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Abstract Accurate inference in phylogeography requires appropriate sampling strategies. Complex questions
demand a large sample size at both the population and genetic levels to obtain precise reconstructions. This is the
case of the phylogeographic history of Cistus monspeliensis, a plant that displays low plastid (cpDNA) diversity in
the Mediterranean Basin but high diversity in the Canary Islands. Here, we aimed to identify Mediterranean
refugial areas and to accurately quantify inter‐island colonization events in the Canaries. Using a previous study as
starting point, we increased sample size in two ways: (i) additional sampling of plastid genetic markers (from 1041
to 1899 bp); and (ii) additional sampling of populations (from 47 to 69) in long‐term persistence areas suggested
by species distribution modeling (SDM). The synergy between SDM and extended population sampling helped
find higher genetic diversity. Our deeper phylogeographic sampling of C. monspeliensis revealed the following: (i)
potential refugia in long‐term persistence areas with high cpDNA diversity in western Europe and the Canary
Islands; and (ii) a significant increase (from 7 to 12) in the number of inferred inter‐island colonization events
across the archipelago. Our results stress the usefulness of SDM to identify the genetic signature associated with
potential refugial areas. We herein propose a field sampling approach based on SDM that, in combination with a
larger cpDNA sampling, can help answer a wide array of phylogeographic questions, such as the location of
Quaternary refugia and number of colonizations across archipelagos.

Key words: Canary Islands, Cistaceae, Cistus monspeliensis, ecological niche modeling, Mediterranean Basin, phylogeography,
Quaternary refugia, sampling strategy, species distribution modeling.

1 Introduction
Phylogeography is aimed at analyzing the geographic distribu-
tion of genetic lineages, thus bridging population genetics
(microevolution) and systematics (macroevolution) (Avise
et al., 1987; Avise, 2009). Phylogeographic analyses help
discover climatic refugial areas (Provan & Bennett, 2008),
reconstructmigration routes (Hewitt, 1996; Taberlet et al., 1998),
and infer events of oceanic island colonization (Caccone
et al., 2002; Vargas et al., 2015; Shaw & Gillespie, 2016). The
ability to infer phylogeographic patterns is determined by some
interrelated factors, such as the complexity of the evolutionary
history of species and the geographic extent of distribution
areas (Avise, 2009). Nevertheless, an unrepresentative sample
frequently hinders the accurate inference of phylogeographic
patterns, and only an appropriate sample size can render
reliable results (Table 1).
The sampling effort needed to reach a suitable sample size

can be addressed in two basic ways: (i) by increasing genetic
sampling (length of sequenced DNA from the nuclear,

mitochondrial, or plastid genomes) and (ii) by increasing
field sampling (number of individuals/populations) (Björklund
& Bergek, 2009). The genetic sampling approach has been
explored in the last decades, leading to increasingly large
genetic datasets, particularly in recent years, owing to next‐
generation sequencing (NGS) techniques (Garrick et al., 2015).
The great deal of data provided by NGS can accomplish goals
not achievable with Sanger sequencing at a relatively low
cost (Egan et al., 2012). However, NGS data are predom-
inantly obtained from the nuclear genome, whereas
phylogeography traditionally uses a single, variable locus
lacking recombination (typically maternally inherited) and
with a high mutation rate, such as the mitochondrial
(mtDNA) and plastid (cpDNA) genomes (Avise et al., 1987).
These characteristics are key to reconstruct phylogeographic
patterns such as the number of inter‐island colonization
events across oceanic archipelagos (Vargas et al., 2015; García
‐Olivares et al., 2017).
Regarding field sampling, it is clear that covering the entire

distribution of a species is the most appropriate approach to
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phylogeographic analysis, whereas local studies are less
informative (Table 1). However, the high cost of extensive
sampling complicates the study of widespread species.
As repeatedly reported in phylogeographic studies, the

genetic diversity of a species usually displays a heterogeneous
distribution across populations. As a general pattern, areas that
have remained environmentally suitable for a long time (long‐
term persistence areas or refugia) display higher genetic
diversity (Russell et al., 2014; Dalmaris et al., 2015), and thus
the discovery of these refugia is one of the prime aims in
phylogeography. In this regard, the Mediterranean Basin is one
of the most studied regions of the world. A variety of
Mediterranean refugia sheltering plant species during adverse
periods (such as glaciations) have been suggested, with many
of them being located in the three southern European
peninsulas (Médail & Diadema, 2009). Nevertheless, refugia
are not only found in the mainland, as oceanic archipelagos also
display areas that have long remained climatically stable and
suitable for plant survival, notably of relict lineages
(Vargas, 2007). Although the complex dynamics of oceanic
archipelagoes (derived mainly from volcanic activity) compli-
cates the identification of refugia, some areas that have
remained stable in the long term seem to be particularly
relevant as refugia, such as the palaeo‐islands of the Canarian
archipelago (Mairal et al., 2015b).

Species distribution modeling (SDM) is a powerful tool to
reconstruct potential distributions (Alvarado‐Serrano &
Knowles, 2014), and it has often been used, in combination
with genetic results, to provide evidence of refugial areas
(e.g., Migliore et al., 2018; Villa‐Machío et al., 2018). However,
to the best of our knowledge, SDM has not been routinely
used to guide sampling strategies in phylogeographic studies
with the aim of including potential refugial areas (see
comments in Waltari et al., 2007).

In this context, Cistus monspeliensis (Fig. 1C) emerges as an
ideal system to quantify the net contribution of increasing
either genetic or field sampling and thus answer unsolved
questions in widespread species. Interestingly, C. monspe-
liensis was the first plant species, simultaneously with Radula
lindenbergiana (Laenen et al., 2011), where higher levels of
genetic diversity were discovered on oceanic islands than in
the continental region of origin (Fernández‐Mazuecos &
Vargas, 2011). Later, this pattern was found in additional
plant species (Désamoré et al., 2012; Patiño et al., 2015; García
‐Verdugo et al., 2017). However, C. monspeliensis remains the
most unbalanced example of genetic diversity distribution,
which raises questions that remain unsolved. Fernández‐
Mazuecos & Vargas (2011) postulated that Quaternary
climate changes in the Mediterranean Basin caused a massive
extinction of mainland populations. This extinction may have

Fig. 1. Distribution range and sampling localities of Cistus monspeliensis in A, the Mediterranean Basin and B, the five
westernmost islands of the Canarian archipelago; and C, a photo of the species from Tenerife. Populations with sequence data
taken from previous studies (Fernández‐Mazuecos & Vargas, 2010, 2011) are shown as white dots; populations sampled in
previous studies but with an increased number of individuals sequenced in the present study are shown as yellow dots; and
populations newly sampled for this study are shown as red dots. The known distribution of C. monspeliensis is shaded in gray in
the Mediterranean Basin (based on Martín & Guinea, 1949) and the Canary Islands (based on Atlantis 3.0.0b1, www.
biodiversidadcanarias.es). The location of the Canary Islands is shown as a blue square in A. Photograph by A. J. Coello.
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resulted in a dramatic genetic bottleneck, followed by recent
expansion from some refugia, a pattern also described in
other Mediterranean plants (Vendramin et al., 2008; Mateu‐
Andrés et al., 2015). Nevertheless, the location of mainland
refugia remains unknown for C. monspeliensis. In contrast,
the more stable climate of the Canary Islands helped
preserve high levels of genetic diversity (Cronk, 1992; Médail
& Quézel, 1999) and favored a complex history of inter‐island
colonization. The question remains as to whether the current
estimate of inter‐island colonization events in C. monspe-
liensis (see Vargas et al., 2015) would change after increasing
sampling effort.
Here, we reanalyze the Quaternary history of C.

monspeliensis in the Mediterranean Basin and the Canary
Islands by implementing SDM and expanding population and
genetic datasets. Our working hypothesis is that an increase
in the sample size guided by SDM maximizes the opportunity
of finding refugial areas and sources of inter‐island
colonization. This approach would lead to the detection of
higher cpDNA diversity and a more reliable phylogeographic
reconstruction than that of previous studies using a field
sampling strategy based on geographic representativeness
(Fernández‐Mazuecos & Vargas, 2011). In the present study,
we aim (i) to investigate the use of SDM in the design of field
sampling strategies that include potential refugia; (ii) to
evaluate if phylogeographic reconstruction is substantially
improved by increasing field and genetic sampling effort in
the Mediterranean Basin; and (iii) to contrast the effect of
increased field and genetic sampling on the number of
inferred colonizations across the Canarian archipelago.

2 Material and Methods
2.1 Study species
Cistus monspeliensis L. (Cistaceae) is a lowland shrub
distributed in the Mediterranean Basin and the five west-
ernmost islands of the Canarian archipelago (Fig. 1). It occurs
from sea level to 1200 m on different types of substrates
(acidic and calcareous), as part of the successional scrub
of thermophilous, laurel, and pine forests (Martín &
Guinea, 1949; Juhren, 1966; Demoly & Montserrat, 2005).
This species is included in the white‐flowered clade of the
genus Cistus (Guzmán & Vargas, 2005), and it is genetically
depauperate in the Mediterranean Basin compared to the
Canary Islands, an archipelago colonized by the species
<1 Mya (Fernández‐Mazuecos & Vargas, 2010, 2011). In fact,
the geographic distribution of cpDNA diversity allowed the
inference of active inter‐island colonization (at least seven
colonizations) across the archipelago despite the absence
of dispersal syndromes for C. monspeliensis diaspores
(Fernández‐Mazuecos & Vargas, 2011; Vargas et al., 2015).

2.2 Study area
The Mediterranean Basin comprises southern Europe, south-
western Asia, and northern Africa approximately between
27°–46°N and 10°W–38°E (Fig. 1A), and it has an annual drought
of about three months in summer. The Canary Islands form
an oceanic archipelago located between 27.5°–29.5°N and
13°–18.5°W (Fig. 1), which is less than 100 km from Africa and
includes seven major islands dated between 1 and more than

20Mya (Troll & Carracedo, 2016). The Canary Islands have a
Mediterranean to subtropical climate influenced by proximity to
the African coast, trade winds, and the wide altitudinal range of
some islands.

2.3 Species distribution modeling
Higher levels of genetic diversity are expected in areas that
have remained climatically favorable to C. monspeliensis
throughout the Quaternary climatic cycles than in those
areas of recent favorable conditions. To find areas with
potentially high diversity, we used SDM based on 60 high‐
quality, spatially unbiased occurrences downloaded from the
Global Biodiversity Information Facility (GBIF.org, 2016)
(Figs. 2G, 2H; Doc. S1 and Table S1.1 in Doc. S1). We
downloaded bioclimatic variables from WorldClim 1.4
(Hijmans et al., 2005) and selected seven that were not
highly correlated in the study area (Doc. S1 and Table S1.2 in
Doc. S1). The study area included the entire Mediterranean
Basin, the Canary Islands, and Madeira. We included Madeira
because there are unconfirmed historical records of C.
monspeliensis for this archipelago (Short, 1994); however,
the species is not currently considered to be part of the
Madeiran flora (http://www4.uma.pt/gbm/checklist/lista_
flora.php). To estimate a model under current conditions,
we employed the maximum entropy algorithm, as imple-
mented in Maxent 3.3.3k (Phillips et al., 2006), because it
performs well with presence‐only data (Elith et al., 2006)
(see Doc. S1). The model was projected to the Mid‐Holocene
(MH, ca. 6 kya), Last Glacial Maximum (LGM; ca. 22 kya) and
Last Interglacial (LIG; ca. 120–140 kya). Long‐term persistence
areas were estimated as the intersection of inferred
presence areas since each period to the present: (i) long‐
term persistence since the LIG was the intersection of
potential distributions in the LIG, LGM, MH, and present, (ii)
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 Sampling strategies and DNA sequencing
With the aim of improving the resolution of phylogeo-
graphic patterns, we followed two strategies to increase
sample size with respect to previous phylogeographic
studies of C. monspeliensis (Fernández‐Mazuecos &
Vargas, 2010, 2011). For the increase of field sample size,
first we overlapped long‐term persistence maps (see SDM
results) with the locations of populations sampled in the
previous studies. We found that the two main long‐term
persistence areas (since the LIG) in the Mediterranean
Basin were poorly sampled in previous studies (Fig. 1A).
Therefore, we then sampled materials from these areas, in
western Portugal and western Morocco (23 individuals
from six populations). To obtain a balanced sample, we
also sequenced 24 additional individuals from eight
previously sampled populations across the Mediterranean
distribution range (Fig. 1A; see Doc. S1). In the case of the
Canary Islands, as long‐term persistence areas had already
been sampled in previous studies, we increased the sample
size in all islands of the archipelago by sampling 56% of
new populations from long‐term persistence areas (Fig. 1A;
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see Doc. S1). In total, we added 84 individuals from 30
populations to the original dataset.
To increase genetic sampling, we added the cpDNA region

that is most variable in angiosperms (rpl32‐trnL) (Shaw
et al., 2007) (see Doc. S1). In total, three cpDNA regions from
163 individuals and 69 populations of C. monspeliensis were
used in this study (see Doc. S2). We used cpDNA because it
displays maternal inheritance in Cistus (Guzmán &
Vargas, 2009), it is haploid, and it lacks recombination. This
set of markers help trace back seed movements reliably, and
thus infer colonization events across islands (Vargas
et al., 2015; see below).

2.5 Analysis of genetic diversity
All sequences were assembled in Geneious 10.2.2 (Kearse
et al., 2012) and aligned using MAFFT 7.308 (Katoh et al., 2002).
The resulting matrices were checked by visual inspection and
corrected by introducing minor changes when necessary. After
confirming topological congruence among the three cpDNA
regions (data not shown), they were concatenated into a single
alignment (Doc. S3). Genealogical relationships among hap-
lotypes of C. monspeliensis were inferred using the statistical
parsimony algorithm (Templeton et al., 1992), as implemented
in TCS 1.21 (Clement et al., 2000), with parameters as shown in
the study of Fernández‐Mazuecos & Vargas (2011). We also

Fig. 2. Potential distribution of Cistus monspeliensis in the Mediterranean Basin (left), and zoom‐in of the Canary Islands
(right), estimated by species distribution modeling (Maxent) for A, B, the Last Interglacial (LIG), 120–140 kya; C, D, the Last
Glacial Maximum (LGM), 22 kya; E, F, the Mid‐Holocene (MH), 6 kya; and G, H, the present. Records used in species distribution
modeling (SDM) are shown as dots (G, H). For each period, colors represent the probability of suitable conditions as shown in
the legend. Values below the presence/absence threshold (0.326; see Section 2) are omitted. Distributions in LGM and MH
represent average values across three climatic models with similar results (see Doc. S1 and Fig. S1.1 in Doc. S1) The Canarian
coastline is taken from Norder et al. (2018).
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inferred relationships among haplotypes using five additional
species of Cistus as the outgroup (Doc. S1) with one sequence
representative of each haplotype (Doc. S4). Bayesian inference,
as implemented in MrBayes 3.2.6 (Ronquist et al., 2012), was
conducted using two runs of 10 million generations each, with a
sample frequency of 1000 and a burn‐in of 10%. Models of
sequence evolution, selected with jModelTest (Darriba
et al., 2012), were GTR+ I for trnS‐trnG, HKY+ I for psbK‐trnS,
and GTR+G for rpl32‐trnL.
To describe the geographic distribution of genetic

diversity, we calculated the haplotypic diversity in different
long‐term persistence areas (estimated by SDM, see
Section 3) and outside them, for both the Mediterranean
Basin and the Canary Islands. Haplotypic diversity (H) was
calculated as described in Nei & Tajima (1981). Values were
calculated using the whole set of populations sampled in the
present study. In addition, we calculated haplotypic diversity
(H), the number of haplotypes (h), and the number of private
haplotypes (ph) for the entire Mediterranean Region and the
Canary Islands (each island separately and the whole
archipelago).

2.6 Bayesian phylogeographic analysis
To reconstruct migration routes, with a focus on the
Canary Islands, we performed a Bayesian discrete
phylogeographic analysis (DPA; Lemey et al., 2009) in
BEAST 1.10.4 (Drummond & Rambaut, 2007) using all
sequences available in this study. We constrained two
groups as monophyletic (Mediterranean haplotypes and
Canarian haplotypes) and defined six areas (Mediterranean
Basin, La Palma, El Hierro, La Gomera, Tenerife, and Gran
Canaria). Nucleotide substitution model GTR + G was
selected with jModelTest for the entire alignment. The
reconstruction of ancestral areas followed an asymmetric
substitution model, and we used a Bayesian stochastic
search variable selection (BSSVS) to infer statistically
supported migration routes. We implemented an uncorre-
lated 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 uniform
prior distribution from 0.2 to 0.93 Mya (Fernández‐
Mazuecos & Vargas, 2011), with an initial age of
0.565 Mya. We performed two runs of 10 million
generations each, sampled every 1000 generations, and
applied a 10% burn‐in. Adequacy of sample sizes was
confirmed with Tracer; the two runs were combined with
LogCombiner (discarding the burn‐in) and trees were
summarized in a maximum clade credibility tree using
TreeAnnotator. 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 > 10 (Kass & Raftery, 1995).

2.7 Sample size and number of colonization events
To explore the effect of increasing field and genetic sample
size, we prepared four datasets (Table 2): (i) the original
dataset of Fernández‐Mazuecos & Vargas (2011), with a total
of 53 individuals from 21 populations and two cpDNA regions;
(ii) a dataset with increased genetic sampling (after adding
the rpl32‐trnL region), in which populations and individuals
remained the same as in the original dataset; (iii) a dataset
with increased field sampling (after adding 37 individuals
from 16 populations) and the two original plastid regions;
and (iv) a dataset with both increased field and genetic
sample size, including all available data (total of 90
individuals from 37 populations, three cpDNA regions). We
inferred numbers of haplotypes and colonization events
between islands for all these datasets as indicators of
phylogeographic signal. The inference of colonization
events between islands followed the method proposed
by Vargas et al. (2015), in which the distribution of
haplotypes indicates the minimum number of inter‐island
colonizations as

∑C p= ( − 1)
i

i

where C is the number of inter‐island colonizations and pi is
the number of islands where haplotype i occurs.

Table 2 The effect of sample size on the number of detected haplotypes and the number of inferred colonizations between
islands in Canarian populations of Cistus monspeliensis

Dataset
Populations
(individuals) cpDNA regions

Insular
haplotypes†

Inferred
colonizations†

1 ‐ Original dataset 21 (53) 2 (trnS‐trnG, psbK‐trnS) 10 7
2 ‐ Expanded genetic
sampling

21 (53) 3 (trnS‐trnG, psbK‐trnS,
rpl32‐trnL)

11 7

3 ‐ Expanded field
sampling

37 (90) 2 (trnS‐trnG, psbK‐trnS) 13 12

4 ‐ Full dataset 37 (90) 3 (trnS‐trnG, psbK‐trnS,
rpl32‐trnL)

16 11

Note: The number of individuals sampled, the number of populations, and the number of cpDNA regions used are indicated.
Dataset 1 was the original dataset from Fernández‐Mazuecos & Vargas (2011). Dataset 2 included an additional DNA region,
whereas dataset 3 included additional populations and individuals. Dataset 4 included both the additional cpDNA region and
additional populations and individuals; †The number of insular haplotypes was taken from Fernández‐Mazuecos & Vargas (2011)
and the number of inferred colonizations from Vargas et al. (2015).
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3 Results
3.1 Potential species distribution and long‐term persistence
areas
The inferred potential distribution of Cistus monspeliensis
under current conditions (Figs. 2G, 2H) was mainly found in
the Mediterranean Basin, the Canary Islands, and Madeira,
with a high predictive accuracy (AUC= 0.939). Precipitation
of wettest and driest quarters, temperature seasonality, and
mean temperature of the driest quarter were the variables
that contributed most to the model (Table S1.2 in Doc. S1).
Projection to the past showed a restricted distribution in the
LIG, with a few potential areas mainly in the Atlantic coast of
north‐western Africa and the Iberian Peninsula, Arabian
Peninsula, Madeira, and the five westernmost islands of the
Canarian archipelago (Figs. 2A, 2B). The potential area (values
above the 10 percentile training presence threshold) during
the LIG was 76.6% smaller than the potential area under
current conditions. In the LGM, potential areas were located
across the western and central Mediterranean Basin, from
the Atlantic coast of Iberia and north‐western Africa to the
south‐eastern Italian Peninsula, and also on Madeira and the
five westernmost islands in the Canarian archipelago
(Figs. 2C, 2D). The potential area in the LGM was 6.2% larger
than that inferred for present conditions. By contrast, in the
MH, potential habitats for C. monspeliensis were more
restricted than those available under current conditions
(54.3% smaller) and mainly spanned areas nearby the Atlantic
and Mediterranean coasts across the western and central
Mediterranean Basin, as well as the five westernmost Canary
Islands and Madeira (Figs. 2E, 2F). Long‐term persistence
areas since the LIG were detected on the five westernmost
islands of the Canarian archipelago, Madeira, and the
western end of the Mediterranean Basin, mainly including
Atlantic coastal areas of Iberia (Portugal) and the western
High Atlas (southwestern Morocco) (Fig. 3). Long‐term
persistence areas since the LGM and since the MH were
larger than long‐term persistence areas since the LIG.

3.2 Phylogenetic and phylogeographic analyses
Combination of trnS‐trnG, psbK‐trnS, and rpl32‐trnL se-
quences of C. monspeliensis resulted in an aligned sequence
length of 1899 bp (674 bp for trnS‐trnG, 367 bp for psbK‐trnS,
and 858 bp for rpl32‐trnL). A total of 20 substitution‐based
haplotypes were observed, forming a single network with no
loops and few (5) missing haplotypes (Fig. 4C). The
Mediterranean Basin and the Canary Islands did not share
haplotypes, and three missing haplotypes separated the
Mediterranean and Canarian haplogroups. In the Bayesian
phylogenetic tree (inset in Fig. 5), all C. monspeliensis
haplotypes formed a monophyletic group with a posterior
probability (PP) of 1.00, which supports single ancestry. Two
sister clades were inferred: one endemic to the Mediterra-
nean Basin with four haplotypes (M1–M4) and the other
endemic to the Canary Islands with 16 haplotypes (C1–C16).
In the Mediterranean Basin, haplotype M1 was found in the

majority of individuals and populations (Fig. 4A; Doc. S2). The
other Mediterranean haplotypes were only observed in
Portugal and in two Spanish populations. In the Canary
Islands (Fig. 4B), we observed 10 haplotypes private to single
islands (Table 3). The most abundant and widespread

Canarian haplotype was C13. The haplotype network (Fig. 4C)
and the phylogenetic analysis (inset in Fig. 5) revealed that La
Palma has an exclusive haplotype linage (1.00 PP) connected
to the rest of the network by two mutational steps. The
Canarian haplotype C1, found exclusively in north‐eastern
Tenerife (Anaga peninsula), was connected to the Medi-
terranean haplotype M1 through four mutational steps.

The Canary Islands showed a significantly higher number
of haplotypes (16 vs. 4) and higher haplotypic diversity
(H= 0.887 vs. 0.309) than the Mediterranean Basin (Table 3).
Within the archipelago, Tenerife was the most diverse island.
In the Mediterranean Basin, H was higher in older long‐term
persistence areas (Fig. 6). The highest haplotypic diversity
was found in persistence areas since the LIG, whereas the
lowest value was found outside persistence areas. By
contrast, in the Canary Islands, H was similar in long‐term
persistence areas and outside them.

The Bayesian discrete phylogeographic analysis (Fig. 5)
showed a high uncertainty for the ancestral area of all
Canarian lineages, with very similar probabilities for Tenerife
and La Palma. However, Tenerife was clearly the most
probable ancestral area for most statistically supported
Canarian subclades. The BSSVS showed three strongly
supported routes of migration across the Canary Islands,
with all of them departing from Tenerife (Fig. 5). The route to

Fig. 3. Long‐term persistence areas of Cistus monspeliensis
since each analyzed period to the present in A, the
Mediterranean Basin and B, zoom‐in of the Canary Islands.
Long‐term persistence since the Last Interglacial (LIG; 120–
140 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 only present distribution
in dark blue. Canarian coastline was taken from Norder
et al. (2018).
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La Gomera was the best supported (BF= 143.92), followed
by routes to Gran Canaria (BF= 48.09) and El Hierro
(BF= 11.09) (see Table S1.4 in Doc. S1).

3.3 Effect of sample size
The effects of sample size increase are summarized in
Table 2. More haplotypes were detected as sample size
increased at both the genetic and field levels. Never-
theless, we detected a more significant increase when
expanding field sampling rather than genetic sampling. In
particular, the increase in the number of haplotypes was
higher when increasing the number of individuals
(ca. 41%) (Table 2) than when adding a similar percentage
(ca. 45%) of cpDNA base pairs. Similarly, we only inferred
additional colonizations between islands when increasing
field sampling (from 7 to 12). Furthermore, we detected
one less colonization when using the full dataset
compared to the dataset with increased field sampling
only, an artefact caused by the method used for
the inference of colonization events (Vargas et al., 2015)
when finding more nucleotide variation (Coello et al.,
unpublished data).

4 Discussion
The two strategies to increase sample size displayed
considerable differences regarding their effect on the
phylogeographic patterns of Cistus monspeliensis. On the
one hand, increased field sampling, guided by SDM, resulted
in the finding of a higher haplotypic diversity over previous
studies (Fernández‐Mazuecos & Vargas, 2011) and helped
disclose previously unknown refugial areas across the
Mediterranean Basin. On the other hand, expanded genetic
sampling resulted in a smaller increase in phylogeographic
information than expanded field sampling. Due to the crucial
information provided by SDM, we argue that explicit
sampling strategies need to be designed and justified before
starting any phylogeographic study.

4.1 Western Quaternary refugia in the Mediterranean
Contrary to expectations, the LGM did not show a strong
reduction of habitat suitability in the Mediterranean Basin in
comparison to the current distribution of C. monspeliensis
(Figs. 2C, 2D). This result is congruent with some other
Mediterranean plants such as Olea europaea (Besnard
et al., 2013), Ceratonia siliqua (Viruel et al., 2019), and

Fig. 4. Phylogeographic analysis of Cistus monspeliensis based on three cpDNA regions (trnS‐trnG, psbK‐trnS, and rpl32‐trnL)
and all individuals available in this study (Canarian populations correspond to dataset 4 in Table 3). Geographic distribution of
haplotypes in A, the Mediterranean Basin and B, the Canary Islands; circles sizes are proportional to the number of individuals
sampled in each site. Base maps from World Shaded Relief by Esri. C, Statistical parsimony network of C. monspeliensis
haplotypes; lines represent single substitutions, dots indicate missing haplotypes (extinct or not found), and circle sizes are
proportional to haplotype frequencies. A detailed list of haplotypes occurring in each population is available in Doc. S2.
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Lavatera maritima (Villa‐Machío et al., 2018). The oldest long‐
term persistence areas (since LIG) in the Mediterranean Basin
were mainly estimated along the Atlantic shores of western
Iberia (Portugal) and north‐western Africa (Morocco)
(Fig. 3A). These areas are congruent with previously
hypothesized refugial areas for Mediterranean plants (Médail
& Diadema, 2009). The climate of these refugial areas has
been markedly buffered by oceanic influence, a pattern
found in some other Mediterranean plants (Fernández‐
Mazuecos & Vargas, 2013; García‐Verdugo et al., 2013). As a
result, western Iberia and north‐western Africa emerge as
potential Quaternary refugia for angiosperms (Gómez &
Lunt, 2007; Bobo‐Pinilla et al., 2018). In addition, these two
areas can be considered centers of diversity involved in the
recent expansion of C. monspeliensis across the Mediterra-
nean Basin during the Late Quaternary, as the divergence of
Mediterranean haplotypes probably occurred after the
LIG (Fig. 5).
Remarkably, our new phylogeographic reconstruction, based

on a sampling strategy guided by geographic representative-
ness and SDM (Figs. 2, 3), confirmed a Quaternary refugium
that harbors high plastid diversity in western Iberia (Fig. 4A)
(see Provan & Bennett, 2008). The remaining Mediterranean
Basin populations displayed a subset of the haplotypes found in
western Iberian populations (Fig. 4A), and haplotypic diversity
decreased in areas that became suitable more recently (Fig. 6).
This expected result (Russell et al., 2014; Dalmaris et al., 2015) is
likely a consequence of a recent post‐bottleneck expansion
across the Mediterranean Basin from Quaternary refugia
located in western Iberia (see Fernández‐Mazuecos &

Vargas, 2010, 2011). Nevertheless, not all long‐term persistence
areas suggested by SDM can be considered refugia for C.
monspeliensis. A relatively large, long‐term persistence area was
inferred in south‐western Morocco (Fig. 3), but the species
seems to be rare in this region, and we found low genetic
diversity in populations sampled in the vicinity (Fig. 4A). This
fact may be related to several factors that limited our power to
detect refugial areas, such as biotic interactions and
stochasticity of the dispersal processes. For this reason,
although SDM based on bioclimatic variables helped disclose
long‐term persistence areas (in combination with phylogeo-
graphic data), non‐climatic factors also influence the phylogeo-
graphic history of species.

4.2 Long‐term persistence and active colonization across the
Canary Islands
Reciprocal monophyly of Canarian and Mediterranean
haplotypes is consistent with an early colonization of
the Canary Islands from the mainland after species formation
in the Quaternary (Fig. 5; Fernández‐Mazuecos &
Vargas, 2010, 2011). A single colonization of the Canarian
archipelago has left a clear signature in the plastid genome
of C. monspeliensis; however, we cannot rule out additional
colonizations that have not left a signature in the plastid
genome (see Caujapé‐Castells et al., 2017). Interestingly, the
Canarian ancestral haplotype was only found in the Anaga
Peninsula (north‐eastern Tenerife) (Figs. 4B, 4C), one of the
oldest parts of the island (Troll & Carracedo, 2016). This
result, similar to that found in Canarina canariensis (Mairal
et al., 2015b), is probably related to the greater geological
stability in the palaeo‐islands of Tenerife in comparison with
more volcanically active areas. Our results underline the
biogeographic importance of Tenerife as a source island for
inter‐island colonization (Fig. 5). Indeed, Tenerife is the island
that hosts the highest floristic diversity in the archipelago
(Arechavaleta et al., 2010) and the highest diversity of Cistus
species (Guzmán & Vargas, 2010). In addition to the western
Iberian refugium, our results support the Canary Islands as
the most significant Quaternary refugium for C. monspeliensis
(Fernández‐Mazuecos & Vargas, 2011). We estimated high
habitat suitability over time (Fig. 2) and concomitant long‐
term persistence areas since the LIG on the five islands
where the species currently occurs (Fig. 3B). Consistently, the
Canarian archipelago shows higher levels of plastid genetic
diversity than the Mediterranean Basin (Table 3). Climatic
stability of oceanic islands has been postulated to be
responsible for survival of numerous plant lineages that

suf-

Table 3 Genetic diversity of Cistus monspeliensis in the
Mediterranean Basin and the Canary Islands (in bold),
based on three cpDNA regions (trnS‐trnG, psbK‐trnS, and
rpl32‐trnL)

Area n h ph H

Mediterranean 73 4 4 0.309
Canary Islands 90 16 16 0.887
El Hierro 8 3 1 0.607
La Palma 20 3 3 0.563
La Gomera 17 5 0 0.640
Tenerife 21 10 4 0.905
Gran Canaria 24 6 2 0.598

Note: n, number of sampled individuals; h, number of
substitution‐based haplotypes; ph, number of private
haplotypes; H, haplotypic diversity.

Fig. 5. Discrete phylogeographic analysis (DPA) of Cistus monspeliensis based on three cpDNA regions (trnS‐trnG, psbK‐trnS,
and rpl32‐trnL). The maximum clade credibility tree is shown, in which branch thickness represents Bayesian posterior
probabilities and values above 0.5 are indicated; branch colors correspond to the most probable ancestral area (see map) and
pie charts represent posterior probability distributions of ancestral areas for well‐supported nodes (PP> 0.95). The 95%
highest posterior density intervals for ages of the same nodes are also shown. Time slices used to project the distribution
model of C. monspeliensis (see Fig. 2) are highlighted in the phylogeny: Mid‐Holocene (MH; 6 kya), Last Glacial Maximum (LGM;
22 kya), and Last Interglacial (LIG; 120–140 kya). The phylogeny in the inset represents the relationships among C. monspeliensis
haplotypes and five additional Cistus species (used as outgroup) inferred in MrBayes (PPs> 0.95 are indicated as asterisks).
The map of the five westernmost islands of the Canarian archipelago includes migration routes with Bayes factor (BF) >10
(thickness of arrows are proportional to BF values).
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fered from the dramatic changes of the continents
(Vargas, 2007). Contrary to expectations (Russell et al., 2014;
Dalmaris et al., 2015), the Canary Islands do not show
increased haplotypic diversity in long‐term persistence areas
of each island (Fig. 6). We suggest that the relatively small
size of the islands and active inter‐island colonization (see
Table 2) may have blurred the effect of habitat suitability
through time. Furthermore, the low resolution of SDMs in
these islands relative to their size, together with other
factors not considered herein, such as topography (Harter
et al., 2015), makes estimations of habitat suitability less
accurate. In fact, given the complex and dynamic history of
oceanic archipelagos, including the Canary Islands (Troll &
Carracedo, 2016), and the role of palaeo‐islands as potential
refugia given their geological stability (Mairal et al., 2015b),
we recommend an assessment of geological history prior to
fieldwork in oceanic archipelagos to guarantee the sampling
of areas of potential relevance for genetic diversity.
As previously described (Fernández‐Mazuecos &

Vargas, 2011; Vargas et al., 2015), C. monspeliensis displays a
high colonization capacity with numerous colonization
events between islands (Fig. 5; Table 2) despite the absence
of long‐distance dispersal syndromes in the genus (Guzmán
& Vargas, 2009). Our analysis of colonization patterns using
haplotypes as dispersal units, though simpler, revealed a
colonization history similar to that inferred by Bayesian
discrete phylogeographic analysis (Fig. 5). At least 12
independent colonization events were estimated using our
strategy of sampling additional populations (versus seven
colonizations inferred earlier in Vargas et al., 2015). This high
number of inter‐island colonizations, together with the high
habitat availability in the archipelago over time indicated by
SDM (Fig. 2), supports an important role of establishment
(ecology) rather than dispersal mechanisms (Guzmán &
Vargas, 2009; Viana et al., 2016; Carvajal‐Endara et al., 2017).
Nevertheless, an extremely favorable climate does not
necessarily ensure colonization in cases of failure of dispersal
(van der Pijl, 1982). This may be the case of C. monspeliensis in
the archipelago of Madeira. Despite the high habitat

availability in Madeira in all time periods analyzed (Fig. 2)
and the detection of large potential areas of long‐term
persistence (Fig. 3A), the checklist of Madeira (http://www4.
uma.pt/gbm/checklist/lista_flora.php) has no records of C.
monspeliensis. In addition, limited dispersal may have led to
striking genetic isolation of La Palma populations, as shown
by the presence of a single sub‐lineage composed of three
endemic haplotypes (Figs. 4B, 4C, 5; Table 3). Our results
stress the importance of both dispersal capabilities and
habitat suitability for island colonization.

4.3 Effect of sample size on phylogeographic patterns
Sample size is critical for any reliable study in phylogeog-
raphy and population genetics (Björklund & Bergek, 2009). In
this study, our strategy of extending both genetic and
population sampling revealed a significant increase of cpDNA
diversity. In particular, we detected more haplotypes in both
insular populations (16 vs. 10) and Quaternary refugia of the
Mediterranean Basin (4 vs. 1; Fig. 4; Table 2) than a previous
study (Fernández‐Mazuecos & Vargas, 2011). Nevertheless,
subsets of our insular dataset showed that extending the
number of populations helped detect a higher number of
new haplotypes (three more) than expanding the genetic
dataset (one more) (Table 2). As a result, we detected a
considerable increase in the number of colonizations among
islands when population sampling was increased (12 events),
but failed when only genetic sampling was increased (seven
events; see Table 2). In fact, although the general trend is to
increase genetic data in phylogeographic studies (e.g., using
NGS techniques; Garrick et al., 2015), our study stresses the
importance of considering a field sampling strategy guided
by SDM to target potential areas of long‐term persistence in
the context of a geographically representative sampling. An
increase in population number is observed in some studies of
Mediterranean and Canarian species (as reviewed in Table 1),
which improved the phylogeographic reconstruction of a
species compared to previous analyses. For this reason, we
suggest that, prior to sampling in the field, SDM analyses can
help detect areas with potentially high levels of genetic

Fig. 6. Haplotypic diversity of Cistus monspeliensis in long‐term persistence areas and outside them, calculated using three
cpDNA regions (trnS‐trnG, psbK‐trnS, and rpl32‐trnL). Results are shown for the Mediterranean Basin and the Canary Islands.
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diversity that otherwise could have been overlooked
(Figs. 4, 6) (Waltari et al., 2007). In sum, we call attention
to the importance of not only extending DNA sequencing
with new molecular techniques in phylogeographic studies
but also sampling a high number of populations and
individuals in the field with the guidance of SDM techniques.
This is particularly true for addressing specific phylogeo-
graphic questions for species with low genetic diversity and
widespread distribution (Fernández‐Mazuecos et al., 2014;
Forrest et al., 2017). Although our results are based on
maternally inherited, nonrecombinant cpDNA sequences due
to our focus on colonization patterns (Vargas et al., 2015),
the use of nuclear DNA can provide additional insights into
the phylogeographic history of species. In particular, future
studies of nuclear markers in C. monspeliensis will add to our
understanding of the geographic structure of genetic
diversity in this species.

5 Conclusions
Our results underscore the importance of field sampling design
for the accurate inference of phylogeographic reconstructions,
particularly when very recent events of extinction–expansion in
the evolutionary history of a species can complicate the
description of phylogeographic patterns. Specifically, SDM is a
powerful tool to plan field sampling strategies aimed at
detecting areas with potentially high genetic diversity, which
may improve the reconstruction of phylogeographic patterns.
This approach helped us find a previously undetected refugial
area (western Iberia) that may have been the source of
population expansion of Cistus monspeliensis across the
Mediterranean Basin after the LIG. In parallel, the Canary
Islands have remained climatically favorable for C. monspeliensis
throughout the late Quaternary, and thus long‐term survival is
postulated as the main reason for the high level of cpDNA
diversity in the archipelago and the numerous colonization
events inferred among islands. In future phylogeographic
studies, SDM analyses, as well as the sampling of a high
number of geographically representative populations de-
pending upon species distribution ranges, should be routinely
considered prior to fieldwork. Furthermore, studies of complex
and dynamic areas, such as oceanic islands, need to incorporate
a sample that includes areas less affected by volcanism and that
considers the occurrence of palaeoislands by the time the
earliest colonist arrived in the archipelago.
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