herrero for providing plant materials.
All the support received by the members of the research
group was essential, especially that from Alberto Coello and
Sara Martin. This research was partially financed by the
“Ministerio de Economia, Industria y Competitividad
(Spain),” project VULBIMON (CGL2017-90040-R). FP-G. was
supported by the Youth Employment Initiative (European
Social Fund and Community of Madrid; reference PEJ-2018-Al/
AMB-10790).

References

Avise JC, Arnold J, Ball RM, Bermingham E, Lamb T, Neigel JE, Reeb
CA, Saunders NC. 1987. Intraspecific phylogeography: The
mitochondrial DNA bridge between population genetics and
systematics. Annual Review of Ecology and Systematics 18:
489-522.

Bielejec F, Baele G, Vrancken B, Suchard MA, Rambaut A, Lemey P.
2016. SpreaD3: Interactive visualization of spatiotemporal history
and trait evolutionary processes. Molecular Biology and Evolution
33(8): 2167-2169.

Birks HJB. 2016. Some reflections on the refugium concept and its
terminology in historical biogeography, contemporary ecology
and global-change biology. Biodiversity 16: 196—212.

Blanco-Pastor JL, Ferndndez-Mazuecos M, Coello AJ, Pastor J, Vargas
P. 2019. Topography explains the distribution of genetic diversity
in one of the most fragile European hotspots. Diversity and
Distributions 25: 74-89.

Buira A, Aedo C, Medina L. 2017. Spatial patterns of the Iberian and
Balearic endemic vascular flora. Biodiversity and Conservation
26(2): 479-508.

Charrier O, Dupont P, Pornon A, Escaravage N. 2014. Microsatellite
marker analysis reveals the complex phylogeographic history of
Rhododendron ferrugineum (Ericaceae) in the Pyrenees. PLoS
One 9(3): €92976.

Christmas MJ, Breed MF, Lowe AJ. 2016. Constraints to and
conservation implications for climate change adaptation in
plants. Conservation Genetics 17: 305-320.

Clement M, Posada D, Crandall KA. 2000. TCS: A computer program
to estimate gene genealogies. Molecular Ecology 9: 1657-1659.

Coello AJ, Ferndndez-Mazuecos M, Garcia-Verdugo C, Vargas P. 2021.
Phylogeographic sampling guided by species distribution
modeling reveals the Quaternary history of the
Mediterranean—Canarian ~ Cistus monspeliensis  (Cistaceae).
Journal of Systematics and Evolution 59: 262-277.

Conti E, Soltis DE, Hardig TM, Schneider J. 1999. Phylogenetic
relationships of the silver saxifrages (Saxifraga sect. Ligulatae
Haworth): Implications for the evolution of substrate specificity
life histories and biogeography. Molecular Phylogenetics and
Evolution 13: 536-555.

www.jse.ac.cn

Cotado A. 2019. Vulnerabilidad a la sequia de la especie de alta
montana Saxifraga longifolia. Ph.D. Dissertation. Barcelona:
Universidad de Barcelona.

Cotado A, Garcia MB, Munné-Bosch S. 2020. Physiological seed
dormancy increases at high altitude in Pyrenean saxifrage
(Saxifraga longifolia Lapeyr.). Environmental and Experimental
Botany 171(2020): 103929.

Cotado A, Munné-Bosch S. 2020. Distribution, trade-offs and drought
vulnerability of a high-mountain Pyrenean endemic plant species,
Saxifraga longifolia. Global Ecology and Conservation 22: €00916.

Darriba D, Taboada GL, Doallo R, Posada D. 2012. jModelTest 2: More
models new heuristics and parallel computing. Nature Methods
9: 772.

Dixon CJ, Schénswetter P, Vargas P, Ertl S, Schneeweiss GM. 2009.
Bayesian hypothesis testing supports long-distance Pleistocene
migrations in a European high mountain plant (Androsace
vitaliana, Primulaceae). Molecular Phylogenetics and Evolution
53(2): 580-591.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary
analysis by sampling trees. BMIC Evolutionary Biology 7: 214.

Dzialuk A, Muchewicz E, Boratyriski A, Montserrat JM, Boratyriska K,
Burczyk J. 2009. Genetic variation of Pinus uncinata (Pinaceae) in
the Pyrenees determined with cpSSR markers. Plant Systematics
and Evolution 277(3): 197-205.

Ebersbach J, Muellner-Riehl AN, Michalak I, Tkach N, Hoffmann MH,
Réser M, Sun H, Favre A. 2017. In and out of the Qinghai-Tibet
Plateau: Divergence time estimation and historical biogeography
of the large arctic-alpine genus Saxifraga L. Journal of
Biogeography 44(4): 900-910.

Elith J, Graham CH, Anderson RP, Dudik M, Ferrier S, Guisan A, Hijmans
RJ, Huettmann F, Leathwick JR, Lehmann A, Li J, Lohmann LG,
Loiselle BA, Manion G, Moritz C, Nakamura M, Nakazawa Y,
Overton JM, Peterson AT, Phillips SJ, Richardson K, Scachetti-
Pereira R, Schapire RE, Soberén J, Wiliams S, Wisz MS,
Zimmermann NE. 2006. Novel methods improve prediction of
species’ distributions from occurrence data. Ecography 29: 129-151.

Engler HGA, Irmscher E. 1919. Saxifragaceae-Saxifraga. In: Engler HGA
ed. Das Pflanzenreich. Leipzig: Verlag von Wilhelm Engelmann
(Druck von Breitkopf & Hartel in Leipzig). 449-709.

Escudero A. 1992. Estudio fitoecoldgico de las comunidades rupicolas y
glericolas del Macizo del Moncayo. Ph.D. Dissertation. Madrid:
Universidad Complutense de Madrid.

Esri. 2020. World Shaded Relief [online]. Available from www.
services.arcgisonline.com/ArcGlIS/rest/services/World_Shaded
Relief/MapServer [accessed 15 March 2020].

Ferndndez-Mazuecos M, Vargas P. 2010. Ecological rather than
geographical isolation dominates Quaternary formation of
Mediterranean Cistus species. Molecular Ecology 19: 1381-1395.

Ferndndez-Mazuecos M, Vargas P. 2013. Congruence between
distribution modelling and phylogeographical analyses reveals
Quaternary survival of a toadflax species (Linaria elegans) in
oceanic climate areas of a mountain ring range. New Phytologist
198: 1274-1289.

Font Quer P. 1961. Plantas medicinales, El Dioscérides renovado.
Barcelona: Labor.

Garcia MB. 2003. Sex allocation in a long-lived monocarpic plant.
Plant Biology 5: 203-209.

Garcia-Barros E, Gurrea P, Lucidafiez MJ, Cano JM, Munguira ML,
Moreno JC, Sainz H, Sanz MJ, Simén JC. 2002. Parsimony analysis
of endemicity and its application to animal and plant geo-
graphical distributions in the Ibero-Balearic region (western
Mediterranean). Journal of Biogeography 29(1): 109-124.

J. Syst. Evol. oo (0): 1—20, 2022

85U8017 SUOWLOD aA1ea.1D) 8|qedldde aup Aq peusenob ae e O ‘@S J0Ss|nl 1oy ArIq1T8UlUO A8|IAM UO (SUORIPUOD-PUR-SLLIBYLIOD™AB| IMAteIq 1 U1 |UO//ST1Y) SUORIPUOD PUe SWIS 1 84} 88S *[2202/TT/22] U0 AkeidiTauljuo A8|IM ‘(PepiLes ap OLRXSIUIIN) UOKINOIG [UOTEN 8URIYO0D USIUedS Aq 2T62T'8SI/TTTT 0T/I0p/u0o A3 1M ARIq BUI|UO//SANY WO1S pepeoumod ‘0 ‘TEBI6S.T


http://www.services.arcgisonline.com/ArcGIS/rest/services/World_Shaded_Relief/MapServer
http://www.services.arcgisonline.com/ArcGIS/rest/services/World_Shaded_Relief/MapServer
http://www.services.arcgisonline.com/ArcGIS/rest/services/World_Shaded_Relief/MapServer

18 Pomeda-Gutiérrez et al.

Garcia-Fernandez A, Iriondo JM, Escudero A, Aguilar JF, Feliner GN.
2013. Genetic patterns of habitat fragmentation and past
climate-change effects in the Mediterranean high-mountain
plant Armeria caespitosa (Plumbaginaceae). American Journal of
Botany 100: 1641-1650.

Goémez D, Garcia MB, Font i Castell X, Aizpuru I. 2017. Distribucién
espacial y analisis ambiental de la flora vascular de los Pirineos.
Pirineos 172: 6.

Goémez D, Ferrdndez JV, Bernal M, Campo A, Retamero JR, Ezquerra
V. 2020. Plantas de las cumbres del Pirineo. Flora del piso alpino.
Zaragoza: Prames.

Gonard A. 2006. Saxifragacées: Flore pratique adaptée a la France
Utilisation des espéces horticoles et ornementales. Université de
Saint-Etienne: Saint-Etienne.

Guzman B, Vargas P. 2009. Long-distance colonization of the
Western Mediterranean by Cistus ladanifer (Cistaceae) despite
the absence of special dispersal mechanisms. Journal of
Biogeography 36(5): 954-968.

Hasumi H, Emori S. 2004. K-1 coupled model (MIROC) description (K-1
Technical Report 1). Tokyo: Center for Climate System Research,
University of Tokyo.

Hengl T, Mendes de Jesus J, Heuvelink GBM, Ruiperez Gonzalez M,
Kilibarda M, Blagotic A, Shangguan W, Wright MN, Geng X,
Bauer-Marschallinger B, Guevara MA, Vargas R, MacMillan RA,
Batjes NH, Leenaars JGB, Ribeiro E, Wheeler I, Mantel S, Kempen
B. 2017. SoilGrids250m: Global gridded soil information based on
machine learning. PLoS One 12: e0169748.

Hewitt GM. 1996. Some genetic consequences of ice ages and their
role in divergence and speciation. Biological Journal of the
Linnean Society 58: 247-276.

Hewitt GM. 1999. Post-glacial re-colonization of European biota.
Biological Journal of the Linnean Society 68(1-2): 87—112.

Hewitt GM. 2000. The genetic legacy of the Quaternary ice ages.
Nature 405: 907—-913.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very high
resolution interpolated climate surfaces for global land areas.
International Journal of Climatology 25: 1965-1978.

Hipsley CA, Miiller J. 2014. Beyond fossil calibrations: Realities of
molecular clock practices in evolutionary biology. Frontiers in
Genetics 5: 138.

Holderegger R, Thiel-Egenter C. 2009. A discussion of different types
of glacial refugia used in mountain biogeography and
phylogeography. Journal of Biogeography 36(3): 476—480.

IGME. 2006. Mapa litoestratigrdfico y de permeabilidades de Espafa 1/
200.000. Madrid: Instituto Geoldgico y Minero de Espafia.

Jaramillo-Correa JP, Grivet D, Terrab A, Kurt Y, De-Lucas Al, Wahid N,
Vendramin GG, Gonzdlez-Martinez SC. 2010. The Strait of
Gibraltar as a major biogeographic barrier in Mediterranean
conifers: A comparative phylogeographic survey. Molecular
Ecology 19(24): 5452-5468.

Jiménez-Valverde A, Lobo JM. 2007. Threshold criteria for conversion
of  probability of species presence to either-or
presence—absence. Acta Oecologica 31(3): 361-369.

Kass RE, Raftery AE. 1995. Bayes factors. Journal of the American
Statistical Association 90(430): 773-795.

Katoh K, Misawa K, Kuma K, Miyata T. 2002. MAFFT: A novel method
for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Research 30: 3059—-3066.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S,
Buxton S, Cooper A, Markowitz S, Duran C, Thierer T, Ashton B,
Meintjes P, Drummond A. 2012. Geneious Basic: An integrated

J. Syst. Evol. oo (0): 1-20, 2022

and extendable desktop software platform for the organization
and analysis of sequence data. Bioinformatics 28: 1647-1649.

Kropf M, Comes HP, Kadereit JW. 2006. Long-distance dispersal vs
vicariance: The origin and genetic diversity of alpine plants in the
Spanish Sierra Nevada. New Phytologist 172(1): 169-184.

Kuntz KL, Larson DW. 2006. Microtopographic control of vascular
plant, bryophyte and lichen communities on cliff faces. Plant
Ecology 185(2): 239-253.

Lemey P, Rambaut A, Drummond AJ, Suchard MA. 2009. Bayesian
phylogeography finds its roots. PLoS Computational Biology 5:
€1000520.

Liberal IM, Burrus M, Suchet C, Thébaud C, Vargas P. 2014. The
evolutionary history of Antirrhinum in the Pyrenees inferred
from phylogeographic analyses. BMC Evolutionary Biology
14(1): 1-14.

Magri D, Vendramin GG, Comps B, Dupanloup I, Geburek T, G&mory
D, Latatowa M, Litt T, Paule L, Roure JM, Tantau |, van der Knaap
WO, Petit RJ, De Beaulieu JL. 2006. A new scenario for the
Quaternary history of European beech populations: Palae-
obotanical evidence and genetic consequences. New Phytologist
171: 199-221.

Marques I, Shiposha V, Lépez-Alvarez D, Manzaneda AJ, Hernandez
P, Olonova M, Cataldn P. 2017. Environmental isolation explains
Iberian genetic diversity in the highly homozygous model grass
Brachypodium distachyon. BMC Evolutionary Biology 17(1): 1-14.

Martin-Bravo S, Valcércel V, Vargas P, Lucefio M. 2010. Geographical
speciation related to Pleistocene range shifts in the western
Mediterranean mountains (Reseda sect. Glaucoreseda, Reseda-
ceae). Taxon 59: 466-482. https://www.jstor.org/stable/
25677605

Martin-Rodriguez |, Vargas P, Ojeda F, Ferndndez-Mazuecos M. 2020.
An enigmatic carnivorous plant: Ancient divergence of Droso-
phyllaceae but recent differentiation of Drosophyllum lusitanicum
across the Strait of Gibraltar. Systematics and Biodiversity 18(6):
525-537.

Médail F, Diadema K. 2009. Glacial refugia influence plant diversity
patterns in the Mediterranean Basin. Journal of Biogeography 36:
1333-1345.

Munné-Bosch S, Cotado A, Morales M, Fleta-Soriano E, Villellas J,
Garcia MB. 2016. Adaptation of the long-lived monocarpic
perennial Saxifraga longifolia to high altitude. Plant Physiology
172: 765-775.

Ninot JM, Ferré A, Grau O, Font X, Pérez-Haase A, Carrillo E. 2013.
Environmental drivers and plant species diversity in the Catalan
and Andorran Pyrenees. Lazaroa 34: 89-105.

Nogués-Bravo D. 2009. Predicting the past distribution of species
climatic niches. Global Ecology and Biogeography 18: 521-531.

Ortiz MA, Tremetsberger K, Stuessy TF, Terrab A, Garcia-Castafio JL,
Talavera S. 2009. Phylogeographic patterns in Hypochaeris
section Hypochaeris (Asteraceae, Lactuceae) of the western
Mediterranean. Journal of Biogeography 36: 1384-1397.

Otto-Bliesner BL, Marshall SJ, Overpeck JT, Miller GH, Hu A. 2006.
Simulating Arctic climate warmth and icefield retreat in the last
interglaciation. Science 311(5768): 1751-1753.

Padilla-Garcia N, Machon N, Segarra-Moragues JG, Martinez-Ortega
MM. 2021. Surviving in southern refugia: The case of Veronica
aragonensis a rare endemic from the Iberian Peninsula. Alpine
Botany 131(2): 1-15.

Pau C. 1904. Plantas de la Sierra de Aitana (Alicante). In: Gasca C ed.
Boletin de la Sociedad Aragonesa de Ciencias Naturales. Zaragoza:
Sociedad Aragonesa de Ciencias Naturales. 279-293.

www.jse.ac.cn

85U8017 SUOWLOD aA1ea.1D) 8|qedldde aup Aq peusenob ae e O ‘@S J0Ss|nl 1oy ArIq1T8UlUO A8|IAM UO (SUORIPUOD-PUR-SLLIBYLIOD™AB| IMAteIq 1 U1 |UO//ST1Y) SUORIPUOD PUe SWIS 1 84} 88S *[2202/TT/22] U0 AkeidiTauljuo A8|IM ‘(PepiLes ap OLRXSIUIIN) UOKINOIG [UOTEN 8URIYO0D USIUedS Aq 2T62T'8SI/TTTT 0T/I0p/u0o A3 1M ARIq BUI|UO//SANY WO1S pepeoumod ‘0 ‘TEBI6S.T


https://www.jstor.org/stable/25677605
https://www.jstor.org/stable/25677605

Pyrenees as a cradle of Saxifraga longifolia 19

Phillips SJ, Anderson RP, Schapire RE. 2006. Maximum entropy
modeling of species geographic distributions. Ecological Model-
ling 190: 231-259.

Provan J, Bennett KD. 2008. Phylogeographic insights into cryptic
glacial refugia. Trends in Ecology & Evolution 23: 564-571.

Rambaut A, Drummond A. 2009. Tracer v1.5 [online]. Available from
http://beast.bio.ed.ac.uk/Tracer [accessed 22 October 2021].

Rodriguez CMR. 1977. Flora y vegetacién de la cuenca alta del rio Luna
(Ledn). Ph.D. dissertation. Oviedo: Universidad de Oviedo.

Rodriguez-Sédnchez F, Pérez-Barrales R, Ojeda F, Vargas P, Arroyo J.
2008. The Strait of Gibraltar as a melting pot for plant
biodiversity. Quaternary Science Reviews 27(23-24): 2100-2117.

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hhna
S, Larget B, Liu L, Suchard MA, Huelsenbeck JP. 2012. MrBayes
3.2: Efficient bayesian phylogenetic inference and model choice
across a large model space. Systematic Biology 61: 539-542.

Santiso X, Lopez L, Retuerto R, Barreiro R. 2016. Phylogeography of a
widespread species: Pre-glacial vicariance refugia occasional
blocking straits and long-distance migrations. AoB Plants 8:
plwoos3.

Sanz M, Schénswetter P, Valleés J, Schneeweiss GM, Vilatersana R.
2014. Southern isolation and northern long-distance dispersal
shaped the phylogeography of the widespread, but highly
disjunct, European high mountain plant Artemisia eriantha
(Asteraceae). Botanical Journal of the Linnean Society 174(2):
214-226.

Segarra-Moragues JG, Palop-Esteban M, Gonzalez-Candelas F,
Catalan P. 2007. Nunatak survival vs. tabula rasa in the Central
Pyrenees: A study on the endemic plant species Borderea
pyrenaica (Dioscoreaceae). Journal of Biogeography 34:
1893-1906.

Shaw J, Lickey EB, Schilling EE, Small RL. 2007. Comparison of whole
chloroplast genome sequences to choose noncoding regions for
phylogenetic studies in angiosperms: The tortoise and the hare.
American Journal of Botany 94: 275-288.

Smycka J, Roquet C, Renaud J, Thuiller W, Zimmermann NE,
Lavergne S. 2018. Disentangling drivers of plant endemism and
diversification in the European Alps—A phylogenetic and
spatially explicit approach. Perspectives in Plant Ecology,
Evolution and Systematics 30: 31—40.

Stebbins GL. 1984. Polyploidy and the distribution of the arctic-alpine
flora: new evidence and a new approach. Botanica Helvetica
94: 1-13.

Stehlik 1, Schneller JJ, Bachmann K. 2002. Immigration and in situ
glacial survival of the low-alpine Erinus alpinus (Scrophular-
iaceae). Biological Journal of the Linnean Society 77: 87—103.

Stewart JR, Lister AM, Barnes I, Dalén L. 2010. Refugia revisited:
Individualistic responses of species in space and time.
Proceedings of the Royal Society B: Biological Sciences
277(1682): 661-671.

Suc JP. 1984. Origin and evolution of the Mediterranean vegetation
and climate in Europe. Nature 307: 429-432.

Taberlet P, Fumagalli I, Wust-Saucy A-G, Cosson J-F. 1998.
Comparative phylogeography and postglacial colonization
routes in Europe. Molecular Ecology 7: 453—-464.

Templeton AR, Crandall KA, Sing CF. 1992. A cladistic analysis of
phenotypic associations with haplotypes inferred from restric-
tion endonuclease mapping and DNA sequence data. Cladogram
estimation. Genetics 132: 619-633.

Tremetsberger K, Ortiz MA, Terrab A, Balao F, Casimiro-Soriguer R,
Talavera M, Talavera S. 2016. Phylogeography above the species

www.jse.ac.cn

level for perennial species in a composite genus. AoB Plants 8:
plvi42.

Vargas P. 1997. Saxifraga L. In: Castroviejo S, Aedo C, Lainz M, Mufioz
Garmendia F, Nieto Feliner G, Paiva J, Benedi C eds. Flora Ibérica.
Madrid: Real Jardin Botanico CSIC. 5: 186-187.

Vargas P. 2003. Molecular evidence for multiple diversification
patterns of alpine plants in Mediterranean Europe. Taxon 52:
463-476.

Vargas P. 2020. The Mediterranean floristic region: High diversity
of plants and vegetation types. In: Di Paolo D ed. Encyclopedia
of the world’s biomes. Grasslands and shrublands. San Diego:
Elsevier. 602-616.

Wallis GP, Waters JM, Upton P, Craw D. 2016. Transverse alpine
speciation driven by glaciation. Trends in Ecology & Evolution
31(12): 916-926.

Webb DA, Gornall RJ. 1989. Saxifrages of Europe. London:
Christopher Helm.

Winkler M, Tribsch A, Schneeweiss GM, Brodbeck S, Gugerli F,
Holderegger R, Abbott RJ, Schoenswetter P. 2012. Tales of the
unexpected: Phylogeography of the arctic-alpine model plant
Saxifraga oppositifolia (Saxifragaceae) revisited. Molecular
Ecology 21(18): 4618-4630.

Supplementary Material

The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/jse.
12917/suppinfo:

Fig. S1. Bayesian (MrBayes) phylogenetic tree of the ITS
region of 11 species of Saxifraga sect. Ligulatae (red box) and
2 species of Saxifraga sect. Trachyphyllum (green box) used
as the outgroup. There was one sequence for each species
except for Saxifraga longifolia (71 sequences). The numbers
above branches indicate posterior probabilities.

Fig. S2. A, Phylogeographic analysis of Saxifraga longifolia
based on nuclear DNA (ITS). Each circle represents one
population colored according to ribotypes found at each
population: 1, La Paredina (Ribotype 1); 2, Tetxa (R1); 3,
Zorokieta (R1); 4, Roncal (R5); 5, Isaba (R1); 6, Oza (R1); 7,
Fago (R1 and R4); 8, Las Blancas (R1); 9, Gedre (R1); 10,
Pragnéres (R1); 11, Payolle (R1); 12, Nerin (R1); 13, Plan (R1); 14,
Cerler (R1 and R2); 15, Isabena (R1); 16, Gerri de la Sal (R1); 17,
Gresolet lookout 1 (R1); 18, Gresolet lookout 2 (R1); 19, San
Juan de la Pefia (R2); 20, La Pefa water reservoir (R1); 21, Val
d’Onsera (R1); 22, Bubal (R1 and R2); 23, Hoz de Jaca lookout
(R1); 24, Arguis (R1); 25, Sopeira (R1); 26, Alquezar (R1); 27,
Pefias de Herrera (R1); 28, Ports (R3); 29, Aitana (R3); 30,
Sagra (R1); 31, Zaouiat Ahansal (R6); 32, Jbel Ouirarassen
(R7). Base maps from World Shaded Relief by Esri (2020)
(https://services.arcgisonline.com/ArcGlIS/rest/services/World_
Shaded_Relief/MapServer) with a World Geodetic System
projection (WGS 1984). B, Statistical parsimony network of S.
longifolia ribotypes. Lines represent single substitutions; dots
indicate missing haplotypes (extinct or not found).

Fig. S3. BEAST-derived chronogram of Saxifraga longifolia
based on ITS using a coalescent: constant size process
calibrated at the earliest node. Time scale is in million years
ago (Ma). Blue bars indicate the 95% highest posterior
density (HPD) intervals for node ages. The numbers above
branches are Bayesian posterior probabilities.
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Table S1. Saxifraga longifolia samples used in this study
covering its geographic distribution. For each locality, we
indicate coordinates, elevation, date of collection, col-
lector, collector ID, and number of individuals analyzed in
this study.

Table S2. Estimation of relative contributions of the
bioclimatic, soil, and lithological variables to the species
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distribution model (Maxent), including the percent contribu-
tion and the permutation importance.

Table S3. Number of variant (variable and informative) sites
in ITS, rpl32-trnL, rps16-trnQ, trnS-trnG, and concatenated
plastid (cpDNA) Saxifraga (S. longifolia, S. cotyledon, S.
paniculata, S. valdensis) matrices. The numbers in brackets
indicate S. longifolia variant sites.
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