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ABSTRACT

Aim Our aims were: (1) to reconstruct the phylogenetic relationships of daffodils
(Narcissus), focusing on the lowland subgenus Hermione and the mountain
section Apodanthi; (2) to estimate the temporal setting of diversification; (3) to
reconstruct the migration patterns of the lineages; and (4) to examine the
microevolutionary differentiation of the wide-ranging Narcissus tazetta group
across the Mediterranean.

Location The Mediterranean Basin.

Methods Plastid (trnT-L, trnl—-F and ndhF) sequences were obtained from 63
populations representing 23 species of Narcissus and combined with published
data from 16 species. Phylogenetic relationships and dating were inferred by
Bayesian analysis based on geological events and divergence estimates of closely
related taxa. A dispersal-extinction—cladogenesis analysis was performed using
maximum likelihood methods to infer ancestral geographical distributions, and
phylogeographical reconstruction was performed using coalescence analysis.

Results Subgenus Hermione is not recognized as a monophyletic group because
two of the nine species were found to have a close relationship with the subgenus
Narcissus. The results on section Apodanthi confirmed previous findings of its
monophyly and phylogenetic relationships within this mountain group.
Molecular dating and ancestral range reconstructions suggest that the ancestor
of Narcissus originated in the Iberian Peninsula during the Late Oligocene—Early
Miocene. Eastward expansion of the lineage range proceeded from the western
Mediterranean and involved colonization of mountain ranges in northern Africa.
The phylogeography of the N. tazetta group revealed a widespread distribution of
certain haplotypes, suggesting wide dispersal and a high level of colonization in
the Mediterranean Basin.

Main conclusions Our study points to the role of three key historical events in
Narcissus diversification: tectonic shifts of the Alboran domain in the western
Mediterranean, the Messinian salinity crisis, and the onset of the Mediterranean
climate followed by periods of repeated glaciation. Diversification of section
Apodanthi probably resulted from allopatric speciation, while subgenus Hermione
may have shown more sympatric speciation and high dispersal, despite the lack of
apparent adaptations to long-distance dispersal. This is best exemplified by the
presence of both ancestral and recent haplotypes of N. tazetta across the
Mediterranean.

Keywords
Alboran domain, dispersal, Mediterranean Basin, Mediterranean palaeogeogra-
phy, Messinian salinity crisis, Narcissus, phylogeography, Strait of Gibraltar,
vicariance.
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INTRODUCTION

The Mediterranean Basin is characterized by a heterogeneous
geomorphological and environmental mosaic and displays
high plant species richness and endemism (Thompson, 2005).
Proposed evolutionary forces driving speciation of the Med-
iterranean flora are the strong spatio-temporal variations in
soils, a complex geomorphological history (mountains, straits,
isthmuses, plate dynamics and island formation) and climate
variation (e.g. Pleistocene glaciations) (Pignatti, 1978; Cowling
et al., 1997; Thompson, 2005).

There has been a great deal of interest in the patterns of
diversification and speciation in Mediterranean plants, partic-
ularly of narrow-range endemic species. Traditionally, studies
of these processes have been based on morphology and
karyotype variation (Stebbins & Dawe, 1987; Dahlgren, 1991;
Petit & Thompson, 1999; Mansion et al., 2005). Moreover, the
relative timing of the underlying evolutionary processes has
been subjectively determined from the assumed triggering
effects of palaeoenvironmental events, without proper tests.
Typically, the underlying evolutionary processes can be
inferred with a fair degree of accuracy when they are recent,
i.e. linked to Pleistocene changes since the original onset of a
Mediterranean-type climate, in which extinction has played a
minor role, and complete clades can be examined (e.g. Vargas,
2003; Kropf et al., 2006). For older taxa subject to more
ancient processes, the reconstruction of a biogeographical
history is more complicated. Although palacobotanical and
palaeoclimatological research has provided additional insights
for taxa well represented in the fossil record (e.g. lauroid
vegetation, widespread in the Late Tertiary in the Mediterra-
nean; see Rodriguez-Sanchez & Arroyo, 2008, and references
therein), for most taxa the necessary information is fragmen-
tary or lacking.

Recently, the development of molecular phylogenies and
dating, together with available knowledge of Mediterranean
palaeogeography (Krijgsman et al., 1999b; Rosenbaum et al.,
2002; Meulenkamp & Sissingh, 2003; Garcia-Castellanos et al.,
2009), has begun to enable the estimation of clade divergence
times on longer time-scales. However, the scarcity of studies
still precludes any generalization about temporal patterns of
plant diversification in the region (Cowling et al., 2009). Most
studies show that genera originated in the second half of the
Tertiary, with radiation occurring at diverse times thereafter,
in the Eocene—Miocene for some Araceae (Mansion et al.,
2008), in the Pleistocene for Cistus (Guzman & Vargas, 2009)
or even in the Late Pleistocene for Nigella (Bittkau & Comes,
2009). These differences may depend on the particular
geographical distributions of the ancestral groups, as well as
their life history (Kay et al., 2006; Smith & Donoghue, 2008),
vegetative or floral traits (Valente et al, 2010), ecological
requirements and hybridization (Paun et al., 2005; Lo Presti &
Oberprieler, 2009; Yesson et al., 2009). All these factors must
be understood within a common historical scenario framed by
the palaecogeographical dynamics of the region. It should be
noted that although hybridization is a common process among
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plants, particularly in the Mediterranean (Thompson, 2005), it
is possible to trace the biogeographical history of the lineages
with the use of maternally inherited DNA, such as plastid and
mitochondrial sequences (Rieseberg & Ellstrand, 1993). Plants
expand their ranges through colonization, which requires
previous dispersal of seeds or vegetative parts. Thus, the plastid
genome, usually transmitted in angiosperms through seeds and
vegetative propagules, but almost never through the pollen, is
particularly appropriate for depicting the migration processes
of lineages (Petit et al, 2007). Hence, the vast majority of
biogeographical and phylogeographical studies rely on cyto-
plasmic markers (Avise, 2000).

Given the limited number of studies, inferences about
Mediterranean biogeography are strongly dependent on a
careful selection of key taxa circumscribed to the Mediterra-
nean Basin in order to reflect its historical processes (Yesson &
Culham, 2006; Mansion et al., 2008; Rodriguez-Sanchez et al.,
2009). A representative life-form in the Mediterranean Basin is
the geophytic one (Dafni et al., 1981; Shmida, 1981; Parsons &
Hopper, 2003) with 1335 species (Proches et al., 2006). The
geophyte life history provides for summer dormancy in a
Mediterranean climate (Raunkieer, 1934; Thompson, 2005;
Proches et al., 2006). Despite the high representation of
geophytes in the current Mediterranean flora and their
potential for illustrating its evolutionary history, there are
few evolutionary studies with a proper temporal account of
geophyte origin and diversification (Caujapé-Castells et al.,
2001; Yesson & Culham, 2006; Mansion et al., 2008; del Hoyo
et al., 2009). An important factor that affects the reliability of
molecular dating of geophytes is that the plant fossil records
are poor, particularly for the Amaryllidaceae. However,
calibration for the geophytes may rely on other temporal
information such as geological events and divergence esti-
mates of more internal nodes of the angiosperm phylogeny,
which make time constraints similarly reliable (del Hoyo
et al., 2009).

Narcissus L. (daffodils; Amaryllidaceae) is a typical Medi-
terranean genus of geophyte, with 60-80 species (Fernandes,
1975; Dorda & Fernandez Casas, 1989; Blanchard, 1990;
Mathew, 2002), although some authors have raised this figure
to ¢. 150 species (e.g. Haworth, 1831). The distribution of the
genus is largely restricted to the Mediterranean region, and its
centre of diversity occurs in the Iberian Peninsula and north-
western Africa (Valdés et al., 1987; Arroyo, 2002; Fernandez
Casas, 2002). Narcissus species cover a wide variety of habitats
including different elevations, bioclimatic areas and substrates,
and have diverse geographical ranges from narrow-range
endemic species to widespread ones. These characteristics
make Narcissus a good model for testing hypotheses about the
role of the complex Mediterranean evolutionary history in the
diversification of a rich and diverse group of species.

Here, we studied the phylogenetic relationships of Narcissus
with special emphasis on the lowland subgenus Hermione and
the mountain section Apodanthi which together show different
ecogeographical characteristics. Our objectives were: (1) to
infer the phylogenetic relationships of species in subgenus
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Hermione, subgenus Narcissus (section Apodanthi), and repre-
sentatives of the other taxonomic groups in the subgenus
Narcissus; (2) to estimate the dates of lineage divergence based
on geological events and divergence timing of closely related
monocots; (3) to analyse whether range expansion—contraction
events have been predominantly responsible for the current
distribution area of the species; and (4) to reconstruct the
phylogeography of one of the most widespread species groups
of these daffodils, the Narcissus tazetta group. Finally, we
discuss all these results in the light of the available palacogeo-
graphical and climatic information for the Mediterranean
floristic region.

MATERIALS AND METHODS

Study group

Numerous attempts at a Narcissus classification have been
published, but the genus has never been properly mono-
graphed (but see Haworth, 1831 and Pugsley, 1933). Problems
faced by taxonomists are mostly related to the biological
features of Narcissus, such as continuous speciation via
incomplete morphological differentiation across populations
of some species, hybridization and polyploidy (Fernandes,
1968, 1975; Webb, 1980; Brandham & Kirton, 1987; Diaz
Lifante & Andrés Camacho, 2007). Chromosome studies
carried out by Fernandes (1951, 1968, 1975) have allowed a
better understanding of the nature of hybrids, many of them
being virtually sterile (e.g. Marques et al, 2010). We have
followed the taxonomic classification made by Fernandes
(1975) with some modifications based on Valdés et al. (1987),
Dorda & Fernandez Casas (1989) and Fernandez-Casas (2008).

Fernandes (1951, 1967, 1975) recognized two subgenera,
Narcissus and Hermione (Haw.) Spach (Hermione), and 10
sections in Narcissus; recently one more section was accepted
by Fernandez-Casas (2008) (see Appendix S1 in Supporting
Information). Four sections are circumscribed in Hermione:
Serotini Parl., Aurelia (J. Gay) Bak., Angustinii (Fernandez-
Casas) and Tazettae DC. (= Hermione (Salisb.) Spreng.).
Section Tazettae is subdivided into three subsections: the
monospecific subsection Angustifolii A. Fernandes with Nar-
cissus elegans, the subsection Dubii Fernandez-Casas with
Narcissus dubius and Narcissus tortifolius, and the subsection
Hermione. The latter includes many species of dubious
taxonomic value because of little morphological differentiation
(Fernandes, 1975; Blanchard, 1990). For example, we consid-
ered Narcissus panizzianus, Narcissus polyanthos and Narcissus
barlae together within Narcissus papyraceus Ker-Gawler based
on morphological data from Valdés et al. (1987) and Pérez-
Barrales (2005). Within the subgenus Narcissus seven sections
are recognized: Tapeinanthus Traub (one species), Apodanthi
Fernandes (eight species largely restricted to the mountains of
Morocco, Spain and Portugal; see Fig. 1), Jonquilla (six
species), Bulbocodium DC. (three species), Ganymedes (Haw.)
Schult. F. (one species), Pseudonarcissus DC. (13 species) and
Narcissus (one species).
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Palaeogeography of the study area

Available evidence suggests that key palacogeographical events
in the western Mediterranean occurred as follows. The Betic
(Iberian) and the Rif (Moroccan) cordilleras, denominated as
the Alboran domain, formed a continuous Alpine orogenic
belt together with the Kabylies (Algeria), Calabria, Corsica and
Sardinia. From the Late Oligocene (c. 30 Ma) this plate started
a south-eastward rotation with migration to the east, due to
collision between the African plate and the Iberian microplate
(Rosenbaum et al., 2002; Meulenkamp & Sissingh, 2003). By
23 Ma, the component parts of the plate had become separated
from each other, except for the Alboran domain that remained
attached to the Iberian Peninsula until 12 Ma (see Fig. 2, Map
3), creating a corridor between Iberia and Africa (Rosenbaum
et al., 2002). The Messinian salinity crisis (5.96-5.33 Ma)
initiated by the tectonic uplift of the Strait of Gibraltar, which
cut the sea connection to the Atlantic (see Fig. 2, Map 5),
together with a climatic aridification, involved a drying up of
the basin (Krijgsman et al., 1999a; Krijgsman, 2002). More
recently, the onset of the Mediterranean climate in the Pliocene
and the climatic oscillation during Pleistocene glaciations, with
the consequent sea-level variations (Yokoyama et al., 2000),
have been the most important events.

Taxa sampling

Our sample aimed to represent the diversity of the two
Narcissus subgenera and, in particular, to include all the species
of Narcissus section Apodanthi and all the species of the
sections of Narcissus subgenus Hermione. As a result, 9 of the
11 Narcissus sections were sampled (see Appendix S1).

We collected leaf material from species throughout the
entire geographical range of subgenus Hermione and section
Apodanthi (Portugal, Spain, France, Italy, Greece, Cyprus,
Israel and Morocco; see Fig. 1). In total, 63 populations
comprising 23 species of Narcissus were sampled (see Appen-
dix S1). Most of the populations collected belonged to
subgenus Hermione, sections Serotini (two populations),
Aurelia (four populations), Angustini (two populations) and
Tazettae (36 populations) (see Fig. 3 for reference to popula-
tion numbers). Additional samples represented the eight
species of Apodanthi (11 populations) and one species from
each of the sections Jonquillae (three populations), Bulbocodi-
um (one population), Tapeinanthus (one population) and
Ganymedes (two populations). Given that many Narcissus
species are cultivated for ornamental purposes and may have
escaped, we avoided sampling those populations in close
proximity to apparent past or present human settlements. To
maximize the robustness of our phylogenetic reconstruction,
we also included sequences downloaded from GenBank for 20
species from different sections of the subgenus Narcissus which
were not collected in our sampling design. Sternbergia lutea
(L.) Kerl Gaw. ex Spreng., Sternbergia colchiciflora Waldst. &
Kit., Lapiedra martinezii Lag. and Pancratium canariense Ker
Gawl. were chosen as the outgroups for the Bayesian analysis
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Figure 1 The distribution and location of sampled populations of Narcissus. Only two species (N. poeticus and N. pseudonarcissus)
reach the north-easternmost part of the distribution range. The darker, dotted area corresponds to the range of subgenus Hermione and the
red dashed area corresponds to subgenus Narcissus. Circles represent locations of samples used for the phylogenetic study (black) and
common haplotypes (H1-H10) (see Fig. 6). Stars represent the locations of section Apodanthi.

based on previous phylogenetic analysis of the Amaryllidaceae
(Meerow et al., 2006). For the analysis of divergence time
estimates, we also included 18 species belonging to the
Amaryllidaceae to enable setting calibration points. See
Appendix S1 for the geographical origin and GenBank acces-
sion numbers of the samples.

DNA amplification and sequencing

Genomic DNA was extracted from silica-dried leaves using the
DNeasy Plant Mini Kit (Qiagen Inc., Chatsworth, CA, USA).
The entire trn (trnT-L and trn L-F) and ndhF (3’-end) regions
were amplified by polymerase chain reaction (PCR) with the
primers designed by Taberlet ef al. (1991) [a and b for
trnT(UGU)—trnL(UAA), e for trunlL(UAA)-trnF(GAA)] and
those designed by Olmstead & Sweere (1994), 2110F for ndhF.
Thermocycling conditions for the trn regions were 2 min at
95 °C, followed by 30 cycles at 95 °C for 1 min, 50 °C for
2 min, and 72 °C for 1 min with a final extension at 72 °C for
2 min. For ndhF the conditions were 2 min at 95 °C, followed
by 30 cycles at 95 °C for 1 min, a gradient temperature with a
range of 45 to 55 °C, and 72 °C for 1 min with a final
extension at 72 °C for 2 min. Amplified products were cleaned
using spin filter columns (PCR Clean-up kit; MoBio Labora-
tories, Solan Beach, CA, USA) following the protocols
provided by the manufacturer. Sequencing was performed
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using dye terminators (BigDye Terminator v2.0, Applied
Biosystems, Little Chalfont, UK) and run into polyacrylamide
electrophoresis gels (70%) using an Applied Biosystems Prism
model 3700 automated sequencer.

Sequence data analysis

Three different matrices were reconstructed, corresponding to
the non-coding trnT-L and #rnl-F regions and the ndhF
protein-coding region. We aligned each matrix using MAFFT v.
6.0 with FFT-NS-I (a slow iterative refinement method)
(Katoh et al., 2009); misalignments were corrected manually
and poorly aligned positions were eliminated using GBLOCKs V.
0.91b (Castresana, 2000). Single matrix analyses were per-
formed to check for congruence followed by combined
analysis. Having confirmed congruence, the three matrices
were concatenated into a single one comprising 87 accessions
and 1991 positions with CoNcCATENATOR Vv. 1.1.0 (Pina-
Martins & Paulo, 2008). Insertions and/or deletions (indels)
in the trnT-L and trnL-F regions were identified (42 in total)
and this information was coded and added to the data matrix
following the method of Miiller (2005) using the SEQSTATE
program and INDELCODER software (http://www.nees.uni-
bonn.de/downloads/SeqState/). We selected a substitution
model using jMopeLTEsT v. 0.1 (Posada, 2008). Bayesian
inference was performed by analysing the 87-sequence matrix
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Figure 2 Palaeogeographical maps of the Mediterranean Basin representing a simplification of major tectonic events during Miocene based
on Rosenbaum et al. (2002), Meulenkamp & Sissingh (2003) and Ree & Sanmartin (2009). Biogeographical areas used for ancestral
reconstruction of Narcissus are: A, north-western Mediterranean (West European Platform); B, north-eastern Mediterranean (East European
Platform); C, south-eastern Mediterranean (Arabian Platform); and D, south-western Mediterranean (African Platform). Arrows and
numbers above indicate the dispersal rates between areas used for dispersal-extinction—cladogenesis (DEC) analysis (see Materials and

Methods for details).

in MrRBAYEs v. 3.1.2 (Huelsenbeck & Ronquist, 2001) under a
GTR+|'+I substitution model for DNA characters, whereas a
F81-like model was implemented for indels setting the
ascertainment bias to variable as suggested in the MRBAYEs
manual (Ronquist ef al, 2005). We ran two independent
analyses with six chains each, for 5 x 10° generations sampling
every 1000 generations. The first 25% of sampled trees were
discarded to ensure convergence was reached and the remain-
der used to compute a consensus tree.
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Divergence time estimates

Divergence time was analysed using a Bayesian approach as
implemented in the program BEAST v. 1.5beta2 (Drummond &
Rambaut, 2007). The analysis was performed on a 101-
sequence matrix, of which 83 sequences belong to the genus
Narcissus and 18 to the outgroup (see Appendix S1). We used
GTR+I'+1 as the evolutionary model. We allowed the program
to estimate the mean substitution rate and divergence times.
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Figure 3 Bayesian phylogenetic tree of Narcissus, reconstructed using plastid (trnL-F, trn'T-L and ndhF) sequences. Circles on the nodes
show posterior probabilities (PP) from the Bayesian analysis under the GTR+I'+I model of DNA selected by jMopeLTest (Posada, 2008).
Black circles: 95 < PP; grey circles: 70 < PP < 90; white circles: PP < 70. Population number follows those in Appendix S1. Scale bar

indicates number of expected substitutions per site.

Model parameters to account for lineage-specific rate heter-
ogeneity consisted of an uncorrelated relaxed lognormal clock,
because preliminary analyses indicated that there was rate
heterogeneity among lineages (ucld.stdev parameter > 1;
Drummond & Rambaut, 2007). The analysis assumed a
speciation Yule process, the most suitable tree prior for
inferring relationships between species (Drummond & Ram-
baut, 2007). We used a consensus phylogeny from a Bayesian
analysis (including the 101 sequences), instead of a random
tree, as the starting tree in BEAST.

6

We used divergence estimates from an independent molec-
ular dating study and one geological event. We applied two
simultaneous calibration points to the outgroup (letters a and
b in Fig. 4). First, the estimated age (33 + 4.0 Ma) of the split
between Clivia and Hippeastrum (Amaryllidaceae) as obtained
by Wikstrom et al. (2001) (letter a in Fig. 4) and second, a
21 + 1.0 Ma maximum age for the split between the endemic
Pancratium canariense from the Canary Islands and two related
species, Pancratium zeylanicum from the south of Asia and
Pancratium tenuifolium, endemic to the western Sahara coast,
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the closest continental territory to the Canary Islands (Maire,
1959) (letter b in Fig. 4). This corresponds to the age of the
oldest island of the Canarian Archipelago (Fuerteventura;
Balogh et al., 1999), and thus the earliest available land mass
for propagules dispersed from the African coast. However,
recent investigations suggest a deeper time span of Canarian
lineages could be possible via island-hopping from currently
submerged islands (Fernandez-Palacios et al., 2011).

Bayesian posterior distributions for each parameter were
obtained using Markov chain Monte Carlo (MCMC), running
two independent analyses for 70 million generations, and
sampling every 1000 generations. We altered the weight of the
operators that work on the treemodel as recommended by
Drummond et al. (2007). The performance of the analyses
(convergence of the independent runs, effective sample sizes)
were evaluated using TRACER v. 1.5 (Rambaut & Drummond,
2007a). The two independent BEAST runs were combined
using LoGCoMBINER v. 1.5.3 (Rambaut & Drummond, 2007b)
resampling each tree file at a frequency of 1:5000 trees.
Mean and 95% highest posterior density (HPD) intervals of
ages were then calculated from 25,200 post-burn-in trees
using the software TREEANNOTATOR V. 1.5.4 (Rambaut &
Drummond, 2007c). By default, TREEANNOTATOR only
provides divergence dates for nodes with a posterior proba-
bility > 0.5 (Rambaut & Drummond, 2007c). Only a few
nodes had a posterior probability lower than 0.5. Hence, to
ensure all nodes in our tree were dated, we lowered the
threshold value to 0.0.

Reconstruction of ancestral areas

The patterns of spatial and temporal distribution of Narcissus
were inferred using dispersal-extinction—cladogenesis (DEC)
likelihood analyses implemented in LAGRANGE v. 2.0.1 (Ree &
Smith, 2008). This method does not assume a hierarchical
organization of the biogeographical scenario, a property that is
essential in regions with a complex palaeogeographical history
as is the case in the Mediterranean Basin (Sanmartin, 2003;
Oberprieler, 2005). Our selected method contrasts with event-
based methods such as those implemented in dispersal—
vicariance analysis (DIVA; Ronquist, 1996), which estimate
ancestral area distribution minimizing the cost of vicariance
over dispersal events. Despite its relevance in historical
biogeography in the past, DIVA is limited by its dependence
on parsimony (Ree & Sanmartin, 2009). In contrast, DEC is a
continuous-time stochastic model for geographical range
evolution in discrete areas, with maximum likelihood (ML)
parameters estimated from dispersal rates between areas (range
expansion) and local extinction within areas (range contrac-
tion), according to exponential rate parameters. The proba-
bility of dispersal and extinction events along any branch of the
phylogeny is dependent on evolutionary time (Ree & Smith,
2008). Furthermore, the model allows dispersal rates between
areas to be constrained based on palaeogeographical informa-
tion and assumptions on the ability for long-distance dispersal
of species.
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We focused on Tertiary palaeogeography of the Mediterra-
nean Basin to define the geographical areas in which Narcissus
species originated, diversified and migrated. According to
Meulenkamp & Sissingh (2003) four major plates reflect the
main collision and splitting events during tectonics of the
basin. As suggested by Ree & Sanmartin (2009), we selected
four geographical areas (see Fig. 2): (1) north-western Med-
iterranean (West European Platform), (2) north-eastern Med-
iterranean (East European Platform), (3) south-eastern
Mediterranean (Arabian Platform), and (4) south-western
Mediterranean (African Platform). We selected only four areas
because an oversplitting of geographical areas reduces phylo-
genetic signal of species ranges within a clade because fewer
areas are likely to be shared by descent. Furthermore, dispersal
events are likely to involve the same areas, reducing the power
to detect general trends (Ree & Sanmartin, 2009). Finally,
oversplitting of ranges reduces computational feasibility (Ree
& Smith, 2008). We compared two DEC models (i.e. a null and
an alternative) for the four areas (Fig. 2). The null model
(unconstrained) assumes that the spatial arrangement of plates
has no effect on biogeographical patterns of evolution, thus
assuming that dispersal rates were equal between all geograph-
ical areas (i.e. setting all possible transitions to equal values).
Implicitly, this model assumes high long-distance dispersal
capability. The alternative model (constrained according to the
palaeogeographical information, Fig. 2) assumes that geolo-
gical evolution of the Mediterranean Basin influenced the
connectivity of biogeographical areas and therefore patterns of
dispersal/vicariance among ancestral areas. For this model, we
modified the transition matrix setting lower values (0.1) for
distant, unconnected areas, and maximal values (1) for
adjacent or connected areas (Ree & Sanmartin, 2009). The
implicit assumption here is that long-distance dispersal is
limited. DEC analyses were performed on a cropped chron-
ogram of the BEAsT analysis, in which each taxon was
represented by one population (except Narcissus bulbocodium)
and Sternbergia colchiciflora and S. lutea were included as the
outgroups. Maximum range sizes were restricted between non-
adjacent areas (Western European Platform/Arabian Platform/
East European Platform/North African Platform). Area opti-
mizations were reported and considered significant only if the
fraction of the global likelihood at each split exceeded 0.5. For
all nodes with a relative probability value < 0.5, we selected the
reconstructed ancestral area whose relative probability was
three times the value of the other possible reconstructions.

Phylogeography of the Narcissus tazetta group

The statistical parsimony method (Templeton et al., 1992) as
implemented in the software Tcs v. 1.21 (Clement et al., 2000)
was used to infer the haplotype relationships in the N. tazetta
group. According to the phylogenetic results (see below), this
group includes the following species: N. tazetta, N. elegans,
Narcissus obsoletus and Narcissus italicus. Furthermore, we
included sequences of the sister clade to the N. razetta
group (Narcissus bertolonii, Narcissus serotinus and Narcissus
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Historical biogeography of Narcissus

Figure 4 Bayesian molecular clock tree of 83 samples of Narcissus and outgroups using trnlL~F, trn'T-L and ndhF sequences. Nodes indicate
mean age estimates (for simplicity we only show the node ages referred to in the paper) and 95% confidence intervals (grey bars). Asterisks
show posterior probabilities lower than 0.5. Nodes a and b were used as calibration points for the estimates of divergence analysis (see
Materials and Methods for details). Triangles represent the populations of a single taxon (except for the N. papyraceus populations and
N. pachybolbus). P P, Pleistocene and Pliocene. Shaded bars indicate the two main palacogegraphical events: the Messinian salinity crisis
(c. 6.0 Ma) and the tectonic events affecting the Alboran domain (c. 15-12 Ma). The scale bar represents million years ago (Ma).

broussonetii). We did not include N. papyraceus or Narcissus
pachybolbus because the phylogenetic results clearly showed
that these two species form a well-supported, separate clade. As
a result, a final subset of 40 plastid sequences of seven species
was analysed. We ran two independent analyses incorporating
gaps as either a fifth character or non-informative. Haplotypes
were mapped across the Mediterranean region and assigned to
taxonomic identities.

RESULTS

Phylogenetic reconstruction

We obtained a total of 1991 bp divided into three plastid
markers for most of the species in Narcissus as follows: 333 and
907 for trnl—-F and trnT-L, respectively, and 751 for ndhF.
Thirty-three per cent of the three DNA regions was found to be
parsimony-informative. We obtained 42 indels that were
coded as binary characters for the analysis. Finally, the
combined 87-sequence matrix set included 2033 characters,
except for the outgroup species for which we were able to
obtain sequences from one or two regions only (#rnL-F or
ndhF). The analyses of the three chloroplast DNA (cpDNA)
regions recovered congruent topologies under Bayesian criteria.

The trees derived from the 87-sequence matrix strongly
supported [posterior probability (PP) = 100] the monophyly
of the largest part of subgenus Hermione, except for
N. tortifolius and N. dubius (Fig. 3). These two species formed
a clade with species from subgenus Narcissus (section Jonquilla
and section Bulbocodium, respectively). Thus, subgenus
Hermione (hereafter Hermione) cannot be formally recognized
as a monophyletic group. However, we considered that the
clade of nine species (Fig. 3) should be assigned to this taxon
because it retained the type species (N. tazetta) of the
subgenus. Hermione formed a sister clade to the rest of
Narcissus. A subclade of the widespread N. papyraceus and the
North African narrow-range endemic N. pachybolbus branched
off first. The populations of N. papyraceus and the sample from
N. pachybolbus formed a polytomy because of high sequence
identity (99.95%) even though they show evident morpholog-
ical differences (R. Santos, unpublished data). The second
subclade was more diverse and also subdivided into two
subgroups. One (N. tazetta group) included all the samples of
the widespread N. tazetta and N. italicus in a lineage sister to
N. elegans and N. obsoletus. The other subclade was sister to the
N. tazetta group and was formed by two subclades: one is
represented by N. bertolonii from the islands of Sardinia (Italy)
and Cabrera (Balearic Islands, Spain), and the second by
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N. broussonetii (northern Africa) and N. serotinus (south-
western Spain and north-western Morocco) (Fig. 3).

None of the sections sampled in subgenus Narcissus were
monophyletic, except for section Apodanthi, which showed
well-resolved relationships. Also, a highly supported clade
(PP = 1.0) is formed by N. bulbocodium from Morocco,
Narcissus cantabricus and Narcissus hedraeanthus, which form
the section Bulbocodium previously described by Webb (1980),
although two samples of N. bulbocodium (see Appendix S1 for
origin of samples) were found within another clade (Fig. 2).

Estimating divergence times

Phylogenetic and divergence time analyses basically yielded
identical topologies (no conflicting clades), except for the
position of Narcissus albimarginatus (see Figs 3 & 4).

The western Mediterranean genus Narcissus apparently
diverged from the Eurasian Sternbergia lineage in the Late
Oligocene to Early Miocene, some time around 23.6 Ma
(confidence interval: 29.3-18.1), and the basal split between
subgenus Narcissus and Hermione occurred at about 21.4 Ma
(27.4-16.1), when the North African and Arabian Platforms
were connected (maps 1 and 2 in Fig. 2). The basal split within
subgenus Hermione occurred during the Miocene 13.2 Ma
(19.9-7.8), and a posterior diversification coincides with the
Messinian period (5.9, 5.3 and 4.4. Ma for the three clades in
this group) (maps 5 and 6 in Fig. 2) and continued at a rather
constant rate during the Pliocene and Pleistocene (Fig. 4). The
divergence estimate of the ancestor of Apodanthi remains
unresolved (Fig. 3), although the first split within the section
occurred during the middle Miocene (10.8 Ma) (Fig. 4), when
the tectonics of the Alboran domain probably connected the
African Platform with the Iberian Peninsula (maps 3 and 4 in
Fig. 2) and most of the diversification took place after the
Messinian salinity crisis had ended (5.33 Ma).

Reconstructing ancestral areas

Both constrained and unconstrained models yielded identical
ancestral range reconstructions, although the global likelihood
at the root under the unconstrained model provided a slightly
better fit to the data (log-likelihood differences between
models = 1.2; see Edwards, 1992). Basically, this result implies
that the dispersal capacity of Narcissus may have been higher
than previously assumed because the constrained model did
not provide a better fit, nor did it influence ancestral area
reconstruction results. The results (Fig. 5) suggest that the
most recent ancestor of Narcissus was distributed in an area
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Figure 5 Maximum likelihood reconstruction of geographical range evolution of Narcissus under the unconstrained dispersal-extinction—

cladogenesis analysis (DEC). Single-area ancestral ranges are shown at nodes, ranges inherited from widespread ancestors are shown

above and below the node, where each represents the range inherited following cladogenesis, dark grey and light grey squares for ancestral
areas A and D, respectively. When more than one likely alternative ancestral range was reconstructed, they are shown separated by a
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Platform), respectively. Asterisks show nodes with posterior probabilities below 0.5.

corresponding to the current Iberian Peninsula, southern
France and north-western Italy (A in Fig. 2). It is within this
area that divergence of most sections of the subgenus Narcissus
occurred and only a few taxa within sections Jonquillae,
Tapenainthus and Bullbocodium (Narcissus viridiflorous, Nar-
cissus cavanillesii and N. bulbocodium, respectively) dispersed
to North Africa. For section Apodanthi, ancestral area recon-
structions also include north-western Africa (D in Fig. 2). Our
analyses indicated that the ancestral area for Apodanthi was
western Europe. A secondary area included both the north-
western Mediterranean and north-western Africa (area recon-
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structions A/AD in Fig. 5). From those shared areas the
ancestor diversified into four geographical lineages: Narcissus
cuatrecasasii, currently found in the south Iberian Peninsula;
N. albimarginatus, which is found on the northern tip of
Africa; three species, namely Narcissus marvieri, Narcissus
watieri and Narcissus atlanticus, which originated and colo-
nized the current Moroccan mountains; and Narcissus rupicola,
which occupied central Iberia.

For subgenus Hermione, the south-western Mediterranean
and north-western Africa are the most likely ancestral areas (A
and D in Fig. 5). The ancestor of the narrow-range endemic

Journal of Biogeography
© 2011 Blackwell Publishing Ltd



N. pachybolbus probably differentiated within the northern tip
of Africa while the likely ancestral area for N. papyraceus may
have been distributed across the Mediterranean Basin (ABCD
or ABC in Fig. 5). For the N. tazetta group, the north and
south-western Mediterranean were the more plausible areas for
ancestral diversification. The ancestor of the N. bertolonii—
N. broussonetii—N. serotinus clade probably occupied the
African Platform with further dispersal to the north-western
and eastern Mediterranean, where N. serotinus and N. bertol-
onii are currently distributed. The north-western and south-
western Mediterranean were also the most likely ancestral areas
for the diversification of N. tazetta and closely related taxa.

Phylogeography of N. tazetta group

Ten haplotypes were obtained from the 40 plastid sequences
and six species (N. tazetta, N. elegans, N. obsoletus, N. italicus,
N. serotinus and N. broussonetii). The network analysis
implemented by Tcs depicted a clade of five haplotypes (HI1-
H5) for N. tazetta, N. elegans, N. obsoletus and N. italicus
(Fig. 6). The other five haplotypes (H6-H10) are assigned to

H8

N. bertolonii

N. bertolonii

H9

N. bertolonii

Figure 6 Network analysis of the Narcissus tazetta group and
relatives using statistical parsimony. Haplotype numbers represent
the following taxa: H1, N. tazetta from France, Italy, Greece and
the islands of Corfu and Cyprus; H2, N. tazetta from Morocco and
Israel; H3, N. elegans from Spain and Morocco; H4, N. obsoletus
from Spain; H5, N. italicus from Sardinia; H6—H9, N. bertolonii
from Sardinia and the Balearic Archipelago; H10, N. serotinus
from Spain. The haplotypes numbers are the same as those in
Fig. 1.
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the other two species (N. bertolonii and N. serotinus). These
two groups were separated by two missing haplotypes.
Haplotype 1 was inferred as ancestral for the N. tazetta group
and was found in N. fazetta from Italy, the south of France,
Greece, and the islands of Corfu and Cyprus. One more
N. tazetta haplotype (H2) differing in only one mutation step
from HI was detected in samples from north-western Africa
and Israel. Also varying by a single step mutation were the
haplotypes H3 and H4, found in two species (N. elegans and
N. obsoletus) with a wide distribution range within the
Mediterranean Basin. One more tip haplotype (H5) formed
by N. italicus from Sardinia was separated from H1 by one
absent (unsampled or extinct) haplotype. Haplotypes H6-H9
were found in N. bertolonii and distributed in the Balearic
Islands and Sardinia. The most distant (18 mutation steps),
albeit connected, haplotype H10 corresponds to N. serotinus
from the south-western Iberian Peninsula. Finally, N. brous-
sonetii was separated from the rest of the N. tazetta group
because it exceeded the maximum number of mutational steps
between pairs of sequences; hence it was not connected in the
network (Fig. 6).

DISCUSSION

Phylogeny and molecular dating of Narcissus lineages

Our results support the basal evolutionary split of the genus
Narcissus into two subgenera — Hermione and Narcissus
(PP = 0.99) — as formerly recognized in traditional taxonomy,
except for two species of subgenus Hermione, namely N. dubius
and N. tortifolius, which are grouped together in the subgenus
Narcissus (Fig. 3). These two species may have evolved by
hybridization between ancestral species of the two subgenera
(Fernandes, 1967) and deserve a comprehensive taxonomic
study, which is beyond the scope of this work. Indeed, we
found several elements of incongruence between morphology
(particularly for flower traits, on which the traditional
taxonomy has been based) and the phylogenetic relationships
depicted by plastid sequences. These may be the result of
convergent evolutionary processes, such as those claimed by
Arroyo & Barrett (2000) and Pérez et al. (2004) for Narcissus
triandrus and N. albimarginatus, or the result of a hybridiza-
tion that cannot be resolved by plastid sequences (Marques
et al., 2010).

The other species of the subgenus Hermione were found to
be monophyletic. At the section level, Tazettae should be
considered non-monophyletic because its species are inter-
mingled with those of the three monotypic sections Angustinii,
Serotinii and Aurelia.

According to our calibrated molecular tree, the diversifica-
tion of Narcissus dates back to the Late Oligocene—Early
Miocene, around 23.6 Ma (29.3-18.1), with the subsequent
split between subgenera Narcissus and Hermione at c. 21.4 Ma
(27.4-16.1). Our dating is consistent with other molecular
calibrations of geophytes in the Mediterranean Basin, all of
which produced estimated origins around the Late Eocene to
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Middle Miocene (Araceae, Mansion et al., 2005; Androcymbi-
um, del Hoyo et al., 2009; Cyclamen, Yesson et al., 2009). The
diversification of Narcissus species contrasts with an increasing
number of extensive radiations documented in the Mediter-
ranean genera, because much of the geophyte differentiation
appears to have pre-dated the Miocene. Dating is very variable
when considering other life-forms or biogeographical groups,
such as documented radiations of shrubby rockroses (Cistus,
Guzman & Vargas, 2009), herbaceous snapdragons (Antirrhi-
num, Vargas et al., 2009) and European pinks (Dianthus,
Valente et al., 2010), all of which primarily diversified around
the Late Miocene to Pleistocene. Therefore, our hypotheses for
the biogeographical dynamics of Narcissus should be viewed
with caution. Lack of an appropriate fossil record for the
Amaryllidaceae precludes any further refinement of the dating.
However, there is some concordance between molecular dating
and certain critical palaeogeographical events. Irrespective of a
fine-scale dating, our two main study groups (subgenus
Hermione and section Apodanthi) showed similar temporal
patterns of splitting. Both groups may have diverged during
the Middle Miocene (10-13 Ma, see Fig. 3), with most of the
subsequent diversification occurring after the Late Miocene.
Therefore, the Alboran domain process (Middle to Late
Miocene) followed by the Messinian salinity crisis (Miocene—
Pliocene) and the onset of the Mediterranean climate (Plio-
cene) may have played important roles. These palaeoclimatic
events may also have influenced the successful migration of the
lowland subgenus Hermione and the speciation of the moun-
tain section Apodanthi. The majority of the other clades within
subgenus Narcissus include both mountain and lowland
species. Differentiation of these species primarily occurred in
the north-western Mediterranean, with a few dispersals to
north-western Africa coinciding with the Messinian salinity
crisis (N. cavanillesii c. 6.4 Ma) and the onset of the Pleisto-
cene glaciations (N. bulbocodium c. 2.1 Ma). The aforemen-
tioned palaeogeographical events have been of key importance
in the evolution of other Mediterranean groups (del Hoyo
et al., 2009; Vargas et al., 2009; Yesson et al., 2009). Although
we have few studies for comparison, some common patterns
are emerging as Mediterranean plant genera are studied in
greater detail. The well-known genus Cistus also displays a
mixed distribution pattern, in which lowland species have an
extensive distribution across the Mediterranean (Guzman &
Vargas, 2005), while other species were inferred to be isolated
by mountains (Fernandez-Mazuecos & Vargas, 2010). Thus,
our study suggests that there may be a general pattern of
distinctive trends in lineage divergence in mountain and
lowland areas of the Mediterranean. Further studies are needed
to confirm this tendency.

Historical biogeography of Narcissus

Long-distance dispersal may explain part of the distribution
patterns found in subgenus Hermione. At the time when
diversification of this clade probably began (c. 13.2 Ma), the
African and West European platforms were close together and
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may have been a single area connected by the Betic and Rifian
corridor (Rosenbaum et al., 2002; Meulenkamp & Sissingh,
2003). After the Messinian salinity crisis (5.96-5.33 Ma),
separation of the two areas occurred, and north-western
Africa and south-western Europe were reconstructed as the
ancestral area of some subclades. In particular, our biogeo-
graphical analysis indicates that two subclades, N. bertolonii—
N. serotinus—N. broussonetii and N. pachybolbus, diversified in
north-western Africa (Fig. 5). In addition to the ancestral
ranges inferred, multiple, long-distance dispersal events from
either the south-western Mediterranean or north-western
Africa to the rest of the Mediterranean Basin have been
traditionally considered, because almost half of the extant
species of the subgenus Hermione show a widespread
distribution across the Mediterranean (Fig. 5). Despite the
apparently limited existence of dispersal traits in this species
(no anemochorous or zoochorous dispersal syndromes have
been described), only three widespread ancestral ranges were
reconstructed in agreement with the support of the con-
strained model mentioned before. It is possible that dispersal
of vegetative parts (bulbs) played an additional role by natural
means or by humans. Some Narcissus species have been
cultivated as ornamentals (e.g. N. italicus; Blanchard, 1990),
which could explain their wide distribution ranges. However,
an explanation based purely on anthropogenic effects is
unlikely. Some of the species of most recent origin, such as
N. elegans and N. obsoletus, have never been cultivated and
show a wide geographical range (Diaz Lifante et al., 2009).
Although Narcissus does not have considerable dispersal
capacity, both its long-standing presence in the Mediterra-
nean since the Miocene and its specialization to Mediterra-
nean seasonal drought through dormant bulbs may account
for the widespread distribution of some lineages. The habitats
of many species of the subgenus Hermione are typical of the
Mediterranean coastline, and their resistance to flooding
(R.S.G. observations on N. papyraceus and N. tazetta) and
brackish water (N. obsoletus, identified as N. serotinus;
Fernandes, 1967) may additionally explain their spread by
seasonal flooding and marine currents, as has been claimed
for other coastal plants (Kadereit et al., 2006). In geophytes,
the diaspore is often the bulb or perennial unit, in addition to
the fruits and seeds. It is interesting to note that in two other
geophyte genera (del Hoyo et al., 2009; Yesson et al., 2009)
there may have been similar dispersal mechanisms through
water masses. In all these groups of plants, other long-
distance dispersal mechanisms (anemochory and zoochory)
are apparently lacking.

A contrasting pattern is described for section Apodanthi,
where narrow-range endemism and non-overlapping ranges
facilitated the reconstruction of ancestral areas and migration
routes. The origin of the group is undoubtedly Iberian,
where half of the species diversity (four of eight species) is
currently found. One of the ancestral lineages remained in
the Iberian Peninsula and diversified early (c. 4.9 Ma) into
the current Portuguese endemics Narcissus scaberulus and
Narcissus calcicola. The other ancestral area appeared to be
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the Iberian Peninsula or a wider range encompassing Iberia
and north-western Africa (A/AD, Fig. 5). The age of this
node (c. 6.0 Ma) coincides with the Messinian salinity crisis,
so that the connection across the Strait of Gibraltar appears
to have played an important role. Descendants of this lineage
are currently found in north-western Africa (N. watieri,
N. marvieri, N. atlanticus and N. albimarginatus) and the
Iberian Peninsula (N. rupicola and N. cuatrecasasii). The
divergence of these subclades is more recent and points
towards its probable origin during the onset of the Mediter-
ranean climate and Pleistocene glaciations (3.2 Ma and
2.5 Ma, respectively). This scenario stresses again that the
colonization ability of these few species may have been
facilitated by multiple palaeoclimatic changes (the Messinian
period, the onset of the Mediterranean climate, and partic-
ularly Pleistocene glaciations for mountain species occurring
at elevations up to 2500 m). Migrations from the Iberian
Peninsula to northern Africa and coinciding with the
Messinian salinity crisis and Pleistocene glaciations are also
observed in two other sections within the subgenus Narcissus.
N. cavanillesii (section Tapeinanthus) is dated as having
diverged from its Iberian ancestral lineage at c. 6.4 Ma, while
N. bulbocodium (section Bulbocodium) diverged at c. 2.09 Ma.
For our studied species, colonization of mountains by bulbs
appears to be unlikely; instead, seed dispersal is suggested to
have permitted colonization across the Strait of Gibraltar and
into the high mountains of the Moroccan Rif and Atlas.
Indeed, palacoclimatic and palaecogeographical events may
have facilitated not only the north—south distribution of
Narcissus species but may also have been critical in shaping
the flora of both shores of the Strait of Gibraltar (Rodriguez-
Sanchez et al., 2007).

Phylogeography of the N. tazetta group

The ancestral haplotype (H1), which is widespread in the south
of France, Italy, Greece (including Corfu) and Cyprus,
indicates that the seeds or bulbs of N. fazetta have been
successful in long-distance dispersal after the species diverged
in the Messinian (Fig. 6). In contrast, populations of N. tazetta
from Morocco and Israel shared the tip haplotype 2, which is
in agreement with a recent long-distance dispersal. This may
have occurred through human population movements and
ornamental plantations. In any case, we cannot determine
whether this long-distance dispersal occurred from east to west
or vice versa, as ancestral and derived haplotypes show wide
distribution across the Mediterranean Basin. This phylogeo-
graphical pattern may shed light on the poor resolution of
DEC analysis for the ancestral range of the subgenus Hermione.
Phylogeography of the N. razetta group supports an origin in
the western European—Mediterranean plate, rather than in
north-western Africa, as also suggested by the DEC analysis
(see Fig. 5). However, more extensive sampling from North
Africa and Middle East populations and from other wide-
spread Hermione species such as N. papyraceus, N. elegans or
N. obsoletus is needed.
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Concluding remarks

Our results provide a more detailed insight into the biogeo-
graphical histories of early divergent lineages of Narcissus,
followed by contrasting evolutionary patterns. We have shown
here that the genus Narcissus probably originated in the
western Mediterranean during the Late Oligocene and gave rise
to several new lineages in the Iberian Peninsula. In particular,
section Apodanthi colonized Africa from the Iberian ancestral
area, and then probably back-colonized Iberia. In contrast,
many species of the lowland subgenus Hermione expanded
throughout the Mediterranean Basin. The diversification of all
these lineages coincided with three geological events: the
orogeny and displacement of the Alboran domain, which
formed a land bridge between Africa and Iberia 12 Ma
(Rosenbaum et al., 2002); the Messinian salinity crisis 5.96—
5.33 Ma (Krijgsman et al., 1999a; Krijgsman, 2002); and the
climatic oscillations of the Pleistocene, coupled with sea-level
fluctuations enabling connections between islands (Collina-
Girard, 2001). Different Narcissus groups show very different
ecogeographical patterns and speciation processes, which
include hybridization and polyploidy in lowland coastal
species (Diaz Lifante & Andrés Camacho, 2007; Diaz Lifante
et al., 2009) with largely overlapping ranges (subgenus
Hermione), with some of them (e.g. N. tazetta and N. obsoletus)
showing successful long-distance dispersal. Our study thus
illustrates an unexpected possibility for long-distance dispersal
of geophytes, despite their lack of evident morphological
adaptations for such dispersal. In contrast, allopatric speciation
without genetic exchange, mostly driven by specialization to
abiotic (soil and climate) or biotic (pollinators) environments,
especially in mountain habitats, represents the most likely
evolutionary scenario for section Apodanthi (Pérez-Barrales
et al., 2006). These two different evolutionary histories illustrate
the diversity of biogeographical processes acting on evolutionary
diversification of plants from the same genus.
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Additional supporting information may be found in the online
version of this article:

Appendix S1 Species and populations of Narcissus sampled
in this study.

As a service to our authors and readers, this journal provides
supporting information supplied by the authors. Such mate-
rials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
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missing files) should be addressed to the authors.

Journal of Biogeography
© 2011 Blackwell Publishing Ltd

Historical biogeography of Narcissus

BIOSKETCHES

Rocio Santos-Gally is currently finishing her PhD at the
University of Seville. Her current main interests include
macroevolutionary and microevolutionary processes in the
genus Narcissus with particular emphasis on evolutionary
traits associated with reproduction.

Juan Arroyo is a professor at the Department of Plant
Biology and Ecology of the University of Seville. His research
focuses on plant reproductive ecology and biogeography in the
Mediterranean area.

Pablo Vargas (Real Jardin Botdnico, CSIC) leads projects on
the evolution and molecular systematics of primarily Medi-
terranean plant groups. He is currently investigating the
biogeography, phylogeography, speciation and microevolution
of western Mediterranean and Macaronesian genera.

Editor: Malte Ebach

17



