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Origin of Mediterranean insular endemics
in the Boraginales: integrative evidence
from molecular dating and ancestral area
reconstruction
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INTRODUCTION

Since Wallace’s (1902) seminal book Island Life, ‘true islands’

(i.e. portions of land isolated by water from significant

landmasses) have been viewed as remarkable natural labora-

tories for studying processes of speciation because of their

well-defined boundaries, relative geographical isolation, smal-

ler area, lower species number and higher proportion of

endemics compared with continents (Schoener, 1988).

‘Continental fragment islands’ form by means of the break-up
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ABSTRACT

Aim The presence of numerous reliable fossils and the occurrence of many

endemic island species make the Boraginales particularly suitable for integrative

biogeographical studies. In this paper we aim to elucidate the time frame

and events associated with the origin of selected borages endemic to the

Mediterranean climate zone. More specifically, we describe and examine the

alternative palaeo- and neoendemic hypotheses for their origin.

Location Corsica and Sardinia (continental fragment islands) and the Canary

Islands (an oceanic island archipelago).

Methods Eighty-nine accessions, representing 30 genera from five families

ascribed to the Boraginales, were examined for six chloroplast DNA regions. We

used an integrative approach including phylogenetic analyses (MrBayes),

Bayesian molecular dating (T3 package) with four fossil constraints on nodes,

and biogeographical reconstructions (diva) to elucidate the temporal and spatial

origins of the Corso-Sardinian and Canary Island endemics.

Results Species of Echium endemic to the Canary Islands diverged from their

continental sister clade during the Miocene (15.3 ± 5.4 Ma), probably after the

rise of the oldest islands (c. 20 Ma). Corso-Sardinian endemics of Borago

diverged from their primarily North African sister clade during the late

Miocene-Pliocene (c. 6.9 ± 3.6 Ma), well after the initial fragmentation of the

islands (c. 30 Ma). Similarly, Corso-Sardinian endemics of Anchusa diverged

from the South African Anchusa capensis during the Pliocene–Pleistocene

(c. 2.7 ± 2.1 Ma).

Main conclusions The present study reveals an Anatolian origin for Anchusa,

Borago and Echium and underlines the importance of the Eastern Mediterranean

region as a possible reservoir for plant evolution in the Mediterranean Basin. For

Anchusa and Borago, the divergence from their respective sister clades on the two

types of islands post-dated the formation of the islands, thus supporting the neo-

endemic hypothesis, whereas the dating results for the origin of Echium endemics

were less conclusive.
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of continental plates (i.e. through horizontal movements) and

usually harbour a subset of the mainland biota, meaning that

empty ecological niches are generally rare or absent (Gillespie

& Roderick, 2002; Lomolino et al., 2006; Whittaker &

Fernández-Palacios, 2007). In contrast, ‘oceanic islands’ result

from volcanic activity (i.e. from volcanic island formation) and

are initially bare of life, meaning that many empty ecological

niches are available for colonization and/or speciation

(Gillespie & Roderick, 2002; Whittaker & Fernández-Palacios,

2007).

Island endemics can be divided into two main groups:

palaeoendemics and neoendemics. The distinction between

these two types of endemics has been equivocal, as it has relied

on a number of criteria, including taxonomic, cytological and

phytogeographical evidence (Bramwell, 1972b; Carlquist,

1974) or climatic events (Cronk, 1992). For example, island

palaeoendemics can be defined in relation to the climatic

changes that caused the extinction of their closest relatives on

the mainland while allowing their survival on islands (Cronk,

1992). By using this criterion, however, the assignment of

endemics to either group is ambiguous, for it depends on the

specific climatic event used as the dividing line between

palaeo- and neoendemics. Alternatively, the geological age of

the islands provides a possible bounded time-scale to allow us

to discriminate between palaeo- and neoendemics. We adopt

this criterion here.

If a speciation event post-dated the formation of either an

oceanic or a continental island, we categorize the species as a

‘neoendemic’. In this sense, insular neoendemics must have

diverged from their closest relatives in situ. Initially, neo-

endemics were characterized by geographical and taxonomic

proximity to their closest extant relatives, and by their derived

position in phylogenetic trees (Favarger & Contandriopoulos,

1961; Bramwell, 1972b; Major, 1988; Greuter, 1991). By

contrast, if the speciation event preceded island formation,

the species is defined as a ‘palaeoendemic’. In the case of

continental islands, species divergence might have been driven

by the geological separation of the island from the mainland

(vicariance), and thus the palaeoendemic may represent a

surviving element of the ancestral continental biota on the

island (Gillespie & Roderick, 2002). Alternatively, insular

palaeoendemics might have originated ex situ and colonized

the continental or oceanic island after its formation by means

of long-distance dispersal (LDD). The criteria traditionally

used to identify palaeoendemics have relied primarily on

geographical and taxonomic isolation (e.g. monotypic genera)

compared with their closest extant relatives and on their basal

position in phylogenetic reconstructions (Favarger &

Contandriopoulos, 1961; Bramwell, 1972b; Major, 1988;

Greuter, 1991).

Considering their initial connection with the continental

biota and the scarcity of empty ecological niches available for

new colonizers, and assuming enough time since isolation from

the mainland, fragment islands would be expected to contain a

higher proportion of palaeoendemic than of neoendemic

elements (Gillespie & Roderick, 2002). In contrast, oceanic

islands are expected to harbour a larger number of neoendem-

ics, owing to the absence of initial connections with continents

and the availability of many empty ecological niches (Gillespie

& Roderick, 2002). Overall, the relative composition of

palaeoendemics and neoendemics in both types of islands

reflects the global history and dynamics of either ‘islands as

museums’ or ‘islands as cradles of speciation’ (Cronk, 1992,

1997). The distinction between these two categories of islands is

fundamental to understanding the origin of their diversity

(proportion of palaeoendemics vs. neoendemics) and has

profound implications for conservation (e.g. proportion of

native vs. invasive species, naiveté vs. invasion).

In the Mediterranean realm (including Macaronesia, i.e.

from north to south, the Azores, Madeira, the Canary Islands

and Cape Verde), Corsica–Sardinia and the Canary Islands

constitute geologically well known and floristically species-rich

representatives of fragment and oceanic islands, respectively.

In the western Mediterranean Basin, Corsica and Sardinia are

remnants of the ‘Hercynian belt’, a Palaeozoic mountain chain

that extended from Iberia to southern Europe during the early

Oligocene. According to tectonic reconstructions (Alvarez

et al., 1974; Rosenbaum et al., 2002), an ancestral Corsica–

Sardinia–Calabria microplate started to rift off from the

Hercynian belt c. 30–28 Ma (million years ago), and rotated

south-eastwards until it collided with the central part of the

Apulian microplate (corresponding to the current Italian

peninsula) about 20 Ma. Corsica reached its current position

about 16 Ma (Speranza et al., 2002), achieving complete

separation from the Sardinia–Calabria microplate. During

the late Miocene (c. 6 Ma), the closure and partial desiccation

of the Mediterranean Sea might have allowed some connec-

tions between North Africa, Corsica, Sardinia and Eurasia

(Hsü, 1972; Duggen et al., 2003). Finally, Calabria separated

from Sardinia and collided with southern Italy during the

Pliocene (Hsü et al., 1977).

Corsica and Sardinia represent the largest and floristically

most diverse fragment islands in the Mediterranean Basin

(Médail & Quézel, 1997). Indeed, 485 out of the 4572 plant

species native to Corsica and Sardinia are endemic (c. 10%),

and the Corso-Sardinian (CS) area is currently listed as a

hotspot for plant diversity in the Mediterranean Basin

(Contandriopoulos, 1990; Mariotti, 1990; Gamisan & Jean-

monod, 1995; Médail & Quézel, 1997; Bacchetta & Pontecorvo,

2005). Although the CS flora is very well described in terms of

plant communities (e.g. Gamisan, 1991), the origin and

affinities of its endemic species are still unclear. Available

cytogeographical and systematic studies suggest that a majority

of taxa endemic to Corsica or Sardinia evolved from a western

Mediterranean stock or invaded these islands from northern

Europe, and to a lesser extent from North Africa, the eastern

Mediterranean or the Middle East (Cardona & Contandripo-

ulos, 1977, 1979; Contandriopoulos & Cardona, 1984; Cont-

andriopoulos, 1990; Gamisan & Jeanmonod, 1995). Most of

the aforementioned conclusions were drawn from qualitative

assessments of similarities between floras, rather than from

explicit estimates of ancestral areas and times of origin for the
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CS taxa. Furthermore, the suggested proportion of palaeoen-

demics (32%) to neoendemics (68%) in the flora of Corsica

was inferred from the number of monospecific or taxonom-

ically isolated taxa (Verlaque et al., 1997), rather than being

based on explicit phylogenetic analyses.

The Canary Islands off the north-western Atlantic coast of

Africa are part of the Macaronesian biogeographical region

(Whittaker & Fernández-Palacios, 2007). Recent geological

surveys have demonstrated the sequential origin of the

Canaries, starting about 20.2 Ma with the origin of Fuert-

eventura and ‘ending’ about 1.1 Ma with the emergence of

El Hierro (Guillou et al., 2004). The Canaries exhibit a

Mediterranean climate similar to the one encountered in the

Hercynian Islands (Whittaker & Fernández-Palacios, 2007)

and constitute the floristically richest islands of Macaronesia,

with c. 1700 species and 680 endemic species or subspecies

(Whittaker & Fernández-Palacios, 2007; Reyes-Betancort

et al., 2008). From a phylogenetic point of view, most

Canarian plant endemics studied so far have been found to

be sister to western Mediterranean clades (Carine et al.,

2004). Several investigated genera, including Argyranthemum

(Asteraceae; Francisco-Ortega et al., 1997), Echium (Bora-

ginaceae; Böhle et al., 1996) and Lotus (Fabaceae; Allan

et al., 2004), exhibit spectacular patterns of island radiation,

but overall only a few phylogenetic studies have incorpo-

rated a temporal dimension to evaluate the neoendemic vs.

palaeoendemic origin of Canarian plant endemics (Carine,

2005).

The Boraginales, with c. 130 genera and 2300 species

(Mabberley, 2000; Gottschling et al., 2001; Langström &

Chase, 2002), represent an ideal model system with which to

test the spatial and temporal origins of species endemic to

either fragment or oceanic islands. Indeed, seven taxa of

Anchusa and two of Borago are endemic to Corsica and

Sardinia, whereas 27 species of Echium are endemic to the

Macaronesian archipelagos, of which 23 are restricted to the

Canary Islands (Bramwell, 1972a) (authorities for all species

used in this study are given in Appendix S1 in Supporting

Information). Anchusa is a moderate-sized genus, with c. 30

species occurring in the Mediterranean Basin and the Middle

East, and seven species/subspecies restricted to either the

coastal (Anchusa crispa subsp. crispa, A. crispa subsp. mariti-

ma, Anchusa littorea, Anchusa sardoa) or mountainous

(Anchusa formosa, Anchusa capelli, Anchusa montelisana)

habitats of Sardinia and Corsica (Bacchetta et al., 2008).

Available hypotheses postulate a Hercynian origin for the

Sardinian endemics of Anchusa (Selvi & Bigazzi, 1998). Borago

consists of four species restricted to north-west Africa (Borago

trabutii, Borago longifolia), Corsica, Sardinia and the Tuscan

Archipelago (Borago morisiana, Borago pygmaea), and one

widespread species, Borago officinalis, distributed in the

Mediterranean region as a weed or cultivated for its horticul-

tural, culinary or pharmacological properties (Selvi et al.,

2006). The palaeoendemic status proposed for B. morisiana

and B. pygmaea on the basis of their narrow range and

ecological specialization (Cardona & Contandripoulos, 1979)

was not supported by the embedded position of these species

in recent phylogenetic studies (Selvi et al., 2006). Finally,

Echium contains c. 60 species found in the Macaronesian

archipelagos, the Mediterranean Basin and the Middle East

(Bramwell, 1972a; Böhle et al., 1996).

Overall, most hypotheses concerning the origin and status

of the above-mentioned insular endemics remain unresolved

owing to a lack of rigorous analyses, including molecular

dating and reconstructions of ancestral areas of distribution.

The existence of many reliable fossils (Segal, 1966; Gabel,

1987; Gottschling et al., 2002), essential for the generation of

an absolute and independent time frame for the origin of the

respective CS and Canarian endemics through molecular

dating methods, and the absence of obvious adaptive traits

for long-distance dispersal (Selvi et al., 2006) make Boragi-

nales especially suitable for an integrative biogeographical

study.

In this study we used phylogenetic analyses of sequences

from six chloroplast DNA (cpDNA) markers, Bayesian dating

methods (with four fossil calibrations) and ancestral area

reconstructions, in combination with palaeogeographical,

palaeoclimatic and ecological evidence, to elucidate the time

frame and biogeographical events associated with the origin of

the selected borage endemics. More specifically, we ask: (1)

when did the endemics diverge from their sister clades, and (2)

where did the endemics come from? We then compare our

results with the alternative hypotheses of palaeoendemism and

neoendemism. The first hypothesis predicts that the divergence

between the respective endemics and their sister clades pre-

dates plate fragmentation (fragment island endemics) or the

rise of volcanic islands (oceanic island endemics). The second

hypothesis postulates that phylogenetic divergence post-dates

the geological events.

MATERIALS AND METHODS

Character and taxon sampling, DNA extraction,

polymerase chain reaction amplification and

sequencing

A total of 88 new accessions were sequenced for the following

six cpDNA regions: (1) the trnL intron; (2) the trnL–trnF

intergenic spacer, both included in the tRNALEU intron/spacer

region; (3) the ndhF gene; (4) the rbcL gene; (5) part of the

trnK intron; and (6) the matK gene, both included in the matK

region. Plant samples were either obtained from botanical

gardens and herbaria (46 accessions) or collected in the wild

(42 accessions) (see Appendix S1). Selected accessions repre-

sented: (1) 30 genera within five families ascribed to the

Boraginales sensu Gottschling et al. (2001, 2004, 2005), namely

Boraginaceae, Cordiaceae, Ehretiaceae, Heliotropiaceae and

Hydrophyllaceae; (2) several species of Cordia, Cryptantha,

Ehretia and Lithospermum, four genera with reliable fossil

record (Segal, 1966; Gabel, 1987; Gottschling et al., 2002); (3)

15 species/subspecies out of the 27 taxa ascribed to Anchusa

s. str., including five out of seven taxa endemic to Corsica and
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Sardinia (Bacchetta et al., 2008); (4) four out of five species of

Borago, including two out of two species endemic to Corsica

and Sardinia (Selvi et al., 2006); and (5) 9 out of 29 species/

subspecies of Echium endemic to the Canary Islands (Bram-

well, 1972b; Böhle et al., 1996; Izquierdo et al., 2004) and 3 out

of 30 Echium species from the mainland. Whereas the

sampling of the Canarian endemics of Echium encompassed

their morphological and habit diversity, including annual

herbs (Echium bonnetii), monocarpic herbs (Echium auberia-

num), monocarpic rosette trees (Echium wildpretii) and

candelabra trees (Echium aculeatum or Echium giganteum),

the sampling of the mainland Echium taxa represented three

out of four clades strongly supported by a phylogenetic

analysis based on a sample of 37 out of 57 species (Böhle et al.,

1996). The study by Böhle et al. (1996), although omitting any

explicit temporal estimation, provided sound evidence for the

monophyly of the Canarian Echium.

Sequences of Nicotiana tabacum retrieved from GenBank

(Z00044) were used to delimit the respective boundaries of the

sequenced regions. Nicotiana was also selected as a rooting

outgroup, based on previously published phylogenies of

Boraginales (Gottschling et al., 2001, 2004, 2005; Langström

& Chase, 2002). DNA extraction, polymerase chain reaction

(PCR) amplification and purification, and sequencing followed

protocols described in Mansion et al. (2008). The sequences of

primers used for DNA amplification and sequencing are given

in Table 1.

Phylogenetic inference

DNA sequences were aligned manually using Se-Al (Rambaut,

1996) and combined in a matrix of 89 accessions (88 new

sequenced accessions together with one accession of Nicotiana

as the outgroup) and 4857 aligned characters (89-taxon

dataset), including coded gaps. A difficult-to-align region in

the trnL intron, comprising AT repeats and situated between

positions 295 and 296 of the final alignment, was excluded

from the analysis. Gaps were coded with Fastgap (Borchsenius,

2007) and added as binary states at the end of the matrix. The

dataset was analysed using Bayesian inference, with a selected

model of sequence evolution for each of the six markers (i.e.

trnL intron, trnL–trnF intergenic spacer, ndhF gene, rbcL gene,

trnK intron, matK gene). The best respective models were

chosen using the Akaike information criterion, as implemented

in MrModeltest (Nylander, 2004). A binary model (Lset

coding = variable) was applied to the coded gaps. Bayesian

analyses were performed with MrBayes ver. 3.1 (Huelsenbeck

& Ronquist, 2001), using one cold and three heated Markov

chain Monte Carlo (MCMC) chains run for 5 · 106 cycles,

sampling trees every 1000 generations, and with a default

temperature parameter value of 0.2. Trees sampled after

stationarity were used to produce a majority rule consensus

tree (Fig. 1). Stationarity was determined by plotting the log

likelihood (lnL) values against the number of generations

(Gen) and established for each parameter using Tracer ver.

1.4 (Rambaut & Drummond, 2007). Convergence of runs was

asserted when the potential scale reduction factor provided by

the sump output approached 1.0, the values of standard

deviations of split frequencies were below 0.001, and the

resulting tree topologies, branch lengths and clade credibility

values were similar across runs (Huelsenbeck & Ronquist,

2001; Huelsenbeck et al., 2002; Ronquist & Huelsenbeck,

2003). Branch support was estimated with the bootstrap

method (Felsenstein, 1985), using paup* (Swofford, 2002).

Each bootstrap score (BS) was obtained from 100 replicates

with the resample option on, using heuristic searches with 100

random additions and tree bisection–reconnection (TBR)

branch swapping.

For the molecular dating analysis and ancestral area

reconstruction, both requiring fully resolved trees, the initial

dataset of 89 accessions (Fig. 1) was reduced by pruning

accessions, but keeping representatives of all major clades

Table 1 General information for the primers used in this study.

Primer Sequence (5¢ fi 3¢) Direction Use cpDNA region References

trnLc CGAAATCGGTAGACGCTACG F A, S tRNALEU intron/spacer Taberlet et al. (1991)

trnLd GGGGATAGAGGGACTTGAAC R S tRNALEU intron/spacer Taberlet et al. (1991)

trnLe GGTTCAAGTCCCTCTATCCC F S tRNALEU intron/spacer Taberlet et al. (1991)

trnLf ATTTGAACTGGTGCAACGAG R A, S tRNALEU intron/spacer Taberlet et al. (1991)

ndhF-972F GTGGTAGAAAGCAACGTGCGACTT F A, S Part of the ndhF gene Olmstead & Sweere (1994)

ndhF-2110R TCGGGATCGAACATCAATTGCAAC R A, S Part of the ndhF gene Olmstead & Sweere (1994)

rbcL-1F ATGTCACCACAAACAGAAAC F A, S rbcL gene Asmussen & Chase (2001)

rbcL-724R CATGTACCTGCAGTAGC R A, S rbcL gene Asmussen & Chase (2001)

rbcL-636F GCGTTGGAGAGATCGTTTCT F A, S rbcL gene Asmussen & Chase (2001)

rbcL-Rev TCCTTTTAGTAAAAGATTGGGCCGAG R A, S rbcL gene Asmussen & Chase (2001)

matk-1F ACTGTATCGCACTATGTATCA F A, S matK gene Sang et al. (1997)

matK-590F AAGATGCCTCTTCTTTGCAT F A, S matK gene Sang et al. (1997)

matK-1320R GATCCGCTGTGATAATGAGA R A, S matK gene Sang et al. (1997)

trnK-2R AACTAGTCGGATGGAGTAG R S matK gene Johnson & Soltis (1995)

F, forward; R, reverse; A, amplification by polymerase chain reaction; S, sequencing.
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Figure 1 MrBayes 50% majority rule consensus tree of the Boraginales inferred from the combined 89-taxon dataset (88 new

sequenced accessions together with one accession of Nicotiana tabacum as the outgroup; 4857 aligned positions). Bootstrap values are

reported above the branches.
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Figure 2 Chronogram of the Boraginales inferred from Bayesian dating analysis of the 73-taxon dataset (4845 aligned positions).

F1–F4 indicate minimum age constraints used for calibration, and nodes 1–6 represent the stem and crown nodes of the island endemics,

with associated minimum age estimates (Ma) and 95% confidence intervals (grey bars).
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recovered in the broader analysis (Fig. 2). The reduced dataset,

comprising 73 accessions and 4845 aligned characters

(73-taxon dataset), was analysed using Bayesian inference with

the same settings as above. A list of selected taxa with their

current distribution is shown in Appendix S2.

Molecular dating analysis and node calibration

Because the likelihood ratio (LR) test comparing the likeli-

hood scores of the trees resulting from the Bayesian analyses

of the 73-taxon dataset with and without an enforced clock

was rejected (LR = 350, d.f. = 71, P < 0.01), we used the

Bayesian approach implemented in multidivtime (Thorne

et al., 1998; Kishino et al., 2001; Thorne & Kishino, 2002) to

estimate divergence times at the nodes of interest. First, the

maximum likelihood branch lengths of the rooted cladogram

and their variance–covariance matrix were estimated using the

baseml and estbranches programs in paml ver. 4 (Thorne

et al., 1998; Yang, 2007), under the F84 + G model of

substitution. Output branch lengths were then used as priors

in MCMC searches in multidivtime (Thorne & Kishino,

2002) to find the most likely model of rate change given the

sequence data, the chosen topology, four fossil constraints on

nodes and a Brownian motion parameter (nu) that deter-

mines the permitted rate change between an ancestral and a

descendant node.

Four values for prior distribution, specified in units of

10 Myr, were set as follows. First, the mean of the prior

distribution for the age of the ingroup root (rttm) was set to

eight, with a standard deviation of 0.8 (rttmsd), following the

estimation of Wikström et al. (2001) for the age of the

Boraginales (c. 80 Ma). Second, the mean of the prior

distribution for the rate of molecular evolution at the ingroup

root (rrate) was set to 0.005, by dividing the median of the sum

of estimated branch lengths between the ingroup root and the

tips by the rttm value. Third, the mean of the Brownian

parameter nu (brownmean) was set to 1 per rttm, following

Jeff Thorne’s manual instructions. For both rrate and rttm

values, the corresponding standard deviations of the prior

distribution (rratesd and brownmeansd, respectively) were set

equal to the mean so as to reflect our ignorance concerning

prior distributions. Finally, we set the bigtime value to 13.0, in

order to reflect the estimated age of the oldest eudicot pollen

(c. 125 Ma; Doyle & Donoghue, 1993). The Markov chain was

run for 100,000 cycles and sampled every 100 cycles, after an

initial burn-in period of 100,000 generations. The multidiv-

time analysis was performed twice with different initial

random seed sets, and the output files checked for stationarity

of the Markov chain.

The transformation of relative ages into absolute ages was

performed using four constraints on nodes F1–F4 (Fig. 2).

Because, the goal of our study was to compare the time frames

of geological vs. speciation events, we used only palaeobotan-

ical constraints to avoid potential pitfalls of circularity with

geological calibration. All fossil constraints were assigned as

minimum, rather than fixed, ages to account (at least in part)

for the imprecision of the fossil age estimates (Magallón,

2004). Overall, the fossil record of the Boraginales comprises

specimens collected from the Palaeocene to the late Miocene

(Collison, 1983; Chelebajeva, 1984). The most reliable speci-

mens described in the Cordiaceae are fossil leaves from the

Asian Eocene (c. 50 Ma), which are very similar to the leaves of

the extant Cordia monoica and Cordia myxa (Chelebajeva,

1984), thus justifying a minimum constraint of 50 Ma for the

crown node of the ‘Myxa clade’ of Cordia (Node F1 ‡ 50 Ma;

Fig. 2), in agreement with the strategy also adopted by

Gottschling et al. (2002). The most reliable fossils of Ehretia

are from the early Eocene formations of the London Clay (c.

50 Ma; Collison, 1983) and resemble the nutlets of the extant

East Asian Ehretia acuminata (Reid, 1923), with which they

share essential apomorphies (Gottschling et al., 2002). They

can therefore be assigned unequivocally to the ‘Ehretia clade’

(Ehretiaceae; Gottschling et al., 2002) (Node F2 ‡ 50 Ma;

Fig. 2). Because, the BS value for node F2 was quite low

(BS < 50; Fig. 1), an alternative analysis was performed by

positioning the fossil constraint on the Ehretia crown node (BS

100; Fig. 1).

Other well-described fossils of Boraginaceae have been

assigned to the extant Cryptantha and Lithospermum. These

fossils represent segments of fruits or nutlets found in the late

Miocene strata of South Dakota (Ash Hollow Formation,

Ogallala Group, c. 10 Ma; Segal, 1966; Gabel, 1987). We

therefore assumed a conservative minimum age of 10 Ma for

all of them. The fossil nutlets of C. coroniformis represent the

most frequent and reliable fossils of Cryptantha described so

far (Segal, 1966) and closely resemble extant nutlets of

C. crassipetala or C. minima. The morphological characteris-

tics of these fossil nutlets are present in most extant Cryptantha

species but are absent from the sister genera Cynoglossum and

Paracaryum (Payson, 1927): the fossil constraint was thus

assigned to the crown node of the entire Cryptantha clade

(Node F3 ‡ 10 Ma; Fig. 2). Finally, silicified nutlets of the

extinct Lithospermum dakotense exhibit several features that are

present in extant species of Lithospermum (Gabel, 1987) but

absent in Neatostema (Seibert, 1978). Because Lithospermum is

paraphyletic (Figs 1 & 2), this fossil was used to constrain the

crown node of the Lithospermum s.l. clade (node F4 ‡ 10 Ma;

Fig. 2).

Ancestral area reconstruction

Biogeographical analyses were performed on the fully resolved

Boraginaceae clade inferred from the 73-taxon dataset (Fig. 2;

BS 100), using the dispersal–vicariance approach implemented

in the diva software (Ronquist, 1996, 1997). diva is a

parsimony-based method that reconstructs ancestral distribu-

tions for a given phylogeny without assuming any underlying

area relationships, and favouring a priori processes of vicar-

iance and duplication (cost of zero) over dispersal and

extinction (cost of one). We performed two ‘extreme’ analyses

using either no (option ‘optimize’, favouring vicariance) or

maximum (option ‘optimize maxareas = 2’, favouring
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dispersal) area constraints (Zink et al., 2000). We selected 14

areas (Fig. 3), corresponding to the main continental plates or

microplates identified in tectonic reconstructions (Stampfli

et al., 1991; Rögl, 1999; Krijgsman, 2002; Rosenbaum et al.,

2002; Meulenkamp & Sissingh, 2003; Fromhage et al., 2004)

and described in detail in Mansion et al. (2008).
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RESULTS

Phylogenetic inference

The 89-taxon dataset consisted of the following partitions:

trnL intron = 479 bp; trnL–trnF intergenic spacer = 446 bp;

ndhF gene = 743 bp, rbcL gene = 1199 bp; trnK intron

= 1014 bp; matK gene = 734 bp; coded indels = 242 binary

characters. The resulting tree (Fig. 1) included only three

polytomies, none of which involved the nodes that are

crucial to estimating the divergence of the island endemics

from their mainland relatives (nodes 1, 3, 5; Fig. 2). The

73-taxon dataset consisted of 4845 aligned positions from

the same partitions as listed above. Because independent

Bayesian and bootstrap analyses of the two matrices yielded

congruent topologies and similar branch support (Figs 1 &

2) for the resulting 50% majority rule consensus trees, the

following description is based on Fig. 1 only (i.e. the

89-taxon dataset).

The majority rule consensus tree (Fig. 1) defined three

strongly supported clades, containing the respective endemics

of Echium (clade A, BS 100), Borago (clade B, BS 100) and

Anchusa (clade C, BS 100). Clade A is embedded in the Echium

clade (BS 100) and further divided into two well-supported

clades (BS 100 and BS 91). Clade B is included in the Borago

clade (BS 100) and is sister to the widespread B. officinalis (BS

100). Within clade B, the two accessions of Borago pygmaea

from Corsica (accession 1) and Sardinia (accession 2) formed a

well-supported clade (BS 68), sister to B. morisiana. Finally,

clade C remained largely unresolved and showed sister

relationships with the South African Anchusa capensis (BS

86); both were included in a large paraphyletic ‘Anchusa s.l.’

clade (BS 100).

Divergence time estimation

Molecular dating analyses produced the following estimated

ages for the nodes of interest: node 1 = 15.3 ± 5.4 Ma

(Miocene) and node 2 = 9.2 ± 4.3 Ma (middle–late Mio-

cene) for the stem and crown nodes of clade A (Echium

endemics), respectively; node 3 = 6.9 ± 3.6 Ma (late Mio-

cene–Pleistocene) and node 4 = 2.3 ± 1.9 Ma (Pliocene–

Pleistocene) for the stem and crown nodes of clade B

(Borago endemics), respectively; node 5 = 2.7 ± 2.1 Ma

(Pliocene–Pleistocene) and node 6 = 1.2 ± 1.2 Ma (Pleisto-

cene) for the stem and crown nodes of clade C (Anchusa

endemics), respectively (Figs 2 & 3; Table 2). The alternative

analysis, performed by assigning the fossil F2 to the crown

node of Ehretia, gave very similar results for the respective

nodes 1–6 (not shown). Based on a recent study of Linder

et al. (2005), showing that the age estimate of a test node is

not affected by the undersampling of the clade sustained by

that node, it seems unlikely that the age of the stem node of

the Canarian endemics (node 1) would change significantly

with increased taxon sampling.

Ancestral area reconstruction

Ancestral area reconstruction required a total cost of either 156

(maxareas = 2) or 149 (maxareas = 14) dispersal events. In the

optimizations shown on the chronograms of Fig. 3, the nodes

numbered 1, 3 and 5 represent the stem nodes of clades A, B

and C. Both analyses inferred the same ancestral areas for node

5. Duplication events were inferred for node 3, whereas

vicariance events were inferred for nodes 1 and 5. When

multiple area reconstructions were possible for one node

(marked with an asterisk on Fig. 3), the ancestral areas selected

at that node were based on geographical contiguity between

areas during the relevant geological periods.

DISCUSSION

Our integrated approach, based on phylogenetic inference,

molecular dating estimates and ancestral area reconstructions

provides overall support for an Anatolian origin for the stem

nodes of the Echium, Borago and Anchusa s.l. clades, which

appear to have originated mainly during the Middle Oligocene

(Fig. 3a,b), a pattern recently demonstrated for other groups of

plants (e.g. the Araceae–Areae; Mansion et al., 2008). Keeping

in mind (1) the extent of our current sampling, (2) the limits

of diva reconstructions (Ronquist, 1996, 1997), and (3) the

fact that the mean ages estimated in this study represent

minimum ages with sometimes large confidence intervals, we

introduce in the following discussion tentative hypotheses

concerning the origins of clades A, B and C. Finally, based on

the present results, we propose a redefinition of the concept

of insular endemism, taking into account the temporal

divergence of the lineages, the respective types of islands

(continental versus oceanic), and their geological history.

Origin of the island endemics

The Canarian endemics of Echium

Molecular dating estimates and reconstruction of ancestral

areas suggest that clade A (Canarian endemics of Echium;

Table 2 Mean age estimates (Ma) with standard deviations (SD)

and 95% confidence intervals for the six nodes of the respective

clades A (Echium endemics), B (Borago endemics), and C

(Anchusa endemics), as obtained by multidivtime (Thorne &

Kishino, 2002) analyses.

Node multidivtime (Ma)

N Designation Mean (± SD) 95% interval

1 Clade A stem node 15.3 (± 5.4) 6.8–27.6

2 Clade A crown node 9.2 (± 4.3) 3.1–19.6

3 Clade B stem node 6.9 (± 3.6) 2.0–15.7

4 Clade B crown node 2.3 (± 1.9) 0.3–7.2

5 Clade C stem node 2.7 (± 2.1) 0.3–8.3

6 Clade C crown node 1.2 (± 1.2) 0.03–4.6
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Fig. 1) diverged from its sister clade, comprising Mediterra-

nean, continental species of Echium, during the Miocene in a

large area encompassing the Mediterranean Basin and the

Canary Islands (node 1 = 15.3 ± 5.4 Ma; Figs 2 & 3a,

Table 2), before undergoing further expansion within

the Canaries during the middle–late Miocene (node 2 =

9.2 ± 4.3 Ma; Fig. 2, Table 2). This biogeographical pattern is

congruent with the majority of studies that identified a single

origin for Canarian taxa and sister relationships with

Mediterranean taxa, including Argyranthemum (Asteraceae;

Francisco-Ortega et al., 1997), Bencomia (Rosaceae; Helfgott

et al., 2000), Ixanthus (Gentianaceae; Mansion & Struwe,

2004), Gonosperminae (Asteraceae; Francisco-Ortega et al.,

2001) and Sideritis (Lamiaceae; Barber et al., 2002).

Although the current patterns of distribution of the

Canarian endemics and their sister clade are mutually exclu-

sive, and thus technically vicariant (Fig. 3a), the Canary

Islands, being of volcanic origin in deep water, were never

connected to the African plate (Carracedo et al., 1998).

Therefore, cladogenesis cannot be explained by geological

fragmentation, and over-water dispersal is required to explain

the origin of the insular species of Echium.

Overall, our integrated approach suggests a single coloniza-

tion of the Canary Islands by Echium following the emergence

of the oldest islands of the archipelago, thus favouring the

neoendemic hypothesis. However, age estimates at the lower

end of the confidence interval (Fig. 3, Table 2) and the limited

extent of our current taxon sampling do not completely rule

out the possibility of an earlier origin, possibly pre-dating the

appearance of the first island in the archipelago.

The CS endemics of Borago

Combined evidence from dating analyses and diva recon-

structions (Ronquist, 1996) indicates that the common

ancestor of the CS endemics of Borago and their widespread

Mediterranean sister B. officinalis expanded from North Africa

into Sardinia some time during the early to middle Miocene

(Fig. 3b). This scenario was chosen from two equally most

parsimonious possibilities (not shown), based on palaeogeo-

logical maps indicating available land connections between the

respective areas during this time frame (21–15 Ma; Fig. 3b).

Subsequently, the common ancestor, which broadly occurred

throughout North Africa and Sardinia, diverged in situ during

the late Miocene–Pleistocene (node 3 = 6.9 ± 3.6 Ma; Figs 2

& 3b, Table 2) into B. officinalis, which then dispersed to the

remaining parts of the Mediterranean region, and the ancestor

of B. morisiana and B. pygmaea, which later went extinct in

North Africa. Finally, some populations of the endemic

B. pygmaea ultimately dispersed to Corsica during the late

Pliocene.

The expansion of the xerophytic B. officinalis from North

Africa to Eurasia and the range reduction of the current CS

endemics of Borago might have been triggered by the

establishment of the Messinian salinity crisis (MSC; 5.96–

5.33 Ma), which resulted in a dramatic drying of the Medi-

terranean Sea (Hsü, 1972; Hsü et al., 1977; Krijgsman et al.,

1999; Roca, 2002; Meulenkamp & Sissingh, 2003; Rouchy &

Caruso, 2006). A prominent role of land corridors during the

MSC has been invoked to partially explain current distribu-

tional patterns of beetles (Carmignani et al., 1995; Robertson

& Grasso, 1995; Speranza et al., 2002), large mammals (Palmer

& Cambefort, 2000; Sanmartı́n, 2003) and some floristic

elements in Corsica (van der Made et al., 2006), although no

explicit time frame for the origin of these groups has been

provided.

To summarize, our study suggests that the phylogenetic

divergence of the insular endemics of Borago post-dates the

original fragmentation of the CS microplate (30–28 Ma;

Rosenbaum et al., 2002; Fig. 3b), even at the lower end of

the confidence interval for their minimum age (15.7 Ma;

Table 2), thus supporting their neoendemic origin. Earlier

hypotheses of palaeoendemism for the CS endemics of Borago

(Contandriopoulos, 1981, 1990) were based on the marked

differences in life history and ecological requirements between

the widespread annual B. officinalis, occurring in xerophytic

and ruderal places, and the endemic perennials B. pygmaea

and B. morisiana, found in shady and humid habitats.

The CS endemics of Anchusa

Our integrative study supports a phylogenetic divergence

between clade C (CS endemics of Anchusa) and A. capensis

during the Pliocene–Pleistocene (node 5 = 2.7 ± 2.1 Ma;

Figs 2 & 3b, Table 2), before the expansion of the former into

Sardinia and ultimately Corsica during the Pleistocene (node

6 = 1.2 ± 1.2 Ma; Fig. 2, Table 2). As already mentioned for

Borago, the recent colonization of Corsica by A. crispa was

probably facilitated by a drop in sea level during the

Pleistocene glacial maxima (Ehlers & Gibbard, 2004) and by

the ability of the seeds to float (occasional thalassochory) and

germinate after immersion in seawater (Quilichini & Debus-

sche, 2000).

The sister relationship between the CS endemics of Anchusa

and A. capensis is somewhat surprising on morphological

grounds, as the only synapomorphy is represented by the tiny

nutlets with a thin basal ring seam. However, this disjunct

Mediterranean–South African pattern was partially supported

by an earlier phylogenetic analysis of Boraginaceae (Hilger

et al., 2004) and has been proposed in other plant groups, for

example Erica (Ericaceae; McGuire & Kron, 2005), Iris and

Moraea (Iridaceae; Reeves et al., 2001), Centaurium and

Chironia–Orphium (Gentianaceae; Mansion & Struwe, 2004),

and Echium and Lobostemon (Boraginaceae; Böhle et al., 1996),

although often without the benefit of molecular dating

estimates (Galley & Linder, 2006). Our current sampling in

Anchusa does not allow us to discriminate between the two

routes for plant exchanges between the Mediterranean Basin

and South Africa that may have been available during the

Pliocene, namely a central Saharan track via the Ahaggar and

Tibesti mountains and an eastern African track via the Red Sea

hills (Wickens, 1976; Quézel, 1978; Percy & Cronk, 2002).
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Types of insular endemism

The concept of endemism was introduced by Engler (1882),

who first defined the terms ‘relict’ (i.e. taxa surviving in a

smaller portion of their former range) and ‘neoendemic’ (i.e.

autochthonous taxa newly formed in a defined area). The

relative ages of endemic taxa were deduced from various kinds

of evidence. For example, a palaeoendemic origin for a certain

taxon was inferred when related taxa were absent from the

same or adjacent areas, whereas the occurrence of related taxa

in the area was interpreted as evidence for neoendemism

(Wulff, 1950). Cytotaxonomic characteristics were subse-

quently used to distinguish between passive (palaeo- and

patroendemism) and active (schizo- and apoendemism)

endemism (Favarger & Contandriopoulos, 1961). Further-

more, the distinction between palaeo- and neoendemics has

been inferred from switches in morphological features (e.g.

herbaceous to woody habit) or in breeding system (Bramwell,

1972b; Carlquist, 1974) and type of vegetation or substrate

(Bramwell, 1972b; Carlquist, 1974).

Overall, previous definitions of palaeo- and neoendemics

have lacked a rigorous spatial and temporal framework

inferred from ancestral area reconstructions and dating

analyses, within which to estimate the place and time of origin

of the endemics. Indeed, the distinction between palaeo- and

neoendemism has long been plagued by subjective judgements

(Bramwell, 1972b; Carlquist, 1974; Cronk, 1992; Vargas, 2007).

The definitions proposed in this paper rely on unique

geological events that identify the origin of the islands, rather

than on arbitrarily chosen climatological events of global

impact. Adopting this geological criterion for the distinction

between different types of insular endemics, our analyses

support a neoendemic origin for the Echium species of the

oceanic Canary Islands and for the Anchusa and Borago

endemics of the fragmented CS microplate, providing overall

support for the assumption of Verlaque et al. (1997) that the

endemics of Corsica–Sardinia are predominantly neoendemics.

Other case studies on plant lineages that include insular

endemics on different types of islands and reliable fossil

records (e.g. Rutaceae) are under investigation to test the

palaeo- and neoendemic hypotheses in the Mediterranean

realm.

Finally, the present investigation highlights the need for

improved methods of ancestral area inference (Ree et al.,

2005) that allow for the explicit incorporation of a priori

estimates of the probability of dispersal dependent on the

distance between landmasses at different temporal scales.

This would avoid biased reconstructions based on a priori

assumptions of vicariance, as, for example, implemented in

diva.
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Quézel, P. (1978) Analysis of the flora of Mediterranean and

Saharan Africa. Annals of the Missouri Botanical Garden, 65,

479–534.

Quilichini, A. & Debussche, M. (2000) Seed dispersal and

germination patterns in a rare Mediterranean island

endemic (Anchusa crispa Viv., Boraginaceae). Acta Oeco-

logica International Journal of Ecology, 21, 303–313.

Rambaut, A. (1996) Se-Al: Sequence Alignment Editor. Avail-

able at: http://tree.bio.ed.ac.uk/software/seal; last accessed 19

November 2008.

Rambaut, A. & Drummond, A.J. (2007) Tracer v1.4. Available

at: http://tree.bio.ed.ac.uk/software/tracer; last accessed 19

November 2008.

G. Mansion et al.

1294 Journal of Biogeography 36, 1282–1296
ª 2009 Blackwell Publishing Ltd



Ree, R.H., Moore, B.R., Webb, C.O. & Donoghue, M.J. (2005) A

likelihood framework for inferring the evolution of geo-

graphic range on phylogenetic trees. Evolution, 59, 2299–2311.

Reeves, G., Chase, M.W., Goldblatt, P., Rudall, P., Fay, M.F.,

Cox, A.V., Lejeune, B. & Souza-Chies, T. (2001) Molecular

systematics of Iridaceae: evidence from four plastid DNA

regions. American Journal of Botany, 88, 2074–2087.

Reid, E.M. (1923) Nouvelles recherches sur les graines du

Pliocene inférieur du Pont-de-Gail (Cantal). Bulletin de la
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