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Narrow endemics constitute the cornerstone of Mediterranean plant diversity. Naufraga balearica (Api-
aceae) is a critically endangered, extremely narrow endemic plant from the western Mediterranean island
of Majorca. Because the species belongs to a monotypic genus, N. balearica was hypothesized to be a
palaeoendemism. Here we conducted phylogenetic dating, population genetic and climatic niche analy-
ses in order to understand the evolutionary history and conservation perspectives of this flagship species.
Phylogenetic dating analysis of nuclear and plastid DNA sequences revealed a late Miocene to early
Pliocene divergence between Naufraga and its sister genus Apium, supporting the palaeoendemic sta-
tus of the former. Amplified fragment length polymorphism (AFLP) markers and plastid DNA sequences
of the five Naufraga populations revealed moderate genetic diversity. This diversity is in line with that of
other palaeoendemisms from western Mediterranean islands, as revealed by a comparison with 22 other
narrow endemic species from this region. Despite the fact that all Naufraga populations are located at a
maximum distance of 10km in a straight line, a strikingly strong population differentiation was found
for AFLP markers, which is explained by long-term isolation likely related to short-range pollination and
dispersal strategies of the species. While the species is not genetically impoverished, species distribu-
tion modelling and microclimatic monitoring revealed that narrow ecological requirements underlie the
current extreme rarity of Naufraga and may jeopardize its long-term survival. Our results indicate that a
multidisciplinary approach provides powerful tools to develop conservation strategies for evolutionarily
singular lineages.

© 2014 Geobotanisches Institut ETH, Stiftung Ruebel. Published by Elsevier GmbH. All rights reserved.

Introduction

are considered to constitute the cornerstone of Mediterranean
plant diversity (Thompson, 2005). Some of these species, termed

The Mediterranean Basin, with c. 25,000 plant species (Quézel,
1985), constitutes one of the world’s major biodiversity hotspots
(Myers et al., 2000). Around 60% of plant species endemic to the
Mediterranean region are narrow endemics, i.e. species whose
distribution is restricted to a single, small area (Thompson,
2005). Hence, narrow endemics (both palaeo- and neoendemics)
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‘extremely narrow endemics’ (ENEs), are known from one or very
few populations (<5) and display very small census sizes (<500
individuals) (Lopez-Pujol et al., 2013). ENEs are of particular con-
servation concern because of the high extinction risk associated to
rarity (O‘Grady et al., 2004). In addition, ENEs usually display low
levels of genetic diversity (Gitzendanner and Soltis, 2000; Lopez-
Pujol et al., 2013), which may limit their evolutionary viability. This
genetic impoverishment is variously viewed as either a cause or
consequence of rarity (Gitzendanner and Soltis, 2000). Indeed, the
causes of species rarity have long been discussed, and a combina-
tion of ecological, historical and genetic factors is generally invoked
to account for it (Kruckeberg and Rabinowitz, 1985).

Naufraga balearica (Fig. 1A) is an extremely narrow endemic
plant from the northern coast of the western Mediterranean island
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Fig. 1. (A) Specimens of Naufraga balearica with flowers and fruits, Cap de Catalunya
population (photograph by P. Vargas). (B) Phylogenetic dating analysis of the tribe
Apieae based on combined nuclear (ITS) and plastid (rps16) DNA sequences. The
maximum clade credibility tree produced by a relaxed molecular-clock analysis in
BEAST is shown. Outgroup taxa have been pruned for clarity. Values above branches
indicate Bayesian posterior probabilities (PP). Node bars represent the 95% highest
posterior density intervals for the divergence time estimates of clades with PP=1.

of Majorca (Balearic Islands, Spain) (Rossell6, 2010). It is listed as
critically endangered (CR) in the IUCN Red List (Moreno, 2011) and
the Red List of Spanish vascular flora (Moreno, 2008). The species
was first described from a single locality (Coves Blanques) discov-
ered in 1962 (Constance and Cannon, 1967; Duvigneaud, 1970).
Additional populations were found decades later in the Formen-
tor Peninsula, not far from the locus classicus (Bibiloni and Soler,
2002). One locality (Finucchiaghia) was also reported in Corsica
in 1981, but became extinct shortly after (Gamisans et al., 1996;
Fridlender, 2001). Genetic analysis of cultivated Corsican plants
indicated a very close relationship with the Coves Blanques popu-
lation (but not with other populations from Majorca), which casted
doubt on the spontaneity of N. balearica in Corsica (Fridlender and
Boisselier-Dubayle, 2000).

It has long been hypothesized that N. balearica is a palaeoen-
demism (Duvigneaud, 1970). Palaesoendemics have historically
been defined as relics of earlier floras which have survived in
a limited portion of their past territory (Wulff, 1943; Favarger
and Contandriopoulos, 1961). They are systematically isolated as
a result of their early divergence, and they did not necessarily
originate in the area they currently occupy. On the contrary, neoen-
demics originated recently in a givenregion and have not yet spread
beyond it. They are closely related to other species, frequently in the
same region. Phylogenetic analyses based on nuclear internal tran-
scribed spacer (ITS) sequences have revealed that Naufraga is sister
to the genus Apium (c. 20 spp.), and divergence between the two
genera has been dated back to >4.8 Ma (Spalik et al., 2010; Banasiak

et al.,, 2013). These results are congruent with a palaesoendemic
status of Naufraga. However, additional evidence (from phyloge-
netics, population genetics and ecology) is required before firm
conclusions can be drawn.

A previous population genetic analysis based on random ampli-
fied polymorphic DNA (RAPD) markers found strong genetic
differentiation between populations of N. balearica (Fridlender
and Boisselier-Dubayle, 2000). However, the population sampling
in that study was unsatisfactory (number of localities included)
and the reliability of RAPD markers has been questioned because
of their low reproducibility (Newton et al., 1999). More reliable
markers, together with a deeper sampling of individuals and popu-
lations, are therefore needed for a reliable genetic characterization
of N. balearica populations.

Here, phylogenetic and population genetic analyses (based on
nuclear and plastid DNA markers) and species distribution mod-
elling were conducted to achieve the following objectives: (1) to
estimate the divergence time of N. balearica; (2) to disclose the
genetic diversity and spatial genetic structure of extant popula-
tions; and (3) to characterize the climatic niche of the species both
at the macro- and microclimatic scales. Our results were further
integrated with previous ecological and life history data in order
to understand the evolutionary history and conservation perspec-
tives of the species. Our working hypothesis in this study was that
the current rarity of N. balearica can be explained by its narrow
ecological requirements, together with its short-range pollination
and dispersal strategies.

Materials and methods
Study species

Naufraga balearica Constance & Cannon (Apiaceae, Apioideae,
Apieae) (hereafter Naufraga) is a perennial herb (Fig. 1A) inhabit-
ing shady, humid sites on calcareous coastal cliffs, 25-250 m above
sea level (Fridlender, 2001; Bibiloni and Soler, 2002). Its distribu-
tion range encompasses a short (c. 15 km) stretch of the northern
Majorcan coast (Fig. 2A). It is a xenogamous, ant-pollinated species
(Cursach and Rita, 2012). Flowering starts in April and ends in
August, and fruiting occurs from June to September (Rossello,
2010). Barochory seems to be its only mode of seed dispersal
(Fridlender, 2001; Moragues, 2005). Vegetative reproduction by
stolons is frequent (Moragues, 2005). A diploid chromosome num-
ber of 2n =20, with 0-2 accessory chromosomes, has been reported
(Castro and Rossello, 2005). Demographic analyses have shown
that populations are declining (Cursach et al., 2013; Cursach and
Rita, 2013) and that seedling survival is low (Cursach and Rita,
2012). Major threats include interspecific competition, changing
climatic conditions, soil erosion, umbel predation, collection and
fires (Rossell6, 2010; Cursach and Rita, 2012; Cursach et al., 2013;
Cursach and Rita, 2013). A certain degree of herbivore pressure is
thought to benefit Naufraga populations by reducing interspecific
competition (Cursach et al., 2013).

Phylogenetic dating

Spalik et al. (2010) and Banasiak et al. (2013) obtained the first
estimates for the divergence time of Naufraga based on broad-
scale analyses of ITS sequences of subfamily Apioideae. In order
to obtain a more precise estimate, a deeper sampling of closely
related genera and additional DNA markers are required. To this
end, we conducted a dating analysis using sequence matrices from
a separate phylogenetic study of the tribe Apieae (Jiménez-Mejias
and Vargas, under review). Forty-four nuclear ITS sequences and 44
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Fig. 2. Analysis of ptDNA (rpi32-trnLYAC|ycf6-psbM) haplotypes of Naufraga
balearica. The three haplotypes are represented as different shades of grey in both
A and C. (A) Geographical distribution of haplotypes across the five sampled popu-
lations. Pie charts represent haplotype frequencies, obtained by sequencing 19-20
individuals per population. (B) Fifty per cent majority-rule consensus tree of the
Bayesian phylogenetic analysis of ptDNA haplotypes; numbers above branches are
Bayesian posterior probabilities. (C) Statistical parsimony network of ptDNA hap-
lotypes; lines represent single nucleotide substitutions. The rectangle (haplotype
A) indicates the haplotype suggested as ancestral by the TCS software. Oval and
rectangle sizes are proportional to the number of sequences (N) obtained for each
haplotype.

plastid DNA (ptDNA) rps16 sequences from 33 Apieae and 11 out-
group species (one individual per species; Table S1) were analyzed
using the relaxed molecular clock approach implemented in BEAST
1.7.5 (Drummond et al., 2006; Drummond and Rambaut, 2007).
Since no fossils of Apieae appropriate for calibration are known
to date (Martinez-Millan, 2010; Banasiak et al., 2013), we imple-
mented a secondary calibration based on the result of Banasiak
et al.’s (2013) dating analysis of Apioideae. A lognormal distribu-
tion was fitted to the posterior distribution of ages (in million years)
for the crown age of Apieae obtained by Banasiak et al. (2013) using
the R package MASS (L. Banasiak, pers. comm.). The obtained dis-
tribution, with log(mean)=2.724 and log(stdev)=0.138, was then
used as a prior to calibrate the crown age of Apieae in our dating
analysis. Models of nucleotide substitution were selected for each
DNA region under the Akaike information criterion (AIC) in jModel-
Test 0.1 (Guindon and Gascuel, 2003; Posada, 2008). A birth-death
process (Gernhard, 2008) was employed as tree prior. The substitu-
tion rate variation was modelled using an uncorrelated lognormal
distribution. Based on previous estimates for herbaceous plants,
uniform prior distributions were set for the substitution rates, with
ranges 5 x 10~4-5 x 102 substitutions per site per Myr for ITS, and
1 x 10~4-1 x 10~2 substitutions per site per Myr for ptDNA (see
Blanco-Pastor et al., 2012 for details). For each dataset, four MCMC
analyses with 10 million generations each and a sample frequency

Table 1

of 1000 were run through the CIPRES Science Gateway (Miller et al.,
2010). Parameter analysis in Tracer 1.5 (Rambaut and Drummond,
2007) showed adequate chain length, with effective sample size
(ESS) values above 300. Chains were combined using LogCombiner
1.7.5, after discarding the first 10% of sampled generations as burn-
in. Trees were summarized in a maximum clade credibility (MCC)
tree obtained in TreeAnotator 1.7.5 and visualized in FigTree 1.3.1
(http://tree.bio.ed.ac.uk/software/figtree/).

Population genetics

Sampling strategy and DNA isolation

Plant materials were sampled from 100 individuals in the five
known populations of Naufraga covering its entire known distribu-
tion (Bibiloni and Soler, 2002) (Fig. 2A; Table 1). As a result, twenty
individuals were sampled per population. Given the stoloniferous
character of the species, care was taken to sample distinct individ-
uals. All plant material was collected in the field and dried in silica
gel. Based on previous phylogenetic results (Spalik et al., 2010),
three individuals of different species of Apium (A. graveolens, A.
prostratum and A. panul) were additionally sampled to be used as
the outgroup in phylogenetic and phylogeographic analyses (see
below). Total genomic DNA was extracted using the DNeasy Plant
Mini Kit (Qiagen Inc., California) following the manufacturer’s rec-
ommended protocols.

PtDNA sequence variation

Procedures used for ptDNA amplification and sequencing fol-
lowed Fernandez-Mazuecos and Vargas (2011). First, a pilot study
using five individuals (one per population) of Naufraga was per-
formed to find consistently amplified and variable ptDNA regions.
We tested eight regions previously used in phylogeographic anal-
yses: rpl32-trnLYAG | trnQ-rps16, trnS-trnG, trnH-psbA, petL-psbE,
psb]-petA, ycf6-psbM and atpl-atpH (Hamilton, 1999; Shaw et al.,
2005, 2007; Hollingsworth et al., 2009). All regions were consis-
tently amplified and sequenced. The two regions (rpl32-trnLUAG
and ycf6-psbM) that yielded nucleotide variation in the pilot study
were then sequenced for all sampled individuals of Naufraga and
outgroup. In all cases, the same standard primers were employed
for amplification and sequencing. Sequences were assembled in
Geneious Pro (Drummond et al., 2010). Sequences of each DNA
region were separately aligned using MAFFT 6 (Katoh et al., 2002)
with default parameters, and further adjustments were made by
visual inspection. The three ptDNA regions were concatenated in
a single matrix. All new sequences were deposited in the GenBank
database (see Table S2 for accession numbers).

The concatenated dataset was analyzed using the statistical par-
simony algorithm (Templeton et al., 1992), as implemented in TCS
1.21 (Clement et al., 2000), in order to infer genealogical rela-
tionships among haplotypes and phylogeographic patterns. The
maximum number of differences resulting from single substitut-
ions among haplotypes was calculated with 95% confidence limits,
treating gaps as missing data.

Relationships among haplotypes were additionally assessed
using Bayesian inference. Models of nucleotide substitution

Geographic location, average AFLP gene diversity & standard deviation, DW index values and BAPS clustering of Naufraga balearica populations.

Population Label Coordinates Gene diversity DW BAPS clustering
Coves Blanques cov 39.933° N 3.055° E 0.1995 + 0.2016 45.15 I

Coll de la Creueta coL 39.930° N3.109° E 0.1149 + 0.1763 30.73 I

Orelles de I'Ase ORE 39.944° N3.139° E 0.0531 + 0.1300 19.98 111

Les Fonts Salades FON 39.955° N3.160° E 0.2233 + 0.2002 48.57 v

Cap de Catalunya CAP 39.957° N3.171° E 0.1970 + 0.1879 40.57 v

Total

0.2686 + 0.1621
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(GTR for both DNA regions) were selected under the AIC in
jModelTest 0.1. The Bayesian analysis was performed in MrBayes
v3.1.2 (Ronquist and Huelsenbeck, 2003) using two searches with
10 million generations each and a sample frequency of 1000.
The two regions were partitioned, and substitution models were
unlinked across partitions. A fifty-percent majority rule consen-
sus tree with Bayesian posterior probabilities (PP) of clades was
calculated after removing the first 10% generations as burn-in.

Amplified fragment length polymorphism

The genetic diversity and spatial genetic structure of Naufraga
populations were analyzed using AFLPs (amplified fragment length
polymophisms; Vos et al., 1995). Laboratory procedures followed
Gaudeul et al. (2000). First, we performed a pilot study in which 32
primer combinations were screened in six samples (one individ-
ual per population, plus one replicate). We chose the four primer
combinations that yielded the highest numbers of reproducible
fragments and informative characters: EcoRl ACT (FAM) - Msel
CTG, EcoRI AGG (VIC) - Msel CTA, EcoRI AGA (FAM) - Msel CTA,
and EcoRI AGG (VIC) - Msel CTA. The 100 sampled individuals were
then analyzed using the four chosen primer combinations. Selective
PCR products were run on a capillary sequencer (ABI PRISM 3700;
Applied Biosystems, Foster City, CA, USA) with the internal size
standard GeneScan 500 LIZ (Applied Biosystems). Data collection
and fragment sizing were performed using the software GeneMap-
per v3.7 (Applied Biosystems). Fragments in the range 50-500 bp
were automatically scored and manually revised. The results were
exported as a presence/absence (1/0) matrix. Reproducibility was
estimated based on nine replicated samples (9% of the sampling) as
the average proportion of correctly replicated bands (Bonin et al.,
2004). Markers with low reproducibility were excluded, resulting
inafinal error of 1.9%. Linked alleles were removed from the matrix.

Phenotype diversity was evaluated using the R script AFLP-
dat ver. 2008 (Ehrich, 2006; updated in 24th June 2010). Clones
were identified as those phenotypes that differed in a propor-
tion of bands below the error rate (2%, see above). We used
Arlequin v3.5 (Excoffier and Lischer, 2010) to evaluate gene diver-
sity of populations according to Nei’s formula (Nei, 1987). The
‘frequency-down-weighted marker’ (DW) value, a rarity measure
(Schénswetter and Tribsch, 2005), which accounts for differences in
sample size (Ehrich et al., 2008), was also calculated using AFLPdat.
Several methods were employed to evaluate the genetic structure
of populations. An unrooted neighbour-joining (N]) tree of AFLP
genotypes was obtained in PAUP* v4.0b10 (Swofford, 2002) using
Nei-Li distances (Nei and Li, 1979). Branch support was evaluated
with 10,000 bootstrap replicates. A principal coordinate analysis
(PCoA) was performed in the package GenAlEx v6.5 (Peakall and
Smouse, 2006) using Euclidean distances among samples (Huff
et al., 1993). The Bayesian clustering software BAPS v6.0 (Corander
et al., 2004) was also used to estimate population structure. A
genetic mixture analysis was conducted at the individual level, with
an upper bound to the number of populations K=20. An admixture
analysis was then conducted with default parameters. Analysis of
molecular variance (AMOVA; Excoffier et al., 1992) was conducted
in Arlequin to assess genetic differentiation among populations
and BAPS groups. Finally, a Mantel test (Smouse et al., 1986) was
performed in GenAlEx to evaluate isolation-by-distance, i.e. corre-
lation between genetic and geographic distances.

Climatic niche

Species distribution modelling

Species distribution modelling (SDM) was performed to
evaluate the potential distribution of Naufraga under present
macroclimatic conditions. We employed the maximum entropy

algorithm, as implemented in Maxent v3.3 (Phillips et al., 2006),
because it is appropriate for low numbers of presence-only data
and its good predictive performance has been demonstrated (Elith
et al.,, 2006; Pearson et al., 2007). We retrieved a set of 19 bio-
climatic variables under current conditions from the WorldClim
website (www.worldclim.org; Hijmans et al.,, 2005). Following
Fernandez-Mazuecos and Vargas (2013), we then selected a set of
seven variables that are uncorrelated in the western Mediterranean
(including the Balearic Islands): bio3 (isothermality), bio4 (tem-
perature seasonality), bio5 (maximum temperature of warmest
month), bio6 (minimum temperature of coldest month), bio13
(precipitation of wettest month), bio14 (precipitation of driest
month) and bio15 (precipitation seasonality). The seven variables
were used as predictors to calibrate the distribution model in Max-
ent. Analyses were conducted at two different geographic scales:
western Mediterranean region (latitude 32-47° N; longitude 11° W
to 19°E), and Balearic Islands (latitude 38.5-40.3° N; longitude
1-4.5°E). In the occurrence dataset, we included precise coordi-
nates of the five Balearic populations sampled for genetic analyses.
Due to the doubtful spontaneity of the extinct Corsican population
(Fridlender and Boisselier-Dubayle, 2000), analyses at the western
Mediterranean scale were conducted both excluding and includ-
ing this locality. The predictive power of Maxent with as few as
five localities was demonstrated by Pearson et al. (2007). Given
the low number of presence records, we did not split localities
into training and test data (Pearson et al., 2007). Jackknife analyses
were employed to evaluate variable contributions to the models. To
convert continuous suitability values to discrete presence/absence
(1/0) values, we chose the ‘minimum training presence’ threshold,
which provides a conservative estimate of suitable areas (Pearson
et al., 2007).

Microclimatic niche

To complement the modelling results, we characterized the cli-
matic niche of Naufraga at a smaller spatial and temporal scale.
Temperature and relative humidity in the five sampled locali-
ties were monitored in the course of one year, from September
2012 to August 2013. We used ten HOBO U23 Pro v2 data loggers
(Onset Computer Corporation, Bourne, MA, USA), which recorded
the two variables at 30-min intervals. Two loggers were placed at
each locality, one in a shady slope facing north, with presence of
Naufraga, and the other in a sunny slope facing south, in which
Naufraga was absent. Distance between loggers in the same local-
ity ranged between 75 and 310 m, while altitude differences ranged
between 2 and 130 m. Resulting data were processed using the
HOBOware software.

Results
Phylogenetic dating

The phylogenetic dating analysis of nuclear and plastid
sequences of Apieae (Fig. 1B) recovered a sister relationship
between Naufraga and Apium (PP=1), and estimated a divergence
time between the two genera in the late Miocene to early Pliocene
(95% highest posterior density interval 3.5-9.0 Ma).

Population genetics

PtDNA sequence variation

Two ptDNA regions, rpl32-trnLUAG and ycf6-psbM, yielded
nucleotide diversity within Naufraga in the pilot study (one
nucleotide substitution each). After extensive sequencing of the
two regions (Fig. 2A-C), the combined matrix consisted of 1896 bp
from 96 individuals of Naufraga and three of Apium. In the TCS
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the reader is referred to the web version of this article.)

analysis, two unconnected networks were obtained: one formed by
three haplotypes of Naufraga, and the other formed by three Apium
haplotypes (one per species; results not shown). The three Naufraga
haplotypes (A-C) formed a network with no loops and no missing
haplotypes (Fig. 2C). The three haplotypes constituted a mono-
phyletic group (PP=1) in the Bayesian phylogenetic analysis, but
relationships between them were unresolved (Fig. 2B). The central
haplotype A was the most widely distributed (Fig. 2A): it was the
only haplotype found in western populations (COV, COL), and it was
also found in one eastern population (FON). Haplotype B was found
in central-eastern populations (ORE, FON). Haplotype C was exclu-
sively found in the easternmost population (CAP). Remarkably, all
haplotypic variation was represented in the two easternmost popu-
lations (FON, CAP), separated by c. 1 km but displaying no shared
haplotypes between them (Fig. 2A).

Amplified fragment length polymorphism

The final AFLP matrix had 185 characters. Gene diversity for
the whole species was 0.27. Only one sample was identified as a
putative clone considering an error rate of 2%. The highest popu-
lation diversity and rarity (DW) values were found in population
FON, while ORE displayed the lowest values (Table 1). The NJ tree
(Fig.3A),the PCoA (Fig. 3B) and the BAPS analysis (Fig. 3C) recovered
congruent results. All three analyses revealed four distinct genetic
clusters, each constituted by individuals from one or two popu-
lations. All individuals from each of the populations belonged to
one of the clusters detected by BAPS (Fig. 3C). Clusters I, II and
Il were formed by individuals from populations COV, COL and

Table 2
AMOVA analyses of AFLP genotypes in Naufraga balearica populations.

ORE respectively, while cluster IV included individuals from the
adjacent populations FON and CAP. No admixture between genetic
clusters was detected by BAPS (Fig. 3C). In the population-based
AMOVA (Table 2), similar percentages of variation were found
within (53.42%) and among (46.58%) populations. When analysing
BAPS groups, higher variation was found among groups (36.55%)
than among populations within group IV (11.99%) (Table 2). The
result of the Mantel test was not significant (R? =0.0598; P=0.350).

Climatic niche

Species distribution modelling

According to the distribution model at the scale of the west-
ern Mediterranean region excluding the Corsican locality (Fig. 4A),
suitable areas for Naufraga include northern Majorca (where the
species actually occurs), and four other small areas dispersed across
the region: the adjacent island of Minorca, the north-western coast
of Portugal, the coast of Kabylie in northern Algeria, and three
islands of the Italian offshore Tuscan Archipelago. No suitability
was inferred in the Corsican locality. According to the jackknife test
(results not shown), the minimum temperature of coldest month
(bio6) was the most important variable for the model, followed
by the temperature seasonality (bio4). When including the Corsi-
can locality in the model (Fig. S1), the potential distribution was
still restricted in the context of the western Mediterranean, but an
unrealistically broad potential distribution was obtained both in
the Balearic Islands and Corsica.

Grouping compared and source of variation d.f. Sum of squares Variance Percentage of
components variation
Populations
Among populations 4 1075.120 12.71029 46.58%
Within populations 95 1384.550 14.57421 53.42%
BAPS groups
Among groups 3 992.645 10.35028 36.55%
Among populations within groups 1 82.475 3.39504 11.99%
Within populations 95 1384.550 14.57421 51.46%
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Fig. 4. Maximum entropy distribution models of Naufraga balearica fitted to current climatic conditions. The ‘minimum training presence’ threshold was applied to the
logistic output of Maxent in order to obtain presence (red)/absence data. (A) Distribution model at the scale of the western Mediterranean region. Location of known
populations (northern Majorca) is indicated by a small box. Other suitable areas are marked with arrows. The dotted circle marks the location of the previously reported
(but now extinct) Corsican population (Gamisans et al., 1996), which was excluded from the analysis due to its doubtful spontaneity. Notice the lack of habitat suitability
for this station. (B) Distribution model at the scale of the Balearic Islands. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

In the distribution model at the scale of the Balearic Islands
(Fig. 4B), the inferred potential distribution was restricted to the
island of Majorca. No climatic suitability was inferred for the
remaining islands of the Balearic archipelago. The main suitable
area was located around the Pollenga Bay in the north of Majorca,
including the Formentor and Alcddia peninsulas. In addition, a
very small suitable area was inferred in one the highest peaks of
the island, in the Serra de Tramuntana mountain range (Puig de
Massanella, 1364 m). According to the jackknife test (results not
shown), the precipitation of the wettest month (bio13) was the
most important variable for the model.

Microclimatic niche

The one-year monitoring of temperature and relative humidity
in sunny and shady sites of the five localities is summarized in
Fig. 5 and Table 3. Sunny sites displayed much wider diurnal
ranges of temperature (particularly in spring-summer), and much
higher maximum temperatures than shady sites. Temperatures
never fell below 0°C at shady sites, and only occasionally at sunny
sites. Differences in the diurnal range of relative humidity were
also found, particularly in spring-summer, when lower minimum
values were clearly recorded in sunny sites. More similar patterns

of temperature and humidity variation were found across localities
at shady than at sunny sites.

Discussion
Naufraga balearica, a pre-Mediterranean endemism

Continental islands in the central-western Mediterranean
(Balearic Islands, Corsica, Sardinia, Sicily) constitute one of the
regional hotspots and glacial refugia of plant diversity within the
large Mediterranean hotspot (Médail and Quézel, 1997; Médail and
Diadema, 2009). They represent both a reservoir of genetic diversity
for widespread Mediterranean plants (Fineschi et al., 2005; Lopez
de Heredia et al., 2005) and a centre of palaeo- and neoendemism
(Cardona and Contandriopoulos, 1977). Palaeoendemisms seem
to be particularly frequent in the Balearic Islands (Cardona and
Contandriopoulos, 1977; Vila and Mufoz, 1999). A palaeoendemic
status of Naufraga has long been suggested (Duvigneaud, 1970;
Cardona and Contandriopoulos, 1977). Based on available knowl-
edge, including our results, Naufraga fulfils several predictions of
the palaeoendemic hypothesis, as classically formulated (Braun-
Blanquet, 1923; Wulff, 1943; Favarger and Contandriopoulos,
1961): (1) divergence between the monotypic Naufraga and the
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Fig. 5. One-year monitoring of temperature (left) and relative humidity (right) in five localities (A-E) of Naufraga balearica. For each locality, values in a north-oriented shady
site (with presence of Naufraga) are shown in blue, and values in a south-oriented sunny site (in which Naufraga is absent) are shown in red. Values from September 2012
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Table 3

Descriptive statistics of temperature and relative humidity in the five localities of Naufraga balearica monitored during one year (September 2012-August 2013). For each locality, one north-oriented shady site (with presence

of Naufraga) and one south-oriented sunny site (in which Naufraga is absent) were studied. Annual mean, minimum and maximum values for each variable are shown, as well as mean, minimum and maximum diurnal ranges

(DR).

Relative humidity (%)

Q)
Min.

Temperature (°

Altitude (m)

Coordinates

Site

Locality
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Max. DR

58
73

Min. DR

Mean DR
26
46

Min. Max.

Mean
78
72
78
78
81

Max. DR
10.8

Min. DR
0.7

Mean DR
43

Max.

Mean
17.0

100
100
100
100
100
100
100
100
100
100

32

32.1

41

69
98

39.93265° N, 3.05501°E

Shady

cov

19
35

2.3 233

0.5 43.2 13.8

18.5

39.93062° N, 3.05459° E

Sunny
Shady

59
79

25
47

8.6
27.2

1.0
2.3
0.8

299 3.7

35
-1.1

171

39.93034° N, 3.10927°E

COL

16
35

14.7

44.9

171

194
239
217

39.92784° N, 3.10936° E

Sunny
Shady

64
67

27
35
25

111

3.8
9.7

13 30.1

0.5

16.1

39.94378°N, 3.13934° E

ORE

24
33

79
80
77
84
78

199

1.5
1.2

2.1

40.0

16.8

39.94349° N, 3.14013°E

Sunny
Shady

61

10.2

39
15.6

29.1

1.5
0.1

16.3

140

39.95458° N, 3.15956° E

FON

84
62

48

15
36
16

27.0

39.95180°N, 3.16021° E 135 18.0 48.5

Sunny
Shady

24
44

9.2
27.5

0.9
1.5

30.9 4.4
144

0.7

15.8

170
172

39.95659° N, 3.17083° E

CAP

81

0.1 46.7

174

39.95591° N, 3.17075°E

Sunny

relatively species-rich sister genus Apium (3.5-9.0 Ma; Fig. 1B;
see also Spalik et al., 2010; Banasiak et al., 2013) older than the
establishment of current environmental conditions (onset of the
Mediterranean climate c. 3.2 Ma; Suc, 1984); (2) systematic isola-
tion, as shown by its phylogenetic and morphological distinctness
(Ronse et al., 2010; Jiménez-Mejias and Vargas, under review);
(3) marked ecological specialization that leads to a restricted
potential distribution under current environmental conditions
(Figs. 4 and 5); and (4) limited capacity for dispersal and range
expansion (see below).

Some authors have recently proposed a different concept of
island palaeo- and neoendemics based on the relative timing of spe-
ciation and island formation (Mansion et al.,2008,2009; Salvo et al.,
2010). According to these authors, an island palaeoendemic would
be an island endemic whose speciation predated the formation of
the island. Under this concept, Naufraga would not be considered
a palaeoendemism, as the Balearic Islands were separated from
continental Europe in the Oligocene (30-28 Ma; Rosenbaum et al.,
2002), well before the split between Naufraga and Apium in the
late Miocene-early Pliocene (3.5-9.0 Ma). Therefore, the presence
of Naufraga in Majorca may be the result of long-distance dispersal.
Regardless, here we followed the classical concept of palaeoen-
demics, as it is applicable not only to island endemics, but to any
endemic to the Mediterranean basin.

In the absence of fossils, the biogeographic history of Naufraga
cannot be easily unravelled. Such an old lineage may have been
subject to considerable extinction and unrecorded biogeographic
events, and is thus poorly informative in biogeographic terms (Crisp
et al., 2011). Nevertheless, the fact that the divergence of Naufraga
appears to be older than the onset of the Mediterranean climate
(c. 3.2Ma; Suc, 1984), together with its strict ecological require-
ments (Figs. 4 and 5; see below), suggest that Naufraga may be
a relict from the more humid climate that prevailed in the west-
ern Mediterranean in the late Tertiary (Postigo Mijarra et al., 2009;
Jiménez-Moreno et al., 2010). Assuming that Naufraga has since
conserved a similar climatic niche, fail to adapt to increasing aridifi-
cation, to the establishment of summer drought and to subsequent
Quaternary glacial cycles would have hindered diversification and
led the species to take refuge in a restricted area with favourable
conditions. A similar hypothesis has been proposed for a Sicilian
palaesoendemism belonging to the same family (Apiaceae), Petag-
naea gussonei, whose divergence time has been estimated to be
>15 Ma (Kadereit et al., 2008; De Castro et al., 2009).

Patterns of genetic diversity in narrow endemics to
Mediterranean islands

Narrow endemic species of angiosperms from central-western
Mediterranean islands show a wide variation in genetic diver-
sity, depending on population sizes, distribution range, as well
as historical and ecological factors (Table 4). A better compre-
hension of these factors is important to understand not only
the evolutionary history of species, but also their conservation
perspectives (Frankham, 1995). The palaeo- vs. neoendemic sta-
tus of Mediterranean island species may be one of the historical
factors influencing the genetic diversity of current populations.
Thus, the moderate genetic diversity of Naufraga contrasts with
the extremely low diversity found in another extremely narrow
endemic species of Apiaceae from Majorca, Coristospermum huteri
(Lopez-Pujol et al., 2013). C. huteri is probably a neoendemism,
and its low diversity has been explained by a founder effect
resulting from hypothetical recent dispersal from the continent
(Lopez-Pujol et al., 2013). Another island narrow endemic with low
genetic diversity, Delphinium requienii, seems to be also a neoen-
demism (Orellana et al., 2009; Jabbour and Renner, 2012). Genetic
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Table 4
Population genetic studies of narrow endemic species of angiosperms from Central-Western Mediterranean continental islands.
Taxon Distribution Markers Main genetic features Source
Anchusa crispa Corsica, Sardinia Allozymes No variation within populations or within geographic regions; Quilichini et al. (2004)
(Boraginaceae) low differentiation among regions.
Corso-Sardinian Corsica, Sardinia AFLP Relatively high diversity; very low divergence between Coppi et al. (2008)
endemic Anchusa spp. populations and minor role of isolation-by-distance.
(Boraginaceae)
Sardinian endemic C and E Sardinian AFLP Low intra-population diversity; high spatial structure due to Garrido et al. (2012)
Aquilegia spp. mountains extreme isolation and genetic drift.
(Ranunculaceae)
Centaurea horrida N coast of Sardinia SSR Considerable genetic variation; medium-high differentiation Mameli et al. (2008)
(Asteraceae) and associated among populations.
islands
Coristospermum huteri Tramuntana Range, Allozymes Extreme low diversity, probably due to founder effect. Lopez-Pujol et al.
(Apiaceae)® Majorca (Balearic (2013)
Islands)
Crepis triasii Majorca, Minorca, Allozymes, High diversity and high structure both at the regional and at Mayol et al. (2012)
(Asteraceae) Cabrera (Balearic cpSSR the landscape level.
Islands)
Cytisus aeolicus Aeolian Allozymes Low diversity probably due to founder effect; low Conte et al. (1998)
(Fabaceae) Archipelago (N differentiation among populations.
Sicily)
Daphne rodriguezii Minorca (Balearic AFLP, ptDNA Low diversity within populations; low population Calvifio-Cancela et al.
(Thymelaeaceae) Islands) sequences differentiation for AFLP, clear differentiation for ptDNA. (2012)
Delphinium requienii Hyéres Archipelago Allozymes Low diversity and evidence of inbreeding. Orellana et al. (2009)
(Ranunculaceae) (S France)
Digitalis minor Majorca, Minorca, RAPD Moderate diversity; low population differentiation. Sales et al. (2001)
(Plantaginaceae) Cabrera (Balearic
Islands)
Femeniasia balearica N coast of Minorca AFLP Relatively high diversity; high differentiation between Vilatersana et al.
(Asteraceae)? (Balearic Islands) geographical groups of populations. (2007)
Hippocrepis balearica, Balearic Islands RAPD Moderate diversity; highly structured geographic pattern. Rosselld et al. (2002)
H. grosii (Fabaceae)
Lamyropsis C Sardinian ISSR Diversity ranging from low to moderate; differentiation Bacchetta et al. (2013)
microcephala mountains between populations detected.
(Asteraceae)
Leopoldia gussonei S Sicily AFLP Low diversity; significant differentiation among populations. Vandepitte et al. (2013)
(Asparagaceae)
Linaria capraria Tuscan Archipelago ISSR Medium-high diversity; generally high differentiation among Coppi et al. (2013)
(Plantaginaceae) islands.
Lysimachia minoricensis Minorca (Balearic Allozymes, No detectable genetic variation in plants preserved in Ibafiez et al. (1999),
(Myrsinaceae)© Islands) RAPD botanical gardens. Calero et al. (1999)
Medicago citrina Ibiza, Cabrera AFLP Overall high diversity; high differentiation among populations, Juan et al. (2004)
(Fabaceae) (Balearic Islands), variable differentiation among islands.
Columbretes
Islands
Naufraga balearica N Majorca (Balearic RAPD, AFLP, Moderate diversity; high population differentiation for AFLP Fridlender and
(Apiaceae)*" Islands) ptDNA and RAPD, lower differentiation for ptDNA sequences. Boisselier-Dubayle
sequences (2000), this study
Petagnaea gussonei NE Sicilian cpSSR, AFLP Relatively high diversity; low differentiation among De Castro et al. (2013)
(Apiaceae)? mountains populations.
Rhamnus Majorca, Cabrera RAPD Lower diversity and stronger structure than the closely related, Ferriol et al. (2009)
ludovici-salvatoris (Balearic Islands) widespread R. alaternus.
(Rhamnaceae)
Rhamnus persicifolia C and E Sardinian ISSR High overall diversity but depauperation of peripheral Bacchetta et al. (2011)
(Rhamnaceae) mountains populations; moderate differentiation correlated with
distance.
Senecio rodriguezii Majorca, Minorca ptDNA High levels of genetic diversity; significant geographical Molins et al. (2009)
(Asteraceae) (Balearic Islands) sequences structuring.
Zelkova sicula S Sicily ISSR, AFLP Extremely reduced diversity, monomorphic patterns found Fineschi et al. (2004)
(Ulmaceae) with both markers

2 Species belonging to monotypic genera.
b Species confirmed as extremely narrow endemics (ENEs, <5 populations, <500 individuals).

¢ Species extinct in the wild.

impoverishment may make these species more prone to extinc-
tion as a result of inbreeding depression (Frankham, 1998, 2005;
but see Bouzat, 2010). On the contrary, higher genetic diversity
levels, similar to those of Naufraga, are found in other monotypic
genera and putative palaeoendemics. In particular, the above men-
tioned palaeoendemic Apiaceae P. gussonei, from Sicily, displays
relatively high diversity based on both AFLP and cpSSR mark-
ers (De Castro et al., 2013). Similarly, Femeniasia balearica, an
endemic Asteraceae from the northern coast of Minorca (Balearic

Islands), does not show genetic depauperation based on AFLP
markers (Vilatersana et al., 2007). Interestingly, this species seems
to have diverged around the same time as Naufraga (Barres
et al.,, 2013). Even if these palaeoendemic species are genet-
ically healthy, a deep knowledge of their population genetic
structure may help in designing strategies to ensure their long-
term survival (see below for Naufraga). Indeed, maintaining
genetic diversity, and thus evolutionary potential, can reduce the
probability of extinction (Frankham, 2005), and it can play a
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role in the local adaptation of populations (Leimu and Fischer,
2008).

Some species do not follow the patterns described above, such
as the neoendemic but genetically diverse Linaria capraria (Coppi
et al., 2013; Fernandez-Mazuecos et al., 2013) and the putative
palaeoendemic but depauperate Cytisus aeolicus (Conte et al., 1998;
Troia, 2012). Therefore, other factors are at work, and additional
phylogenetic dating and population genetic studies are needed
to determine the correlates of genetic diversity in Mediterranean
island endemics and their consequences for conservation.

Long term isolation of Naufraga populations

The geographic structure of genetic diversity displayed by
Naufraga is striking, particularly for an outcrossing species
(Hamrick and Godt, 1996). AFLP markers revealed very strong dif-
ferentiation and no evidence of recent gene flow between four
clusters located at a maximum distance of 10 km in a straight line
(Fig. 3). This is congruent with previous results based on RAPD
markers (Fridlender and Boisselier-Dubayle, 2000). This remark-
able structure would be the result of genetic drift acting on small
isolated populations (Ellstrand and Elam, 1993). The absence of
gene flow between nearby populations can be explained by life
history traits, particularly the short-range pollination and dis-
persal strategies of the species. Naufraga is exclusively pollinated
by ants (myrmecophily), mostly Plagiolepis pygmaea and Lasius
grandis (Cursach and Rita, 2012). Myrmecophilous pollination is
generally thought to result in short-distance gene flow (Wyatt and
Stoneburner, 1981; Svensson, 1985; Peakall and Beattie, 1991),
which may lead to the genetic structuring of populations, even
at very small scales (Peterson et al.,, 2002). Likewise, Naufraga
seeds lack any obvious adaptation for long-distance dispersal. Baro-
chory is the only reported dispersal mechanism (Fridlender, 2001;
Moragues, 2005), which probably contributes to the lack of gene
flow and strong differentiation between populations. Indeed, popu-
lations FON and CAP, separated by c. 1 km, display differentiation
as based on ptDNA sequences (no shared haplotypes; Fig. 2), but
are undifferentiated according to nuclear AFLP markers (Fig. 3).
Given that plastids seem to be maternally inherited in Apiaceae
(Corriveau and Coleman, 1988), and therefore dispersed by seeds,
the ptDNA differentiation pattern between FON and CAP suggests
that gene flow by seeds is highly restricted in Naufraga. F. balearica
also shows geographically structured genetic diversity over short
distances (18 km), which has been explained by its poor dispersal
capacity (Vilatersanaetal.,2007). On the contrary, P. gussonei popu-
lations show low genetic differentiation as a result of efficient
pollen and seed flow (De Castro et al., 2013).

Narrow ecological requirements jeopardize the survival of
Naufraga

The ecological requirements of Naufraga, resulting from the
historical factors discussed above, probably constitute one of the
main determinants of its current rarity. According to the distri-
bution model at the scale of the western Mediterranean region
(excluding the Corsican locality; Fig. 4A), macroclimatic condi-
tions appropriate for Naufraga are extremely rare in the western
Mediterranean. The presumed non-native status of Naufraga on
Corsica (Fridlender and Boisselier-Dubayle, 2000) is supported
by the unrealistically broad potential distribution in the Balearic
Islands and Corsica obtained when including the Corsican locality in
the model, together with the fact that no suitability was recovered
in Corsica when excluding that locality.

A similar pattern of habitat rarity was found when the poten-
tial distribution was modelled at the scale of the Balearic Islands

(Fig. 4B). Habitat suitability was obtained for Minorca in the
Mediterranean-scale model, but not in the Balearic Island-scale
model, which may have been a result of the different background
used in the two models. Despite the overall habitat rarity obtained
under the two models, they both suggested that most of the For-
mentor Peninsula and adjacent areas in northern Majorca are
climatically suitable for Naufraga. Yet, populations are restricted
to a few isolated localities in the north-facing coastal slopes of
Formentor. Our monitoring of temperature and humidity in these
localities (Fig. 5) revealed that microclimatic conditions are cru-
cial for the survival of Naufraga. Remarkable differences in diurnal
ranges of both temperature and humidity, as well as in maxi-
mum temperatures (particularly during the flowering and fruiting
periods), were encountered when comparing shady sites inhabited
by Naufraga with sunny sites where the plant is absent. This sug-
gests that the potential distribution of Naufraga is even narrower
than that recovered by the distribution model.

In addition to climate, other ecological factors not analyzed here,
including substrate preferences (calcareous cliffs) and interspe-
cific competition (ruderalization), may restrict the distribution of
Naufraga in Majorca (Duvigneaud, 1970; Rossell6, 2010; Cursach
and Rita, 2013) and probably contribute to the genetic isolation
of populations. These factors are known to determine the distribu-
tion of other Balearic endemics (Galmes et al., 2009). In particular, a
morphologically similar (but phylogenetically unrelated) species of
Apiaceae, Helosciadium bermejoi, is distributed in coastal environ-
ments of the adjacent island of Minorca, and seems to be influenced
by somehow similar ecological restrictions (Ronse et al., 2010;
Banasiak et al., 2013; Rita and Cursach, 2013).

Given its ecological requirements, range expansion of Naufraga
would depend on long-distance dispersal to other distant suit-
able areas in the western Mediterranean (Fig. 4A). Recurrent
long-distance dispersal events have been reported in Mediter-
ranean plant species with unspecialized dispersal mechanisms, but
with larger distributions as a result of their ecological require-
ments broader than those of Naufraga (Guzman and Vargas, 2009;
Fernandez-Mazuecos and Vargas, 2010, 2011). Indeed, the genetic
differentiation detected among Naufraga populations suggests that
the recent role of long-distance dispersal has merely been inci-
dental (if any). In addition, interspecific competition (Cursach
et al., 2013) may have contributed to hinder the establishment of
new populations. Therefore, a combination of narrow ecological
requirements, unassisted dispersal and interspecific competition
seems to have contributed to the current extreme rarity of our
study species.

Consequences for conservation biology

The conservation biology of Naufraga has been extensively
investigated by previous authors using approaches from reproduc-
tive biology, ecology, genetics and demography (Fridlender and
Boisselier-Dubayle, 2000; Cursach and Rita, 2012, 2013; Cursach
etal.,, 2013). The marked population decline of the species (Cursach
and Rita, 2013) makes it crucial to undertake scientifically sound
measures to guarantee the long-term survival of this unique
palaeoendemism. Indeed, our results provide new genetic and
ecological insights for the conservation and management of the
species. A moderate genetic diversity was detected both at the
species and population levels, which is evenly distributed within
and among populations (Tables 1 and 2). This seems to rule out
genetic impoverishment and inbreeding depression as immediate
causes of threat. We have identified four evolutionary significant
units (ESUs), i.e. units within species that are sufficiently differen-
tiated to require separate management (Frankham, 2010). These
ESUs are the strongly differentiated genetic clusters identified
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using AFLP markers, corresponding to the COV, COL, ORE and FON-
CAP populations. The FON-CAP unit preserves the highest genetic
diversity (considering both AFLP and ptDNA sequence markers;
Figs. 2 and 3; Table 1), but all units display a high number of rare
AFLP markers (see DW index values in Table 1). Therefore, a broad
genetic sample from the four ESUs should be preserved by ex situ
conservation programmes (seed banks, botanic gardens). This will
potentially allow future reintroductions or population reinforce-
ments (e.g. Rita and Cursach, 2013), whose success will heavily
depend upon the genetic quality of the available ex situ sample (see
Caleroetal., 1999; Ibafiez et al., 1999 for the possible genetic causes
behind the failed reintroduction attemps of Lysimachia minoricen-
sis in Minorca). Given the strong differentiation and apparently
old divergence of the four ESUs, gene flow among them should,
in principle, be avoided, and any future population reinforcement
should be conducted using samples from the same population in
order to avoid outbreeding depression and to preserve potentially
adaptive lineages (see Frankham et al., 2011). Finally, our macro-
and microclimatic results should also be considered when selecting
appropriate sites for future reintroductions.

Conclusions

Our results reveal that a combination of species distribution
modelling and microclimatic monitoring provides a powerful tool
to analyze the climatic niches of narrow endemics. The future of
Mediterranean narrow endemics with strict climatic requirements
is uncertain given the expected climate change (e.g. Blanco-Pastor
et al., 2013). Under this scenario, a thorough knowledge of genetic
features, including population diversity and geographic structure,
is needed in order to develop conservation strategies for palaeoen-
demic species such as Naufraga.
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