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Abstract

Studying the biogeography and the phylogeography of the endemic Macaronesian red

Festuca species (Loliinae, Poaceae) is of prime interest in understanding the speciation

and colonization patterns of recently evolved groups in oceanic archipelagos. Coales-

cence-based analyses of plastid trnLF sequences were employed to estimate evolutionary

parameters and to test different species-history scenarios that model the pattern of

species divergence. Bayesian IM estimates of species divergence times suggested that

ancestral lineages of diploid Macaronesian and Iberian red fescues could have diverged

between 1.2 and 1.57 Ma. When empirical data were compared to coalescence-based

simulated distributions of discordance and p-distance statistics, two species-history

models were chosen in which the first branching lineage derived in Canarian Festuca
agustinii. Its sister lineage could have involved a recent polytomy leading to the

Madeiran Festuca jubata, the Azorean Festuca francoi + Festuca petraea and the

continental Festuca rivularis lineages (Canarian model) or the sequential branching of

lineages leading to F. jubata and finally to the sister clades of F. rivularis and

F. francoi + F. petraea (Sequential model). Nested clade phylogeographic analysis

(NCPA) and a first adapted host–parasite co-evolutionary ParaFit method were used to

detect the phylogeographic signal. NCPA inferred long-distance colonizations for the

entire diploid red Festuca complex, but allopatric-fragmentation and isolation-

by-distance (IBD) patterns were inferred within archipelagos. In addition, the ParaFit

method suggested a generalized pattern of a stepping-stone model at all hierarchical

levels. Maximum-likelihood-based dispersal-extinction-cladogenesis (DEC) models were

superimposed on the Sequential model species tree. The three-independent-colonization

(3IC) model was the best supported biogeographic scenario, concurring with previous

analysis based on multilocus AFLP data.
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Introduction

Oceanic islands have been recognized as optimal

natural testbeds for studying the speciation processes of

terrestrial plants (Kreft et al. 2008; Kier et al. 2009).
� 2012 Blackwell Publishing Ltd
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Fig. 1. Geographic location of haplotypes (preceded by the let-

ter h) and nested clade phylogeographic analysis clades of five

diploid red Festuca species (see Tables S1 and S2, Supporting

information and Fig. 2a for further details). Species (geo-

graphic distribution) = Festuca agustinii (Canary Islands), Festu-

ca jubata (Madeiran archipelago), Festuca francoi and Festuca

petraea (Azores) and Festuca rivularis (Iberian peninsula). Circle,

triangle and square symbols correspond to 2-step Azorean–Ibe-

rian (2-1), Canarian (2-2) and Madeiran-Iberian (2-3) clades of the

statistical parsimony network of Fig. 2a, respectively. Black

and grey symbols represent interior and tip 1-step clades,

respectively. Solid black lines connect 2-step clades. Dashed

grey lines connect 1-step clades within the same 2-step clade.

Asterisks indicate significant associations between haplotypes

and geographic locations according to ParaFit method (Legen-

dre et al. 2002) (Table 3).
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Island populations are more prone to experience accel-

erated divergences in these isolated environments than

those of their continental relatives that are usually inter-

connected through gene flow (Matsumura et al. 2009).

Speciation events in oceanic archipelagos have usually

occurred in recent times (Emerson 2003), considering

the young age and the short lifespans attributed to most

of these volcanic islands (Emerson 2003; Whittaker &

Fernández-Palacios 2007). The Macaronesian archipela-

gos constitute one of the major hotspots of plant diver-

sity in oceanic islands (Caujapé-Castells et al. 2010);

different studies have demonstrated that most of their

rich endemic flora derived from geographically close

NW Africa–SW European Mediterranean ancestors

(Carine et al. 2004; Kim et al. 2008). Alternative hypoth-

eses on single colonizations followed by islands radia-

tions vs. multiple colonizations have been proposed to

explain the speciation processes of the Macaronesian

flora and the concurrence of highly diversified and less

diversified groups in the same geographic settings and

environments (Silvertown 2004; Carine 2005; and refer-

ences therein; Dı́az-Pérez et al. 2008). Despite the accu-

mulation of a large number of phylogenetic studies of

Macaronesian plants, few of them have documented

and dated the origins and the dispersal patterns of their

lineages. Recently, Kim et al. (2008) reported three dis-

crete windows of colonization spanning the Miocene

and early Pliocene to explain the within- and

among-archipelagos radiation of five eudicot groups in

Macaronesia, apparently derived from single continen-

tal colonizations. However, no other studies have

attempted to date the timing and tempo of speciation of

Macaronesian plants with respect to those of their close

continental relatives, testing at the same time hypotheti-

cal multiple and bi-directional colonizations involving

the origins of the species within a chronological sce-

nario.
The Macaronesian red fescues

The Macaronesian red fescues (Festuca Poaceae) consti-

tute a model group of recently diverged Macaronesian

species (Fig. 1) with close extant relatives in the SW

European continent (Dı́az-Pérez et al. 2008; Inda et al.

2008). The group comprises four related species, the

Canarian Festuca agustinii Linding, the Madeiran Festuca

jubata Lowe, and the Azorean Festuca francoi Fern.Prieto,

C.Aguiar, E.Dias & M.I.Gut and Festuca petraea Guth-

nick ex Seub (Dı́az-Pérez et al. 2008), distributed in

three of the four Macaronesian archipelagos. All species

grow in relatively high-altitude cliffs (from 400 to

2000 m. a. s. l.) in the central-western Canary Islands

(Gomera, Gran Canaria, El Hierro, La Palma, Tenerife),

Madeira and the Azores, respectively. The only excep-
� 2012 Blackwell Publishing Ltd
tion is F. petraea, which is found in coastal halophytic

soils of the Azores. These diploid lineages (Sequeira

et al. 2009), together with the single Iberian continental

diploid relative Festuca rivularis (Catalán 2006), were

resolved as earlier branching lineages with respect to

the more recently evolved clade of high polyploid red

Festuca taxa within the crown of the fine-leaved Festuca

sect. Aulaxyper s. l. clade (Catalán 2006; Inda et al.

2008). Diploid Macaronesian and Iberian red Festuca

grasses were found to be of relatively recent Pliocene

origin, as they collapsed in a basal polytomy in the Fest-

uca sect. Aulaxyper clade, dated at 2.5 ± 0.9 Ma using

plastid trnTF and nuclear ITS data (Catalán 2006; Inda

et al. 2008). Independent evidence from AFLP markers

supported this scenario (Dı́az-Pérez et al. 2008), where

few private markers were found for each of the four

island species. Genetic differentiation among the Maca-

ronesian fescues was mainly attributed to differences in

allelic frequencies in all marker loci, pointing towards

the existence of putative ancient polymorphism, which

is theoretically associated with recent divergence times

(Rosenberg 2003).
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AFLP markers were also used to characterize the

genetic structure, phylogenetic relationships and biogeo-

graphic patterns of the Macaronesian red fescues

(Dı́az-Pérez et al. 2008). Aside from the practical benefit

of employing a large number of hypervariable AFLP

markers, their usefulness was supported on the assump-

tion that the sharing of homologous fragments reflected

a common ancestry, even if individual loci might not all

reconstruct the same coalescent history. Using a set of

individuals that largely overlapped the current set of

samples (all except the continental F. rivularis and one

F. jubata population that were not included in the study

of Dı́az-Pérez et al. (2008)), AFLP markers were used to

subdivide each species according to Bayesian intraspe-

cific groups (sensu Dı́az-Pérez et al. 2008). Those opti-

mal groups were generated through the F model of the

STRUCTURE version no.2.2 program (Pritchard et al. 2000;

Pritchard & Wen 2004; Falush et al. 2007). Each group-

ing represented pools of individuals highly related to

each other, which probably originated from recent com-

mon ancestry from a few number of founder individu-

als. Given that the Bayesian Priority Consensus Tree

(PCT; Luo et al. 2007; Dı́az-Pérez et al. 2008) and the F

model showed that each species was represented by a

monophyletic assemblage of individuals, it was
Table 1 Molecular diversity estimates of trnLF sequences of diploi

(Ffran), Festuca petraea (Fpetr), Festuca jubata (Fjuba) and Festuca rivula

Ntrn + G includes three additional multiresidual gaps (see Tables S1

Population Locality N

Ntrn

Ss nh hp

Festuca agustinii Canary Islands 45 9 8 1.9313 (0.20–5

Ae 22 7 5 2.1558 (0.31–5

Aw 23 3 3 0.9881 (0.00–2

Festuca francoi Azores 23 5 3 1.7075 (0.17–4

Fe 6 0 1 0

Fw 17 3 2 1.1471 (0.00–3

Festuca petraea Azores 24 4 3 1.0978 (0.00–3

Pn 13 0 1 0

Ps 11 4 3 1.9636 (0.18–5

Festuca jubata Madeira 15 2 3 0.7810 (0.00–2

Jm 13 1 2 0.5128 (0.0–1.

Jp 2 0 1 0

Festuca rivularis Iberian Peninsula 23 2 3 0.3874 (0.00–1

Rs 12 0 1 0

Rp 11 2 3 0.6909 (0.00–2

Total 130 18 15 1.9751 (0.33–5

N is the sample size. Haplotype frequency parameters: number of seg

molecular diversity hp estimates, and gap frequency. Ae, Aw, Fe, Fw, P

west, F. francoi east, F. francoi west, F. petraea north, F. petraea south)

Js represent a pool of F. jubata samples from Madeira and Porto Santo

populations from Sierra Nevada and the Pyrenees, respectively. With

through 10 000 h-based simulations under the coalescence model usin

2009). Species estimations, highlighted in boldface, were obtained afte
assumed that Bayesian groups subdivided the genetic

pool of a species into groups of populations sharing a

more recent intraspecific ancestor. The F model identi-

fied two Bayesian groups of geographically contiguous

populations that subdivided F. agustinii into the eastern

Gran Canaria, Tenerife and Fagus9 (La Gomera) group

(coded as Ae in Tables 1, 4 and Table S1, Supporting

information) and the western La Palma, El Hierro and

Fagus8 (La Gomera) group (Aw), in addition to a possi-

ble genetic bridge between both groups represented by

the western population Fagus10 located in the northern

section of La Palma. The Azorean species F. francoi was

subdivided into the eastern Sao Miguel populations (Fe)

and the geographically contiguous central and western

subarchipelagos populations (Fw). In F. petraea, the

Bayesian analyses identified a group that followed a

southern axis along the three subarchipelagos of Azores,

formed by Santa Maria, Faial and Flores populations

(Ps), and a northern group located exclusively in the

northern section of the central subarchipelago of Azores,

represented by Graciosa, Pico and Sao Jorge populations

(Pn). The Madeiran F. jubata showed a homogeneous

genetic structure, except for the Fjuba6 population that

diverged as a separate Bayesian group. Nevertheless, in

this study, we decided to unite Fjuba6 individuals to the
d red Festuca species: Festuca agustinii (Fagus), Festuca francoi

ris (Frivu), Ntrn designation refers to nucleotide polymorphism;

and S2 for details, Supporting information)

Ntrn + G

Gap frequency G1 ⁄ G3 ⁄ G6Ss nh Qp

.11) 10 8 2.1677 (0.38–5.51) 0.13 ⁄ 1 ⁄ 1

.58) 8 5 2.5714 (0.45–6.79) 0.27 ⁄ 1 ⁄ 1

.96) 3 3 0.7981 (0.00–2.94) 0 ⁄ 1 ⁄ 1

.61) 5 3 1.7075 (0.17–4.67) 1 ⁄ 1 ⁄ 1
0 1 0 1 ⁄ 1 ⁄ 1

.21) 3 2 1.1471 (0.00–3.38) 1 ⁄ 1 ⁄ 1

.27) 6 4 1.7174 (0.23–4.60) 1 ⁄ 0.88 ⁄ 0.75

1 2 0.5385 (0.00–1.85) 1 ⁄ 1 ⁄ 0.54

.42) 5 3 2.4000 (0.18–6.40) 1 ⁄ 0.73 ⁄ 1

.95) 2 3 0.7810 (0.0–2.50) 0 ⁄ 1 ⁄ 1
82) 1 2 0.5128 (0.00–1.82) 0 ⁄ 1 ⁄ 1

0 1 0 0 ⁄ 1 ⁄ 1
.49) 3 4 0.8300 (0.00–2.64) 0.70 ⁄ 1 ⁄ 1

0 1 0 1 ⁄ 1 ⁄ 1
.29) 3 3 1.2000 (0.00–3.49) 0.36 ⁄ 1 ⁄ 1
.15) 21 17 2.6112 (0.55–6.65)

regating sites (Ss), number of distinct haplotypes (nh),

n, Ps denote Bayesian groups (F. agustinii east, F. agustinii

following Dı́az-Pérez et al. (2008) (see text for details); Jm and

Islands, respectively; Rs and Rp represent F. rivularis

in brackets, the 95% confidence intervals of hp generated

g the program DNAsp version no. 5.10.01 (Librado & Rozas

r pooling all individuals of each species.

� 2012 Blackwell Publishing Ltd



Table 2 Estimates of the number of shared mutation (shm; above diagonal) and the average number of nucleotide differences (d; below

diagonal) of five diploid red Festuca species. Analyses were conducted with DNAsp version no. 5.10.01 (Librado & Rozas 2009)

Festuca agustinii Festuca jubata Festuca rivularis Festuca francoi Festuca petraea

F. agustinii — 1 0 0 0

F. jubata 3.06 — 0 0 0

F. rivularis 2.00 1.62 — 0 0

F. francoi 2.82 2.44 1.26 — 3

F. petraea 2.40 2.03 0.84 1.50 —
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remaining Madeiran individuals to increase the sample

size for Bayesian analyses (coded as Jm in Tables 1, 4

and Table S1, Supporting information).

The Canarian F. agustinii was the most divergent spe-

cies of the group according to the F model and the PCT,

whereas the Madeiran F. jubata was placed at an inter-

mediate position between F. agustinii and the group of

closely related Azorean species F. francoi and F. petraea

(Dı́az-Pérez et al. 2008). Interspecific analyses based on

neutral correlations of standardized residuals (Nichol-

son et al. 2002) among Bayesian groups generated by

the nonadmixture model of STRUCTURE were indicative of

independent history among the archipelagos’ species,

which was further interpreted as three independent col-

onization events (3IC model) from the continent to Can-

ary Islands, Madeira and Azores, respectively (Dı́az-

Pérez et al. 2008). According to this model, the Azorean

species probably evolved from a single founder event.

Furthermore, the paraphyletic nature of F. francoi with

respect to F. petraea in the PCT suggested that F. petraea

probably originated from F. francoi by in situ speciation,

following ecological adaptation.
Biogeographic scenarios

In this study, biogeographic scenarios were proposed

according to floristic and evolutionary evidence in the

red fescues and in other Macaronesian groups of plants.

These scenarios were connected to species-history mod-

els, in which lineage divergence was modelled accord-

ing to species-tree branching patterns. The independent

evolution of the ancestral lineages (Radiation species-

history model; Fig. 3a), derived from the small time

elapsed since the radiation of the Festuca sect. Aulaxyper

(Inda et al. 2008), suggests the existence of a three-inde-

pendent-colonization (3IC) biogeographic scenario,

where different mainland ancestors gave rise to the

current 3-archipelagos geographic ranges of the Macaro-

nesian red fescues. This scenario is compatible with

relationships recovered from other Macaronesian ende-

mic flora, for which the Canarian and the Madeiran

archipelagos, and to a lesser extent the Azorean archi-

pelago, have been highly influenced by different conti-
� 2012 Blackwell Publishing Ltd
nental sources (Schäffer 2003; Carine et al. 2004; Comes

2004; Carine & Schäffer 2010). An alternative biogeo-

graphic scenario to the 3IC model was modelled by the

Canarian model. This model involves the Canarian

archipelago being colonized by an ancient lineage fol-

lowed by an independent more-recent sister lineage

radiation that gave rise to the Madeiran and Azorean

lineages. Earlier isolation of the Canarian F. agustinii

from the remaining taxa has been suggested from the

AFLP data (Dı́az-Pérez et al. 2008).

We also propose, as another alternative model, the

Sequential model, which implies the Canarian archipel-

ago being colonized by an ancient lineage, followed by

the successive divergences of more recent ancestral lin-

eages that subsequently and independently colonized

the other archipelagos originating the Madeiran and the

Azorean lineages. In addition to independent coloniza-

tion scenarios, other models involving stepping-stone

colonizations among archipelagos could be compatible

with phylogenetic analyses of several Macaronesian

angiosperm groups that have suggested colonizations

from the Canary Islands to Madeira (e.g. Kim et al.

1996, 2008; Panero et al. 1999; Francisco-Ortega et al.

2002; Trusty et al. 2005; Meimberg et al. 2006). Also,

connections between the Azores and another Macarone-

sian archipelago have been inferred (e. g. Panero et al.

1999; Moore et al. 2002), possibly explaining why 10.2%

of the Azorean endemic taxa show phyto-geographic

relationships to Madeira + Canary Islands (Schäffer

2003; Carine & Schäffer 2010). In this sense, the Sequen-

tial model could also be interpreted as a stepping-stone

colonization model of the common ancestor from the

Canary Islands to Madeira and then to Azores, which

could also explain the intermediate genetic AFLP com-

position of Madeiran F. jubata between those of Canari-

an F. agustinii and Azorean F. francoi and F. petraea

(Dı́az-Pérez et al. 2008). Additionally, colonizations from

the Canary Islands to Madeira coupled with an indepen-

dent colonization of Azores from other continental

source areas could have been also possible (Dichotomous

model). In all the analysed biogeographic scenarios, the

addition of the close continental relative F. rivularis

favoured the reconstruction of the historical distribu-



Table 3 Parameters of the phylogeographic signal analysis

using the host–parasite co-evolutionary model implemented in

ParaFit (Legendre et al. 2002). F1 estimators tested global and

specific association between haplotype and geographic loca-

tion. Geography was represented by sampled locations (see

Fig. 1 for details)

NGtrn2 haplotype Population F1 Significance level

Global test 4.7917 0.0000**

h1 Ffran3 0.2894 0.0001**

h1 Ffran4 0.3173 0.0001**

h1 Ffran5 0.3024 0.0002**

h1 Ffran6 0.2951 0.0001**

h1 Fpetr4 0.3192 0.0001**

h1 Fpetr5 0.3065 0.0001**

h1 Fpetr6 0.3056 0.0001**

h1 Frivu1 )0.2940 1.0000ns

h2 Frivu2 0.0411 0.2859ns

h3 Fpetr2 0.2840 0.0012**

h3 Fpetr3 0.2826 0.0012**

h4 Fagus1 )0.1896 0.9999ns

h5 Fagus2 )0.1880 0.9999ns

h6 Ffran7 0.7861 0.0003**

h6 Fpetr7 0.7858 0.0006**

h7 Ffran1 0.2721 0.0114*

h7 Ffran2 0.2827 0.0096**

h8 Fpetr1 0.1983 0.0322*

h9 Fpetr5 0.0406 0.1243ns

h9 Frivu2 0.0704 0.0282*

h10 Fagus13 0.0974 0.0797ns

h10 Fjuba7 0.0571 0.2061ns

h10 Fjuba5 0.0587 0.2008ns

h11 Fjuba1 0.0876 0.2283ns

h11 Fjuba7 0.0850 0.2379ns

h11 Fjuba5 0.0877 0.2318ns

h11 Fjuba6 0.0874 0.2313ns

h12 Frivu2 0.1342 0.0101*

h13 Fagus8 0.2206 0.0030**

h13 Fagus15 0.2244 0.0020**

h14 Fagus5 0.3459 0.0078**

h15 Fagus12 0.2940 0.0088**

h15 Fagus14 0.2977 0.0068**

h15 Fagus10 0.2944 0.0076**

h15 Fagus11 0.2907 0.0072**

h16 Fagus9 0.3371 0.0029**

h16 Fagus3 0.3401 0.0031**

h16 Fagus7 0.3424 0.0037**

h17 Fagus4 0.3940 0.0055**

Significance level was based on 9999 permutations. ***0.1%,

**1%, *5%, ns, nonsignificant.
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tions of the Macaronesian red fescues within a larger co-

evolving continental–oceanic geographic setting.

These biogeographic scenarios were tested through

maximum-likelihood-based dispersal-extinction-cladogenesis

(DEC) analyses (Ree & Smith 2008) on the species-

history model most supported by current plastid data.

A species-history model is a summary of evolutionary
events represented by a tree-like structure. Four spe-

cies-history models that mirrored the alternative biogeo-

graphic scenarios were tested. The Radiation model was

related to 3IC, because it included a polytomy at the

root of the evolutionary tree simulating the basal radia-

tion of Festuca sect. Aulaxyper (cf. Inda et al. 2008). The

Canarian model was constructed to fit the ancient diver-

gence of the F. agustinii lineage in the Canary Islands

(cf. Dı́az-Pérez et al. 2008). By contrast, the Sequential

model was represented by a ladder-shaped tree, not

only simulating stepping-stone colonizations from the

Canary Islands to Madeira and from Madeira to Azores,

but also simulating a 3IC scenario where colonizations

occurred at different evolutionary times. Finally, a puta-

tive colonization of Madeira from the Canary Islands

was represented by a close connection between F. agusti-

nii and F. jubata in the Dichotomous model, being charac-

terized by a four-taxon symmetric tree, further

connecting F. rivularis + the Azorean species.

Alternative species-history models are reflected in dif-

ferent branching pattern of gene trees (Knowles &

Maddison 2002). Consequently, discordance between

species-histories and gene trees could be employed to

evaluate the relative support of alternative models

(Knowles 2001, 2004; Knowles & Maddison 2002; Bailey

et al. 2005; Carstens et al. 2005; Steele & Storfer 2006;

Knowles et al. 2007). A common measure of discordance

is the Slatkin & Maddison (1989)’s S statistics, which

measures the number of additional parsimony steps in a

given tree that are needed for the gene tree to correspond

to the population ⁄ species history in which it is contained

(Knowles 2001; Bailey et al. 2005). Gene trees simulated

by a neutral coalescent process under a species-tree

topology, or the null model, are used to derive an

expected distribution of the test statistic against which to

compare the observed value (Hickerson et al. 2010). In

addition, as an alternative test to discordance analysis,

distance-based statistics can be used to take into account

a direct relationship between pairwise distances and coa-

lescence times of genes (Slatkin & Hudson 1991). In this

case, an expected distribution of pairwise genetic dis-

tances can be generated from simulated sequences for

each species-history model and tested in the same way

as discordance statistics (Carstens & Richards 2007).

The aims of this study were (i) to test the alternative

Canarian, Radiation, Dichotomous and Sequential models

of divergence to infer the history and timing of species

divergence events in the diploid Macaronesian and Ibe-

rian red Festuca group using the plastid trnLF data set;

(ii) to compare the times of divergence of the studied

Macaronesian and Iberian red fescues, estimated from

current coalescence-based approaches, with those

obtained from previous phylogenetic-based Bayesian

relaxed-clock methods; (iii) to detect phylogeographic
� 2012 Blackwell Publishing Ltd



Table 4 IM highest posterior probability estimates of model mutation (h = 2Nel), splitting time (t = tl) and migration rates

(m = m ⁄ l) for five Macaronesian and Iberian diploid red fescues based on the analysis of plastid trnLF sequences. Model and demo-

graphic parameters are highlighted in italics and boldface, respectively. Description of Bayesian group and species polymorphism is

given in Table 1 and Table S1 (Supporting information)

N h Ne (·10)3) t t (·10)3) m(·106) Nem LRT

Between Bayesian groups

Ae vs.

(Jm + Jp)

22

15

1.35 (0.45–3.62)

0.24 (0.03–1.40)

769 (255–2056)

139 (15–797)

1.33 (udf) 756 (udf) 0.004

0.009

0.002

<0.001

0

0

Ae vs.

Fw

22

17

1.24 (0.32–3.72)

0.31 (0.01–1.98)

707 (180–2117)

178 (7–1128)

1.38 (udf) 784 (udf) 0.005

0.009

0.002

<0.001

0

0

Ae vs.

Rp

22

11

1.06 (0.22–3.18)

0.46 (0.04–3.02)

603 (125–1814)

260 (22–1721)

1.15 (udf) 658 (udf) 0.009

0.007

0.003

<0.001

0.01

0

(Jm + Jp) vs.

Fw

15

17

0.13 (0.01–1.11)

0.38 (0.02–2.22)

73 (6–635)

214 (10–1263)

0.44 (udf) 248 (udf) 0.035

0.009

0.001

<0.001

<0.01

0

(Jm + Jp) vs.

Rp

17

11

0.14 (0.01–1.38)

0.26 (0.02–4.92)

79 (6–785)

145 (9–2801)

0.52 (udf) 296 (udf) 1.465

0.009

0.058

<0.001

0.22

0

Rp vs.

Fw

11

17

0.37 (0.03–6.54)

0.22 (0.01–3.36)

208 (14–3724)

123 (7–1917)

0.08 (udf) 44 (udf) 0.009

3.484

<0.001

0.214

0

0.17

Between species

Festuca agustinii vs.

Festuca jubata

45

15

1.67 (0.64–3.89)

0.23 (0.03–1.22)

950 (367–2215)

128 (16–694)

1.00 (udf) 572 (udf) 1.021

0.009

0.49

<0.001

1.18

0

F. agustinii vs.

(Festuca petraea + Festuca francoi)

45

47

1.83 (0.77–4.08)

1.03 (0.34–2.73)

1043 (434–2321)

584 (192–1553)

1.07 (udf) 609 (udf) 0.005

0.003

0.003

<0.001

0

0

F. agustinii vs.

Festuca rivularis

45

23

1.77 (0.74–3.99)

0.33 (0.05–1.55)

1009 (422–2275)

186 (26–883)

0.92 (udf) 523 (udf) 0.007

0.004

0.003

<0.001

0.02

0

F. jubata vs.

(F. petraea + F. francoi)

15

47

0.13 (0.01–1.04)

1.02 (0.29–2.62)

72 (6–592)

583 (166–1492)

1.00 (udf) 566 (udf) 1.042

0.005

0.037

0.002

0.19

0.01

F. jubata vs.

F. rivularis

15

23

0.15 (0.01–1.87)

0.17 (0.01–1.64)

84 (5–1067)

97 (7–933)

.92 (udf) 521 (udf) 2.127

0.011

0.089

<0.001

0.78

0

F. rivularis vs.

(F. petrea + F. francoi)

23

47

0.36 (0.03–2.24)

0.86 (0.18–2.82)

207 (19–1276)

492 (101–1603)

0.51 (udf) 309 (udf) 0.011

4.591

0.001

1.130

<0.01

0.42

N is the number of sequences sampled per Bayesian group or per species. Values within brackets indicate 90% highest posterior

density (HPD) bounds for posterior distributions. Estimates of the effective number of gene copies Ne (·103) and the time since

population splitting t (·103) in generations were obtained assuming a per locus per generation mutation rate l of 1.7549 · 10)6. The

population migration rate was obtained as Nem = hm ⁄ 2. LRT is a likelihood ratio test against the null hypothesis (H0) of m = 0, in

which LRT < 1 was taken as indicative of no rejection of H0. Bayesian group and population codes are given in Table 1. udf,

undefined.
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signals using the classical nested clade phylogeographic

analysis (NCPA) and a firstly proposed host–parasite

co-evolution method; and (iv) to reconstruct the most

likely biogeographic colonization scenario according to

a coalescent-based supported species-history model of

species divergence.
Material and methods

Collections and geographic sampling

The sample sizes of 34 Macaronesian (F. agustinii: Can-

ary Islands, F. jubata: Madeira, and F. francoi, F. petraea:

both in the Azores) and two continental (F. rivularis:

Iberian Peninsula) diploid red Festuca populations and

their geographic localities are shown in Fig. 1

and Table S1 (Supporting information). One hundred

and thirty samples from all Macaronesian islands where
� 2012 Blackwell Publishing Ltd
endemic red fescues have been reported were included.

F. rivularis samples were obtained from two geographi-

cally separated mountain ranges of Spain, the southern-

most Sierra Nevada and northernmost Pyrenean ranges.

Additional data from 13 species of the genera Festuca

and Vulpia that cover at least four taxonomic sections of

the fine-leaved Loliinae (Inda et al. 2008) plus the close

outgroup Poa infirma were incorporated to the analysis.

The additional samples were used to reconstruct the

evolutionary relationships of these diploid red fescues

within the Festuca sect. Aulaxyper clade and to estimate

the rates of nucleotide substitution in their plastid trnLF

sequences.
DNA isolation and sequencing

DNA isolation was carried as described in the study by

Dı́az-Pérez et al. (2008). The plastid trnLF region was
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PCR-amplified using the c-f primer combination (Taber-

let et al. 1991) following Torrecilla et al. (2004) with

minor modifications. PCR products were purified using

QIAgen purification kit, sequenced using the ABI

PRISM Dye Terminator Cycle Sequencing kit (Qiagen)

and analysed in an automated ABI PRISM 377 sequen-

cer. Chromatograms from direct and reverse directions

were corrected and assembled using SEQUENCHER. Clustal

W (Thompson et al. 1994) was used to obtain a matrix

of aligned sequences that was subsequently edited by

hand. A data matrix of 751 trnLF aligned nucleotide

positions plus a set of eight mono- and six multiresidu-

al unambiguously aligned gaps (multiresidual gaps

were coded as G1 to G6, ranging from 4 to 7 nucleotide

sites) were created for this study. Gaps were coded as

binary characters. The newly generated trnLF sequences

of F. agustinii, F. francoi, F. jubata, F. petraea and F. riv-

ularis were submitted to GenBank under Accession nos

HM068379 to HM068506 (Table 1).

The set of other Loliinae sequences included in the

studies by Catalán et al. (2006) and Inda et al. (2008)

were downloaded from GenBank including Festuca sect.

Aulaxyper: F. rivularis 1 (2·; GenBank AF478512), F. rivu-

laris 2 (2·; EF593000), F. ampla (2·-4·-6·; EF592952),

F. iberica (6·; AF478516), F. nevadensis (10·; AF478514),

F. rubra subsp. pruinosa (6·; EF592995), F. rubra subsp.

arctica (6·; EF592997), F. rubra subsp. rubra (6·; AY118098),

F. rubra subsp. megastachys (6·-8·; AY118088); Festuca

sect Festuca: F. alpina (2·; AF478522), F. ovina (2·;

AF533063); Festuca subsect. Exarate: F. borderei (2·;

AF478510), F. capillifolia (2·; AF478511); Festuca sect. Eskia:

F. eskia (2·; AF478508); Vulpia sect. Vulpia: V. bromoides

(2·; AF487616), V. muralis 1 (2·; AF478526), V. muralis 2

(2·; AY118102); and outgroup Poa infirma (2·; AF488773).
Polymorphism of trnLF haplotypes

Within-species and within-population molecular diver-

sity was estimated through the average number of pair-

wise nucleotide differences between DNA sequences

(hp, Tajima 1983), the number of haplotypes (nh) and

the number of segregating sites (Ss). Although Ss is not

a good statistic for estimating DNA polymorphism as it

depends on the sample size (Tajima 1989), it is

included here given its high sensitivity to the presence

of rare haplotypes in the population. Genetic diversity

among species was quantified through the average

number of nucleotide differences (d) and the number of

shared mutations (shm) among haplotypes of pairwise

species comparisons. All analyses were performed

including or excluding gaps using the program DNAsp

version no. 5.10.01 (Librado & Rozas 2009). Binary

gaps were recoded as two arbitrarily nucleotide-based

characters.
Evolutionary relationships of trnLF haplotypes

Phylogenetic relationships of diploid Macaronesian and

Iberian red Festuca and other representatives of Festuca

sect. Aulaxyper and of Loliinae were reconstructed using

the classical maximum parsimony, maximum-likelihood

and Bayesian inference methods (Huelsenbeck & Ron-

quist 2001; Felsenstein 2004) (Fig. S1; Supporting infor-

mation). With these sets of analyses, we intended to

recover a more resolved topology for the basal polyto-

my of Festuca sect. Aulaxyper, now with a greater num-

ber of samples from the diploid red fescues than that

originally employed in the wide-scope biogeographic

study of Loliinae (Inda et al. 2008). In addition, to han-

dle any putative lack of phylogenetic resolution origi-

nated by low levels of diversity usually found at

intraspecific levels (Woolley et al. 2008), we represented

the genealogical relationships of haplotypes through

statistical parsimony analysis (Templeton et al. 1992).

Data matrices with gaps (G1, G3 and G6; Table S2,

Supporting information), re-coded using two arbitrarily

chosen nucleotide bases, or without gaps were used in

this analysis. Patristic distances among haplotypes

obtained from the statistical parsimony network were

computed with TCS (Clement et al. 2000).
Phylogeographic signal detection

We performed the classical NCPA (Templeton et al.

1995; Posada et al. 2000; Templeton 2004) for detecting

associations of haplotypic variation with its geographic

distribution (Table S3, Supporting information).

In addition, we introduced a new approach to detect

phylogeographic signal directly adapted from a method

developed for the detection of host–parasite co-evolution

and implemented in ParaFit (Legendre 2001; Legendre

et al. 2002). Here, co-evolution is characterized as the

extent to which host and parasites occupy correspond-

ing positions in the phylogenetic trees. Consequently, a

direct relationship between host and parasite patristic

distances is expected for a group of organisms showing

co-evolution. To exploit such condition, ParaFit com-

bines three types of information that are jointly neces-

sary: a matrix of patristic distances among hosts (H), a

matrix of patristic distances among parasites (L) and a

binary matrix of presence ⁄ absence of host–parasite

associations (A). Matrices H and L are then transformed

into the matrices of principal coordinates (eigenvectors)

Hc and Lc, respectively. Using the multivariate function

D = Hc A’ Lc, a matrix that represented the H-L associ-

ations (D) is generated, in which the sum of squares of

the values of D represented the trace of the matrix D¢D,

or F1, a global statistic to test the hypothesis of associa-

tion. Specific F1 estimators that measure each of the
� 2012 Blackwell Publishing Ltd
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Fig. 2 (a) Statistical parsimony network and associated nested layout for haplotypes of five diploid red Festuca species. Haplotypes

(see Table S2, Supporting information) are represented by circles with sizes approximately proportional to their relative frequencies;

fill pattern areas are proportional to species assignations. Solid-line polygons and dashed lines enclose 1-step and 2-step clades,

respectively. Solid black and dotted black lines connect 2-step clades and 1-step clades within the same 2-step, respectively. D = Ca-

narian (2-2), h = Madeiran–Iberian (2-3), s = Azorean–Iberian (2-1) 2-step clades. Geographic localities of haplotypes, 1-step and 2-step

clades are shown in Fig. 1. (b) Statistical parsimony network for haplotypes without considering gaps. Circle sizes and fill pattern

assignations are the same as in Fig. 2a.
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individual associations between host and parasites are

also computed. Permutation of the elements of A 10 000

times generates a distribution of F1 values under the

null hypothesis of randomness of the H-L associations,

whose rejection is achieved using a 5% one-tailed test.

In our case, hosts and parasites were replaced by

localities and haplotypes, respectively. Patristic dis-

tances among haplotypes were extracted from the statis-

tical parsimony network (Fig. 2); however, the patristic

distances of hosts were replaced by a linear geographic

distance matrix among localities (L). Nonindependence

of H-L associations was taken as a direct relationship

between geographic and patristic distances, which is an

indicator of restricted gene flow by isolation-by-distance

(IBD) or by a related variant, like the stepping-stone

model (SSM).
Bayesian estimation of demographic parameters

In order to place divergence events on a chronological

framework, pairwise divergence times were computed

using an ‘isolation-with-migration’ model that was fitted

to nucleotide data according to the Bayesian method of

Hey & Nielsen (2004), as implemented in the program

IM (revision of 3 May 2007). Despite the IM model is

designed to estimate evolutionary parameters between a

pair of closely related populations without migration to

any other third population, simulation studies have
� 2012 Blackwell Publishing Ltd
shown that it can give unbiased estimates of divergence

times, even though they are sampled from a larger pop-

ulation data set (Hey 2010). In this case, both popula-

tions should not violate the assumptions of the IM

model, that is, absence of gene flow in the larger data

set and no population size changes. We found that the

diploid red fescues did not violate these assumptions.

For example, we did not detect evidence of population

expansion at the Bayesian group level or at the species

level through the Fu’s Fs test (Fu 1997; data not shown),

nor we detect any conclusive indications of existence of

gene flow using IM models (see Table 4). Consequently,

we calculated averaged values of individual estimates in

different pairwise analyses to construct initial parame-

ters (N0T0) for each of the species-history models that

were further used in subsequent simulations (See next

section for details; Figs 3b and 4).

Although recent simulations have shown that the iso-

lation-with-migration model is relatively robust to

another violation of the model, that is, some departure

from random mating or substructure (Strasburg &

Riesenberg 2010), we chose to work with single Bayes-

ian groups, thus minimizing the effect of genetic struc-

ture within species. For this, Bayesian groups were

considered as genetic units because they represented a

natural choice to pooling individuals in order to

increase sample sizes and genetic variability. We

assumed similar genetic relationships between any pair
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Canarian Dichotomous Radiation Sequential

a b c d e f 1 2 e f g 1 2 3 e 1 e f g 1 2 3

PpN0T0 6.9 1 1.7 2.0 3.9 2.7 2 7.3 – 5.7 2.8 5 0.4 5 3.3 4.7 5.7 3.0 2.7 0.4 2.7 7.3

PpN2T0 21 8 19 17 19 21 2 7.3 – 19 21 5 0.4 5 21 4.7 19 19 21 0.4 2.7 7.3

PpN1T2 8 2 2 2 6 6 3 10 6 6 6 7 0.5 10 6 10 6 6 6 0.5 3 10

PpN1T3 8 2 2 2 6 6 3 15 6 6 6 7 0.5 15 6 15 6 6 6 0.5 3 15

PpN–1T1 2 1 1 1 1 2 2 8 – 1 2 5 0.5 5 2 5 1 1 2 0.5 3 8

PpN–1T2 2 1 1 1 1 2 3 10 2 1 2 7 0.5 10 2 10 1 1 2 0.5 3 10

PpN–1T3 2 1 1 1 1 2 3 15 2 1 2 7 0.5 15 2 15 1 1 2 0.5 3 15

PpN–2T1 1 0.5 0.5 0.5 0.5 1 2 8 – 0.5 1 5 0.5 5 1 5 0.5 0.5 1 0.5 3 8

SpN0T0 10 1 5.5 1.6 4.1 0.8 4.7 5.7 – 6.1 1.8 5.5 3.1 5.5 2.4 5.2 6.1 3 0.8 3.1 5.4 5.7

SpN–1T3 3.7 0.1 1 0.1 1 3.7 3 15 3.7 1 3.7 7 0.5 15 3.7 15 1 1 3.7 0.5 3 15

Fig. 3 Species-trees history models tested using coalescent modelling. (a) Four basic models were tested: Canarian, Dichotomous, Radi-

ation and Sequential. Letters a to g represent branch widths (N · 105), and nodal numbers 1-3 indicate nodal ages (T · 105), where N

is the effective population size and T is the number of generation elapsed backwards from present times. Ae, (Jm + Jp), Fw and Rp

Bayesian groups were selected as representatives of Festuca agustinii, Festuca jubata, the Azorean species and Festuca rivularis, respec-

tively. (b) Parameters for coalescent simulations under different scenarios. Simulations at the Bayesian group level (scenarios with Pp

prefixes) and at the species level (Sp prefixes) were performed using the program Mesquite version no. 2.5 (Maddison & Maddison

2008) and SIMCOAL version no. 1 (Excoffier et al. 2000), respectively. Sp scenarios included a unidirectional migration rate of

m = 1 · 10)6 or 1 · 10)3 events per gene per generation from F. jubata to F. agustinii (Table 6). In all cases, the length of the root

was fixed at 10 000 generations.
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of Bayesian groups from different species based on the

observed monophyly and close relationships of these

red Festuca species (Dı́az-Pérez et al. 2008; Inda et al.

2008). This assumption is of special relevance for most

of the coalescent analyses performed in this study,

because under the assumption of a molecular clock, we

would not expect appreciable differences in splitting

time estimations whatever set of pair of groups is used.

We also repeated all IM analysis, but merging now all

populations of a species into a single genetic unit in the

second run to increase sample sizes (Table 4), thereby

minimizing any putative violation of the model by this
cause. The Azorean species F. petraea and F. francoi were

treated as a single genetic unit (Table 4), considering

that they showed a sympatric distribution over a large

number of islands and presented a close genetic relation-

ship based on AFLP data (Dı́az-Pérez et al. 2008).

IM estimates the posterior probability density for

parameters of the isolation-with-migration (IM) model,

which assumes that an ancestral population gave rise to

two daughter populations that could have experienced

gene exchange between them. Using the infinite site

model, six population parameters (in italics) scaled by

l, the neutral mutation rate, were estimated directly by
� 2012 Blackwell Publishing Ltd
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the model (bold letters represent associated demo-

graphic parameters): the three populations sizes (NA of

the ancestral population and N1 and N2 of the descen-

dant populations), represented by h = 2Nel (twice the

number of gene copies in the population), two migra-

tion rates (from N1 to N2 and vice versa), represented

by m = m ⁄ l (the rate of migration per gene copy, per

mutation event), and the population divergence time,

represented by t = tl. The population migration rate

was obtained by M = hm ⁄ 2 = Nem. Considering that

uniform priors were used, the posterior probabilities

were proportional to the likelihood of the parameters

given the data, and consequently the mode of the pos-

terior distribution provided maximum-likelihood esti-

mates of these parameters, which are also known as the

highest posterior probability (HPP) estimates. Three

simulations (runs) were performed to assess conver-

gence of the MCMC chain(s). In the first preliminary

run (from 10 · 106 to 90 · 106 iterations and a burn-in

of 10 · 106), wide uniform priors were assigned to set

appropriate limits for the priors of the two subsequent

independent longer runs (from 70 · 106 to 170 · 106

iterations and a burn-in of 10 · 106). In addition,

updated accepting rates and effective sample sizes

(ESS) estimates were used for assessing good mixing of

the chain(s). Running parameters were adjusted to

reach at least 5% of updating rates and ESS > 50.

A likelihood ratio test (LRT) was computed to discard

the absence of migration (m = 0) between a pair of spe-

cies or populations (Nielsen & Wakeley 2001; Hey

2010). From the posterior distribution of the m parame-

ter, LRT was defined as LRT = )2*log(L0 ⁄ Lmax), where

Lmax is the maximum-likelihood value at the HPP esti-

mate and L0 is the likelihood at m = 0, that is, the likeli-

hood when the posterior distribution intersects the

ordinate for m = 0. The L0 hypothesis was tested against

a mixture of distributions, ½ v2
0 + ½ v2

1 (Nielsen &

Wakeley 2001; Hey 2010). Given that this test is conser-

vative at lower values, we considered that LRT values

lesser than 1 (P < 0.15) suggested that the hypothesis of

m = 0 could not be rejected (Rasmus Nielsen, personal

communication). LRT values slightly higher than 1 but

lower than 2.74 (P < 0.05) were taken as inconclusive

because the LRT statistic apparently does not fit well

theoretic expectation until higher values of LRT are

achieved (Hey 2010).

Population parameter estimates can be transformed

into demographic units (Ne, m and t; see above for esti-

mation) if the l estimate and the generation time are

available. Two years per generation was assumed to be

an approximate value for perennial herbaceous red fes-

cues based on the minimum generation time hypothesis

suggested by Gaut et al. (1992) (Catalán et al. 2006).

The mutation rate of the trnLF region in the ingroup
� 2012 Blackwell Publishing Ltd
species was estimated using 23 sequences of the Festuca

sect. Aulaxyper clade, a taxonomic group that has shown

relatively homogeneous rates of molecular evolution in

this plastid region (Catalán et al. 2006), and 15

sequences from the Macaronesian red fescues. The over-

all average number of nucleotide substitution per site

(K) was estimated following the Tajima & Nei (1984)

model implemented in the software MEGA version 3.1

(Kumar et al. 2004). The neutral mutation rate was esti-

mated as l = K ⁄ 2TD, where the averaged K was

0.005842 and TD was set according to the divergence

time estimated for the basal radiation of Festuca sect.

Aulaxyper (2.5 Ma) by Inda et al. (2008).
Testing species-history models

Within a recent evolutionary framework, coalescence-

based methods constitute the most appropriated

approaches to investigate the evolution and speciation

of the Macaronesian red fescues, because they integrate

incomplete lineage sorting in the estimation of parame-

ters. Single-gene data, like the plastid trnLF gene, can

provide estimates of evolutionary parameters and com-

parative information concerning relative support for

some species-history scenarios over others. These mater-

nal-line-based evolutionary scenarios could be con-

trasted with the biparental ones deduced from AFLP

markers (Dı́az-Pérez et al. 2008), aiming to compare the

levels of congruence between the two historical recon-

structions and to reveal further potential intraspecific

multigenomic sources (e. g. distinct plastid haplotype

donors) that could have passed undetected within the

AFLP data.

Gene trees simulated by a neutral coalescent process

under a species ⁄ population tree topology (the null

model) were used to derive an expected distribution of

the test statistic against which the observed value could

be compared (Hickerson et al. 2010). This approach is

similar to that of Steele & Storfer (2006) and Carstens &

Richards (2007) where competing population-history

hypotheses are tested using the discordance (S) and dis-

tance-based statistics, respectively. Following a spe-

cies ⁄ population tree, the coalescent simulations of the

matrices and the derived gene trees were performed

under the assumption that variation among ⁄ within gene

trees was attributable to genetic drift and migration

events during the genealogic process.

Our approach for testing species-history models first

established a prior distribution of scenarios according

to IM highest posterior density (HPD) bounds. The

exploration of scenarios within the range was not uni-

form, but embedded into discrete jumps in the parame-

ter space following a three-criterion condition (see

below; Fig. 4). In this sense, these scenarios comprised
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Fig. 4 Jumping ⁄ Selection scheme of demographic scenarios according to the three-criterion condition (see text for details). Simula-

tions were generated using Mesquite version no. 2.5 (Maddison & Maddison 2008) and SIMCOAL version no. 1 (Excoffier et al. 2000),

respectively. Each box represents a demographic scenario (Fig. 3b). Starting with the N0T0 scenarios, effective population size (N),

migration rate (r) and ⁄ or nodal ages (T) were decreased ‘<‘or increased ‘>‘following specification in Fig. 3b. A broken arrow con-

nects two related demographic scenarios that represented independent starting point for the jumping ⁄ selection scheme performed at

the Bayesian group and at the species level.
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a subset of parameter combinations selected from the

large number of possible combinations for branch

lengths and population sizes. Given that the optimal

scenario had to fulfil the three-criterion condition better

than others, exploration and selection of the optimal

scenario was performed simultaneously in the same

process. The Canarian, Dichotomous, Radiation and

Sequential species-history models (Fig. 3a) were finally

selected under the optimal scenario according to S and

p-distance statistics. It must be noted that this approach

was not aimed at estimating evolutionary parameters

because the data, limited to a one-locus gene genealogy,

were insufficient for such objective (Fan & Kubatko

2011). However, the optimal scenario could shed light

about approximate values of parameters within the

wide HPD bounds, representing supplementary infor-

mation to IM results.

In order to avoid extensive sampling of the parameter

space, we started explorations within HPD bounds with

the N0T0 scenario (Fig. 4), where N0 is a vector of aver-

age effective population sizes (branch width) and T0 is

a vector of average nodal ages of the tree. Each element

of the vector was computed from individual IM HPP

values of all pairwise comparisons comprising species

or groups placed at each descending branch of a given

node. From this scenario, values of N and T were

simultaneously moved at discrete jumps (Fig. 4)

towards the lower (N)2) or upper (N2) limits of the

HPD bounds. Nevertheless, given that HPD bounds for

T were undefined (see t or t in Table 4), the maximum

value of the root of the trees was fixed at 1.5 · 106 (T3)

generations ago, which was defined from the upper

limit (2.5 + 0.9 Ma = 1.7 · 106 generations ago; assum-
ing 2 years per generation) of the time for the basal

radiation of Festuca sect. Aulaxyper, as estimated by

Inda et al. (2008). The lower limit of the root of the trees

was fixed at T0, because more recent times generated

unlike scenarios that lacked power to discriminate

among models.

The three-criterion condition favoured jumps in one

direction of the parameter space (see arrows in Fig. 4) if

the new parameter values generated a better fit to this

condition. A better fit was firstly met (first criterion)

when a new scenario included at least one rejected

model or one nonrejected model. If all models were

simultaneously rejected or accepted, it indicated unreal-

istic demographic parameters or lack of power of the

test by insufficient DNA variability, respectively. Based

on this, a model was rejected if the observed statistic S

or p-distance fell outside the 95% interval of the simu-

lated distribution (see below). Second (second criterion),

a better fit was also met if a new scenario comprised a

lesser number of nonrejected models. And third (third

criterion), a better fit was attained if the nonrejected

model(s) showed probability values of the observed sta-

tistic close to 0.5, placing them near the centre of the

simulated distribution.

Given that the starting point N0T0 scenario was con-

ditioned by IM HPD bounds and HPP values, we recre-

ated coalescent-based scenarios that matched the same

individuals used both at the population-level and at the

species-level analyses (Table 4). Therefore, we per-

formed two sets of simulations. The first set comprised

the Bayesian groups Ae (F. agustinii), Jm + Jp (F. jubata),

Fw (F. francoi + F. petraea) and Rp (F. rivularis). Simula-

tions were performed with the program Mesquite ver-
� 2012 Blackwell Publishing Ltd
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sion 2.5 (Maddison & Maddison 2008) following a simi-

lar approach employed by Maddison & Knowles (2006).

Within each population tree, gene trees were simulated

using the Mesquite’s Neutral Coalescent module. Along

each simulated gene tree, sequence evolution was simu-

lated with the Mesquite’s Genesis module, generating a

nucleotide data matrix of identical sample size and

sequence length as the empirical data set. Sequence evo-

lution was modelled approximating the F81 model (Fel-

senstein 1981) selected as optimal model by MODELTEST

version 3.7 (Posada & Crandall 1998) for Macaronesian

red fescues trnLF data. Scaling factors were adjusted to

values ranging between 9.5 · 10)10 and 8 · 10)9 in

order to generate sequence divergences comparable to

empirical data, according to average h and number of

segregating sites.

The second set of simulations comprised all popula-

tions per species as a single genetic unit and treating

F. petraea + F. francoi as a single species (Azores)

(Table 4). In order to include unidirectional migration

events from F. jubata to F. agustinii at a rate of

m = 1 · 10)6 per gene per generation, simulations were

performed using the program SIMCOAL version no. 1

(Excoffier et al. 2000) because Mesquite does not handle

unidirectional migration rates. Although migration

events were suggested by an IM LRT > 1 (=1.18) (see

results; Table 4), its close proximity to 1 makes it incon-

clusive as indication of migration. A higher migration

rate of m = 1 · 10)3 per gene per generation was also

simulated to explore the performance of the two statis-

tics under higher though unreal migration rates. The

generation of data matrices followed the same criteria

and parameters than those used for Mesquite simula-

tions, but assuming a Kimura-2-parameter mutation

model (Kimura 1980), a transition bias = 1 and a

gamma shape parameter a = 0. The mutation rate was

adjusted to generate sequence divergences comparable

to empirical data, according to average h and number

of segregating sites.

To compute the simulated distribution for the Slatkin

and Maddison¢s S statistic (Slatkin & Maddison 1989)

under a given species-history tree and parameter com-

bination (Fig. 3), 1000 simulated sequence matrices

were subjected to a Basic PAUP* (Swofford 2002) Tree

Search following default scripts generated by the Batch

Architect Package of Mesquite version 2.5 (Maddison &

Maddison 2008). An expected distribution of S values

was generated using the simulated gene trees through

the Bar & Line Chart for Trees of Mesquite (Maddison

& Maddison 2008). This test statistic considers the

defined species as categorical variables, and its value

could be considered as a measure of the minimum

number of sorting events between species, following a

specified gene tree. The value of the S statistic of the
� 2012 Blackwell Publishing Ltd
observed gene tree, obtained in a similar way as simu-

lated data, is compared to the expected distribution in

order to determine the significance of discord between

the simulated gene trees and the species divisions

reflected in each model (Steele & Storfer 2006). If the

observed value falls outside the 95% of the simulated

distribution, the model is rejected.

We also included a p-distance statistic that is expected

to be directly related to coalescence times of gene trees.

For each species tree–parameter combination, 500

sequence matrices were subjected to p-distance compari-

sons as implemented in PAUP* (Swofford 2002). For each

matrix, an average p-distance was obtained from all pair-

wise comparisons involving sequences from different

species (F. francoi + F. petraea, F. jubata and F. rivularis)

or Bayesian groups (Fw, Jm + Jp and Rp), except those

involving F. agustinii or Ae because they were not resol-

utive enough to discriminate between some models. A

distribution of 500 average p-distances was generated

and the observed p-distance was compared following

the same criteria as that of the S statistics.
Biogeography analysis

Once a species-history model (Sequential) was chosen

according to S and p-distance statistics, we selected one

dispersal-extinction-cladogenesis (DEC)-based model, as

developed by Ree & Smith (2008), to infer ancestral

ranges and range historical inheritance scenarios of the

diploid Macaronesian and Iberian red Festuca species.

The highest global likelihood of the DEC model was the

criterion for selection. The Sequential model was chosen

because (i) it was not rejected by discordance or dis-

tance-based analyses in the optimal scenario selected in

the previous section (see Fig. 4 and Table 5); (ii) it

summarized better than the other models the intermedi-

ate status of F. jubata between F. agustinii and the

Azorean F. francoi and F. petraea, as suggested by pre-

vious AFLP results (Dı́az-Pérez et al. 2008); and (iii) it

is compatible with a completely resolved species tree,

as required by DEC models. Two contrasting demo-

graphic scenarios for the Sequential model were evalu-

ated: T0 and T3 (Fig. 5), in order to account for

uncertainty of IM estimation of divergence times.

Historical distributions of species lineages were eval-

uated through the likelihood method implemented in

LAGRANGE version no. 2.0.1 (Ree & Smith 2008). Lineage

geohistory was modelled both along phylogenetic inter-

nodes (anagenetic change) and at lineage branching

events (cladogenetic change) (Ree et al. 2005). Following

Ree & Smith (2008), the range of a species evolved by

dispersal between areas and by local extinction within

areas in the absence of lineage divergence, whereas

lineage divergence from a widespread ancestor



Table 5 P-values for species-history models under demographic scenarios of Fig. 4. Four basic models were tested: Canarian (C),

Dichotomous (D), Radiation (R) and Sequential (S). Bayesian group and species designations are shown in Table S1 (Supporting infor-

mation)

Scenario

p-distance Slatkin and Maddison’s S

C D R S C D R S

Bayesian group level

PpN0T0 0.51 0.34 0.28 0.64 0.50 0.70 0.42 0.64

PpN2T0 0.41 0.39 0.35 0.44 0.999* 1.00* 0.997* 0.998*

PpN1T2 0.48 0.18 0.12 0.51 0.46 0.48 0.17 0.68

PpN1T3 0.57 0.10 0.05* 0.58 0.43 0.41 0.08 0.68

PpN)1T1 0.53 0.18 0.10 0.43 0.32 0.20 0.09 0.25

PpN)1T2 0.50 0.04* 0.018* 0.64 0.23 0.07 0.011* 0.33

PpN)1T3 0.63 0.03* 0.004* 0.39 0.30 0.10 0.004* 0.39

PpN)2T1 0.43 0.08 0.022* 0.31 0.20 0.06 0.03* 0.09

Species level

SpN0T0-m6 0.34 0.25 0.23 0.41 0.54 0.49 0.47 0.56

SpN)1T3-m6 0.28 0.014* 0.002* 0.5 0.008* 0.014* 0.002* 0.012*

SpN0T0-m3 0.31 0.26 0.21 0.31 0.72 0.69 0.66 0.75

SpN)1T3-m3 0.008* 0.014* 0.002* 0.012* 0.19 0.67 0.001* 0.69

P-values indicate the probability of a simulated p-distance being lower than the empirical p-distance or the probability of a simulated

Slatkin & Maddison (1989)’s S being equal or higher than the empirical S estimate for each of the four species-history models. An

asterisk denotes a rejected model whose expected one-tailed 95% distribution did not contain the empirical value. Bold numbers in a

line indicate the optimal scenario according to the jumping ⁄ selection scheme based on the three-criterion condition (Fig. 5).
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occurred either within a single area or between a single

area and the rest of the range.

Four biogeographic areas were assumed in the analy-

sis (Table 6). Area model parameters were adjusted for

17 alternative area-models (Table 6) assuming that the

ancestral lineage of the Macaronesian red fescues was

spread (fixed) in the biogeographic area O (Continent):

(i) the free-independent-colonization (FIC) model,

where dispersal rates were left to vary freely among

biogeographic areas; (ii) the 3IC model, where indepen-

dent dispersal events were constrained from O to C

(Canary Islands), M (Madeira) or A (Azores); and (iii)

15 additional constrained area-models that included sin-

gle or two independent colonizations. Fixing O at the

root was considered a reasonable biogeographic sce-

nario, considering that other alternatives would imply

extinction of the ancestral lineage in the continental area

O after an initial colonization of C, M or A and subse-

quent retro-colonization of O. Likelihoods of alternative

range inheritance scenarios at internal nodes of the

Sequential tree model were compared once the O bioge-

ographic area was fixed at the root node.
Results

Polymorphism of trnLF haplotypes

Haplotype variation and frequency and molecular

diversity indexes of the diploid red Festuca trnLF
sequences are shown in Table 1, Tables S1 and S2 (Sup-

porting information). Festuca agustinii was shown to be

the most variable species among diploid red fescues,

having twice the number of haplotypes (nh) and of seg-

regating sites (Ss) of either of the Azorean species

F. francoi or F. petraea, which were even more variable

than F. jubata and F. rivularis (Table 1). A direct rela-

tionship was found among hp, nh and Ss within species.

According to the average number of nucleotide differ-

ences (d; Table 2), haplotypes of F. agustinii were also

the most divergent showing the highest values when

compared to F. jubata and F. francoi haplotypes. Inter-

mediate values were observed between F. jubata and

Azorean haplotypes, whereas the lowest values were

detected between F. francoi, F. petraea and F. rivularis.

Shared mutation values highlighted the genetic proxim-

ity of the F. francoi and F. petraea Azorean haplotypes

(shm = 3; Table 2), in contrast to other pairwise species’

haplotype combinations that did not share mutations or

only showed one (F. agustinii and F. jubata). Indels

increased the number of haplotypes based on nucleo-

tide polymorphism from 15 to 17 (Table S2, Supporting

information). Specifically, haplotype n1 (without consid-

ering gaps) was subdivided into haplotypes h1, h3 and

h9 (considering gaps). This increased the molecular

diversity of F. petraea, and to a lesser extent that of

F. rivularis (Table 1), although it did not suggest a dif-

ferent general pattern of molecular diversity from that

observed without including indels.
� 2012 Blackwell Publishing Ltd
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Fig. 5 Dispersal-extinction-cladogenesis (DEC) model with the

highest global likelihood ()Ln). The Sequential species-history

scenario was assumed as explained in the text. Codes for bi-

ogeographic areas are as follows: C (Canary Islands), M

(Madeira), O (continental W Mediterranean) and A (Azores).

Model parameters were adjusted assuming that the ancestral

lineage of the Macaronesian red fescues was spread (fixed) in

the biogeographic area O. The highest likelihood reconstruction

of ancestral ranges for each node is represented by two contig-

uous boxes, each denoting ranges inherited by daughter lin-

eages. Putative dispersal and extinction events (denoted by the

symbol*) are given along branches. T0 and T3 indicate nodal

ages following Fig. 3. All computations were performed using

the program LAGRANGE version no. 2.0.1 (Ree & Smith 2008).

Table 6 Global likelihood (-lnL) of the 17 dispersal-extinction-

cladogenesis (DEC) area-models imposed on the Sequential spe-

cies-history tree. T0 and T3 represent divergence times as

shown in the Fig. 4

DEC model

Sequential

T0 T3

3IC 10.11* 9.99*

OC, OAM 10.50 10.18

OM, OAC 10.59 10.41

OA, OMC 10.90 10.64

OA, OCM 11.20 11.22

OC, OMA 11.12 10.54

OM, OCA 12.00 11.84

OA(CM) 11.26 10.98

FIC 11.82 11.55

OAMC 11.61 11.34

OACM 11.73 11.66

OC(MA) 12.36 12.19

OM(CA) 12.52 11.83

OMAC 12.67 12.15

OCAM 12.21 11.84

OCMA 12.62 11.95

OMCA 13.34 12.77

O, C, A and M indicate the continental W Mediterranean,

Canarian, Azorean and Madeiran archipelago biogeographic

areas, respectively. 3IC is the three-independent-colonization

model; FIC is the free-independent-colonization model. The

constrained models were coded by a string of letters which is

read in a left-to-right sense as successive dispersal steps. The

leftmost letter (O) denoted the first step of the colonization

route (fixed root). Letters within brackets indicate bi- or

trifurcation dispersals from the immediate left-side letter. A

comma separated two independent colonizations. Asterisk

indicates the most likely model.
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Evolutionary relationships of trnLF haplotypes

The evolutionary relationships of the diploid Macarone-

sian and Iberian red Festuca species and other close taxa

of the fine-leaved Loliinae are shown in Fig. S1 (Sup-

porting information). The maximum parsimony, maxi-

mum-likelihood and Bayesian inference analyses

recovered a well-to-strongly-supported Festuca sect. Aul-

axyper + Vulpia 2· clade. Nevertheless, the large sample

size of diploid red Festuca taxa used in this study did

not resolve the basal relationships within the Festuca

sect. Aulaxyper crown, probably due to the retention of

ancestral polymorphism and lack of resolution of classi-

cal phylogenetic methods as a consequence of recent

speciation times.

Statistical parsimony was designed for scenarios

where low genetic differences among sequences are

expected (Templeton et al. 1992). This method has

shown greater statistical power and more accurate

organismal relationships than maximum parsimony
� 2012 Blackwell Publishing Ltd
when few characters are available, even at higher levels

of divergence (Crandall 1994). In this sense, we relied

upon the statistical parsimony network to characterize

genealogical relationships of diploid red fescues haplo-

types (Fig. 2). Overall, the network suggested three-two-

step clades (Fig. 2a): a Canarian clade (2-2) that was

exclusively formed by F. agustinii samples and the Azo-

rean–Iberian (2-1) and the Madeiran–Iberian (2-3) clades

showing haplotype connections between island and con-

tinental populations. The Azorean–Iberian clade was dom-

inated by the large core of haplotype h1 from which

seven terminal haplotypes (h2 to h8) radiated. This level

of radiation was not evident in the other clades.
Phylogeographic signal

Nested clade phylogeographic analysis results are

shown in Table S3 (Supporting information). In total,

eight of the nine clades yielded significant associations
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with geography. The null hypothesis of no geographic

association was rejected at all higher-level categories,

including the 2-step clades and the entire cladogram.

Overall, the NCPA suggested long-distance coloniza-

tions (LDC) and ⁄ or past fragmentation plus extinction

of intermediate populations (PF ⁄ ext) for Macaronesian

red fescues. The prevalent pattern within the Azorean–

Iberian clade was restricted gene flow by IBD. However,

LDCs were also inferred within the 2-step Azorean–Ibe-

rian clade. Two inferences of allopatric fragmentation

were performed for the Madeiran–Iberian (2-3) and the

Canarian (2-2) clades, respectively. NCPA found a com-

mon pattern of IBD at all 1 step clades within the

Madeiran–Iberian and the Canarian clades.

Statistical associations between the patristic distances

of haplotypes and geographic locations of samples were

established through the ParaFit host–parasite co-evolu-

tionary analysis (Fig. 1, Table 3). Global F1 test

detected a highly significant haplotype–location associa-

tion (4.79, P < 0.001), suggesting a global stepping-stone

pattern in the spatial distribution of the diploid red fes-

cues. Specific association values and detailed inspection

of specific haplotype–location combinations selected the

regions that mostly contributed to this general pattern.

A significant concentration of Canarian clade haplotypes

in the Canary Islands and of Azorean–Iberian clade hapl-

otypes in the Azores (Fig. 1, Table 3) was evidenced.

In contrast, the Madeiran–Iberian clade haplotypes were

broadly distributed in the Madeiran and Canarian

archipelagos and in the Iberian Peninsula and did not

show statistical association with geography.
Bayesian estimation of demographic parameters

The estimated absolute trnLF mutation rate l of the

Festuca sect. Aulaxyper taxa was 1.1684 · 10)9 substitu-

tion per site per year. This value was in agreement with

synonymous substitution rates of six chloroplast genes

for the maize ⁄ wheat comparison (1.1 · 10)9 to

1.6 · 10)9; Wolfe et al. 1987).

IM HPP estimates of h (Ne), t (t) and m (Nem) are

shown in Table 4. Molecular data contained sufficient

information to generate posterior distributions for the h
parameter (data not shown) that could be circumscribed

to the HPD bounds (Table 4). These bounds were very

wide, hence precluding any statistical differentiation

among HPP estimates, although some general trends

could be extracted. First, species Ne values (aver-

age = 452.9) were larger than population Ne estimates

(291.8), although this reduction was more pronounced

for the F. agustinii ⁄ Ae and (F. francoi + F. petraea) ⁄ Fw

comparisons. As these species (or pool of Azorean spe-

cies) involved a large number of populations and sam-

pled locations, we do not discard the possibility that
some level of intraspecific genetic substructuring could

have affected the estimation of Ne at the species level.

Second, F. agustinii and Ae showed the largest h esti-

mate at their respective taxonomic level. Ae was the

only population with a h value larger than 1, represent-

ing a sufficiently large Ne for minimizing the impact of

genetic drift (Crow & Kimura 1970).

Most estimates of m were not significantly different

from zero as indicated by the LRT (Table 4). This test

only detected one statistically positive migration rate

(LRT = 1.18), starting from F. jubata (Madeira) to

F. agustinii (Canary Islands). The HPP estimate was of

1.021 · 10)6 per gene per generation, with HPD bounds

between 5.26 · 10)9 and 4.53 · 10)6 and a correspond-

ing population migration rate (Nem) of 0.49 represent-

ing one migration event every two generations.

The posterior distributions of the number of genera-

tion since species ⁄ population divergence (t) are shown

in Fig. S2a, b (Supporting information). For both analy-

ses, HPD bounds were undefined (Table 4) making

unreliable any statistical comparison of posterior distri-

butions. In this sense, we limited the discussion of the

results to the description of the general trends. First, spe-

cies t HPP estimates circumscribe the more ancient Mac-

aronesian red Festuca divergence to the last 609 · 103

generations or 1.22 · 106 years (F. agustinii vs. F. pet-

raea + F. francoi). All comparisons gave relatively similar

divergence times (range = 521 · 103 to 609 · 103 genera-

tions), except F. rivularis vs. F. petraea + F. francoi with a

more recent splitting time of 309 · 103 generations or

618 · 103 years. This suggests that the F. agustinii, F. ju-

bata and a putative F. rivularis + Azorean lineages could

have simultaneously radiated approximately 558 · 103

generations ago or 1.12 Ma (averaged calculations

excluding F. rivularis vs. Azorean species). On the other

hand, population HPP estimates delimited the more

ancient divergence time to the last 784 · 103 generations

ago or 1.57 Ma (Ae vs. Fw). All comparisons involving

Ae showed earlier splitting times (average = 732.7 · 103

generations ago or 1.47 Ma), suggesting that F. agustinii

probably diverged first from the rest of the Macarone-

sian red fescues. When Ae was excluded from the analy-

sis, more recent divergence times (average = 196 · 103

generations ago or 392 · 103 years ago) were obtained,

with F. jubata (Jm + Jp) splitting at intermediate chrono-

logical times (average = 272 · 103 generations ago or

544 · 103 years ago) between the Ae average time and

the very recent splitting event between F. rivularis (Rp)

and the Azorean species (Fw; 44 · 103 generation ago or

88 · 103 years ago). Overall, IM analyses at both the

population and the species levels indicated that the most

ancient divergence time for the diploid red fescues could

be circumscribed between 609 · 103 (1.22 Ma) and

784 · 103 (1.57 Ma) generations ago.
� 2012 Blackwell Publishing Ltd



SP ECIATION AND B IOGEOGRAPHY OF RED FESCUES 1717
Hypotheses testing of species-history models

The hypotheses testing of species-history models was

performed under the optimal scenarios that generated

simulated distributions which clearly supported at least

one species-history model over the others. This optimal

scenario was chosen according to the three-criterion con-

dition, which included (i) at least one nonrejected model

and at least one rejected model; (ii) a lesser number of

nonrejected models; and (iii) nonrejected model(s) where

their observed probabilities were closest to 0.5. From IM

HPP values, we constructed the initial PpN0T0 scenario,

which was superseded by other scenarios according to

the three-criterion condition, because none of the four

species-tree models could be rejected according to the

p-distance or the S distributions. Consequently, we

moved at discrete steps from PpN0T0 (Fig. 4) progres-

sively achieving the three-criterion condition as we

simultaneously reduced Ne and increased T. The

PpN)1T2 was chosen as the optimal scenario (Table 5)

where the p-distance statistic supported the Canarian and

Sequential models and rejected the Dichotomous and Radi-

ation models. Additionally, the S statistic favoured the

selection of the optimal PpN)1T3 combination, only

rejecting the Radiation model, and suggested a poor fit of

the Dichotomous model to the data (Table 5).

At the species level, we restricted the tests to four

migration scenarios (Figs 3b and 4). First, two scenarios

were computed from averaged values of Ne and t IM

HPP estimates that included a migration rate of

1 · 10)6 (SpN0T0-m6) or 1 · 10)3 (SpN0T0-m3) events

per gene per generation (Fig. 4). Second, based on pre-

vious findings at the Bayesian group level, which

showed that the simultaneous increase in T values and

reduction in Ne values generated p-distance and S distri-

butions with better resolving power (Table 5), we

restricted the exploration of the parameter space to only

two new scenarios: SpN)1T3-m6 and SpN)1T3-m3

(Fig. 4). Similar to the results obtained at the popula-

tion-level analyses, the starting combinations SpN)0T0-

m6 and SpN)0T0-m3 produced distributions that were

rejected by the three-criterion condition (Table 5). For

p-distance, we achieved an optimal scenario when time

was increased and the migration rate estimated by IM

analyses was incorporated (SpN)1T3-m6), favouring

again the Sequential and Canarian models (Fig. 4 and

Table 5). Simulated S distributions showed less resolv-

ing power than the p-distance ones, rejecting only the

Radiation model in T3 scenarios (Table 5).

Overall, simulated p-distance and S distributions at

both the population and species level supported the

Canarian and Sequential species-history models when

large divergence times and small effective population

sizes were considered for tree parameter values
� 2012 Blackwell Publishing Ltd
(PpN)1T2, PpN)1T3, SpN)1T3-m6) (Fig. 4 and Table 5).

When IM HPP estimates were used for simulations

(N0T0), an inconclusive outcome arose as a consequence

of lack of power of the test, although it does not

preclude the support for the Canarian and Sequential

models at low divergence times.
Biogeographic analysis

Global likelihood of the 17 DEC area-models imposed

on the Sequential species-history tree model is shown in

Table 6. For both T0 and T3, the most likely geographic

distribution scenario corresponded to the 3IC model

(Fig. 5), which suggested three independent coloniza-

tion events from the continental area O to each of the

Macaronesian archipelagos C, M and A. This model

also suggested an extinction event (represented by an

asterisk in Fig. 5) of the lineage that first dispersed to

Canary Islands in O. The global maximum-likelihood

dispersal rates of the 3IC model for T0 and T3 were,

respectively, 0.87 and 0.47, representing approximately

one dispersal event every 1 · 106 to 2 · 106 years. Ten

and 13 solutions for T0 and T3 were, respectively, not

statistically different from the most likely 3IC model,

pointing to a failure of the DEC models to recover

unique historical distributions of the recently diverged

diploid Macaronesian and Iberian red fescues, probably

due to the small number of species analysed and their

recent divergences.
Discussion

Sampling effects on performance of IM estimates

The accuracy and precision of IM estimates, and hence

the width of their HPD bounds, are expected to be

affected by the number of loci and sequences used in

the analysis (Strasburg & Riesenberg 2010). In our case,

it could explain the wider or undefined HPD bounds,

especially regarding the estimated splitting times and,

to a lesser extent, the effective population sizes

(Table 4; Fig. S2, Supporting information). Although

we think that the use of a single locus might have been

the main factor affecting our wide HPD intervals, we

nevertheless adopted several grouping strategies to

minimize violations of the IM model, that is, merging

sequences from different biologic populations into

Bayesian groups or species. In this way, we approached

sample sizes similar to those used in previous studies

(Hey et al. 2004; Hey 2005; Won & Hey 2005; Lee &

Edwards 2008; Niemiller et al. 2008). Despite the merg-

ing of sequences from different island populations

could have introduced some genetic substructure in

those artificial groups, the IM model is relatively robust
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to moderate violations by genetic structure (Strasburg &

Riesenberg 2010). Consequently, working with larger

groups with some level of substructure seems to be a

better option than using small population sizes with

almost no genetic variability. Apparently, there is not a

specific threshold value of sampling size to generate

good HPP estimates because in addition to the number

of loci and number of sequences used, the genetic vari-

ability of the samples and the degree of haplotype shar-

ing between the studied species should also be taken

into account to obtain more precise IM estimates (Stras-

burg & Riesenberg 2010).
AFLP Bayesian groups vs. trnLF haplotype patterns

Some limitations that could preclude the resolution of

the evolutionary processes that gave rise to the extant

Macaronesian red fescues relate to the present restricted

distribution of the close relative F. rivularis in SW Europe

and the possible extinction of other close ancestral dip-

loid lineages in this region and in NW Africa after the

colonization of the oceanic islands. For example, exclud-

ing putative extinct continental population from analy-

ses could have affected the possibility of circumscribing

lineage divergent times to narrower time-windows or

restricting the geographic range of colonization events

to particular continental subareas. Extensive sampling

of continental relatives is also of main interest for rigorously

testing the monophyletic assemblage of populations

within an archipelago, giving support to single-coloni-

zation biogeographic scenarios (Emerson 2002).

The chloroplast patterns first appeared to be appar-

ently incongruent with the nuclear AFLP Bayesian

groups [(sensu Dı́az-Pérez et al. (2008)]. However, their

respectively supported species-histories did not contra-

dict each other; furthermore, the maternally inherited

plastid data complemented the biparentally inherited

AFLP models recovering two colonization waves of

ancestors of F. agustinii in the Canary Islands that

passed undetected in the AFLP data analysis. Incongru-

ence among gene trees is an expected outcome of the

coalescent process, especially for closely related species

where short branch lengths generate a multitude of dif-

ferent gene topologies (Degnan & Salter 2005). The

reconstruction of Bayesian groups from 189 nuclear

AFLP markers reflected common ancestry, even if indi-

vidual loci did not all reconstruct the same coalescent

history (Dı́az-Pérez et al. 2008). In this scenario, the

nonrecombinant chloroplast chromosome is expected to

show a single coalescent history, which might be par-

tially congruent with the AFLP patterns detected in the

diploid red Festuca. An apparent incongruence was

reflected in the AFLP Bayesian groups that included

haplotypes assigned to two 2-step plastid trnLF clades
(Fig. 2a, Table S1, Supporting information), as shown

for Aw and Ae. In this sense, the nonrecombinant nature

of the cpDNA maternal lineage was useful to infer

ancient independent colonization events in F. agustinii,

whose traces were subsequently erased by sexual

recombination at the nuclear AFLP loci. This was prob-

ably due to the admixture of the most recent colonizers

with the previously established F. agustinii founders in

the Gran Canaria island that, in spite of this, still leaved

their plastid imprinting. It seems to be the case of the

atypical clustering of the Gran Canaria h4 and h5 hapl-

otypes within the Azorean–Iberian clade (Fig. 2a),

obtained from individuals that were nonetheless clus-

tered in the AFLP Ae Bayesian group (Table S1, Sup-

porting information) without showing any signal of

genetic differentiation from the other Tenerife popula-

tions. A different incongruence was observed in the

F. rivularis Pyrenean population, with individuals

showing haplotypes belonging to both the Azorean–Iberian

(h2) and the Madeiran–Iberian (h9 and h12) clades. Con-

sequently, we believe that the differences observed

between the AFLP and trnLF patterns, or within the

trnLF ones alone, could have been originated by incom-

plete lineage sorting mechanisms in one and the other

genome, although more easily detected in the mater-

nally inherited plastid genome, rather than artefacts

produced by the AFLP Bayesian grouping criterion.

Additionally, the recent origin of the Azorean lineage,

coupled with the low mutation rate of the trnLF region

in Festuca sect. Aulaxyper, might explain why F. petraea

and F. francoi did not show mutually exclusive haplo-

types, despite they grow in different ecological niches

and show an almost sister-clade monophyletic relation-

ship according to multilocus AFLP markers (Dı́az-Pérez

et al. 2008). Interspecific hybridization might not be dis-

carded, although AFLP data discouraged this scenario.

It was also inferred that a very recent coastal halophytic

F. petraea could have derived from relatively more

ancestral mountain cliff-dweller F. francoi in the wes-

tern island of Flores and that speciation could have

occurred through ecological adaptation (Dı́az-Pérez

et al. 2008). This hypothesis is corroborated by the lack

of differentiation of the trnLF haplotypes of the two

species, which have been unable to accumulate specific

mutations in such a short time span.

The present trnLF study has recovered a sister rela-

tionship between the continental F. rivularis and the

Azorean F. francoi and F. petraea taxa (Fig. 2). This

finding argues against the general hypothesis that conti-

nental diploid relatives should be older than (or as old

as) the oceanic islands taxa or the eventual result of

back-colonizations (Carine et al. 2004; Kim et al. 2008).

Our study shows signatures that the supposedly ‘relict’

Iberian F. rivularis is of more recent origin than the
� 2012 Blackwell Publishing Ltd
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Canarian F. agustinii and the Madeiran F. jubata. Fur-

thermore, it has been shown that the F. rivularis MRCA

likely participated in the colonization of the Azorean

archipelago in middle–late Pleistocene times (0.6–

0.1 Ma). We could not rule out, however, the possibility

that F. rivularis is a relict continental lineage from

which oceanic lineages branched off over time. Never-

theless, it should be noted that this species showed the

lowest level of genetic polymorphism among the dip-

loid red fescues (see Ss, nh and hp in Table 1), a fact

that is incompatible with an ancient evolutionary lin-

eages where the accumulation of a relative large level

of variability is expected.
Phylogeographic signal

The NCPA suggested that the entire complex of haplo-

typic–geographic associations of Macaronesian red fes-

cues is mainly explained by LDC (Table S3, Supporting

information). This is in agreement with the general liter-

ature in that recently emerged biome-empty volcanic

Macaronesian oceanic islands were filled through colo-

nization events that were associated with long-distance

dispersals (Whittaker & Fernández-Palacios 2007).

Long-distance dispersals were detected within the Azo-

rean–Iberian clade (2-1), subclade 1-1, involving haplo-

types located in the Pyrenees, Azores and Gran Canaria

(Fig. 1 and Table S3, Supporting information). A long-

distance dispersal event is hypothesized to have

resulted in the colonization of the central region of

Azores, after which the western (1-3) and eastern (1-2

and 1-4) subarchipelagos were further colonized

(Fig. 1). This pattern of colonization does not totally

concur with AFLP inferences (Dı́az-Pérez et al. 2008),

where a directional rather than a centripetal (from cen-

tral to western or eastern subarchipelagos) colonization

pattern was inferred. The long-distance colonization of

the Canary Islands is restricted to Gran Canaria and

represents an independent lineage that probably colo-

nized this archipelago in very recent times. To complete

this scenario, it should be highlighted that there was a

long-distance dispersion that was not detected by the

NCPA, connecting the populations Frivu2 (Pyrenees)

and Fjuba8 (Porto Santo, Madeira), placed at the 1-9

subclade within the Madeiran–Iberian 2-3 clade. Consid-

ering that Fjuba8 represented a small proportion of the

total sample of clade 1-9, it is not difficult to assume

that its contribution to the nested clade distance was

not of main importance.

Two allopatric-fragmentation events were localized

within the Canarian (2-2) and the Madeiran–Iberian (2-3)

clades (Fig. 2a and Table S3, Supporting information).

Each event involved at least two clades without over-

lapping distributions (Fig. 1), but without genetic
� 2012 Blackwell Publishing Ltd
discontinuity expressed by larger-than-average number

of steps. It seems that recent fragmentation events took

place in the Canarian and Madeiran archipelagos, but

we may not rule out that this pattern could have been

generated by the conjunction of lineages of independent

origins by means of multiple colonization events. Multi-

ple colonizations have probably occurred in Tenerife,

an island with a complex geological history. This island

was originally conformed by three isolated mountain

systems, Anaga, Teno and Adeje, that originated 4–

6 Ma and finally merged by volcanic activity approxi-

mately 1 Ma (Trusty et al. 2005 and references therein).

The Fagus5 population (subclade 1-5; Teno) and Fagus3

(subclade 1-8; Anaga) (Fig. 1) could represent two iso-

lated lineages that were brought together by posterior

merging of both systems. The Anaga lineage could have

experienced a posterior expansion to recent areas of

Tenerife, as indicated by the geographic placement of

subclade 1-8 populations Fagus4 and Fagus7. The other

fragmentation event, detected in the Madeiran archipel-

ago, possibly reflects recent oceanic barriers to gene

flow between Pyrenean and Madeiran haplotypes.

Restricted gene flow by IBD was the main pattern

found for all 1-step clades (Table S3, Supporting infor-

mation). Some 1-step clades like 1-3 (Flores), 1-2 (Santa

Marı́a) and 1-4 (Sao Miguel) in Azores involve popula-

tions located in the same island, implying limited

dispersal abilities of red fescues on terrestrial land-

scapes (Fig. 1). In other clades with haplotypes located

in at least two islands, NCPA suggested a restriction to

gene flow within islands coupled with a stepping-stone

colonization pattern (a variant of IBD), for example in

the 1-6 (La Palma, Hierro and Tenerife), 1-7 (Madeira

and La Palma), 1-8 (Tenerife and La Gomera) and the Az-

orean core of 1-1 (Terceira, Faial, Pico and Sao Jorge).

Some precautions should be observed when assuming

NCPA inferences without taking into account alterna-

tive statistical methods supporting them. First, Panchal

& Beaumont (2010) have recently shown that single-

locus NCPA tends to give a high proportion of false

inferences. Second, NCPA is not especially conceived

for island populations located in different Macaronesian

archipelagos that are isolated by large oceanic areas

(Fig. 1), where the centre of the geographic distribution

of some haplotypic clades was necessarily located at an

intermediate highly improbable oceanic geographic

location.
The ParaFit method

In this study, we have employed for the first time the

ParaFit (Legendre 2001) host–parasite co-evolution

model to detect phylogeographic signals in Macarone-

sian red fescues (Table 3, Fig. 1) as a complementary
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statistical method to NCPA. ParaFit does not rely on

nested clades to detect global and specific phylogeo-

graphic associations; instead, nonindependence of geo-

graphic and haplotypic distances was taken as evidence

of a phylogeographic structure, as a consequence of

IBD or a related variant like the SSM. The ParaFit

method detected a highly significant global association

for the entire complex of Macaronesian red fescues,

suggesting IBD or SSM in addition to the long-distance

colonization events inferred by NCPA. A significant

concentration of regional haplotypes within the Azore-

an–Iberian clade is in agreement with the IBD outcome

generated by NCPA, but also suggests that in addition

to the allopatric-fragmentation events suggested by

NCPA for the Canarian clade, there are also indications

of IBD or a SSM. Contrary to NCPA, ParaFit was not

able to detect any association by IBD within the geo-

graphically broadly distributed Madeiran–Iberian clade,

given that some haplotypes were located simulta-

neously in different archipelagos (h10) or continental-

island areas (h9) (Table 3 and Fig. 1).

The existence of a SSM scenario should not be inter-

preted as contradictory evidence to IM analyses, which

basically did not detect any sign of conclusive migra-

tion events between Bayesian groups or species. A lin-

ear SSM pattern without further migration after arrival

could have been originated by sequential founder

events along a chain of geographically separated islands

or archipelagos. According to this, they represent punc-

tual historical events that IM would interpret as histori-

cal divergence and not as migrations as the splitting

times clearly favoured the strict isolation model over

the isolation-with-migration model.
Coalescence-based species-history hypotheses testing

For coalescent simulations, it was assumed that ances-

tral polymorphism, incomplete lineage sorting and

migration after divergence were the main factors that

shaped the evolution of the diploid red fescues, neglect-

ing other sources such as hybridization and selection.

Large oceanic distances, especially among archipelagos

and continental areas, are strong barriers to the free

interchange of genes, a fact that is in concordance with

IM analyses, which only suggested an inconclusive

localized gene flow from Madeira to the Canary Islands.

Under this scenario, four species-history models were

represented by species trees that conditioned different

branching patterns of simulated gene trees (Fig. 3a).

For diploid red fescues, the Sequential and Canarian

models were consistently supported by empirical obser-

vations for different values of Ne and splitting time (T)

values (Table 5). By contrast, rejection of the Radiation

and Dichotomous models was achieved at lower Ne and
T values proximal to the basal radiation of the Festuca

sect. Aulaxyper clade (Inda et al. 2008). These results

concurred with the expectations because a higher pro-

portion of fixed exclusive mutations among lineages

increase the power of the test statistics. The rejection of

the Dichotomous model was only achieved by the p-dis-

tance statistics (Table 5), suggesting that this method is

sensible enough to detect subtle genetic divergence

under the relatively recent divergence times of the Mac-

aronesian red fescues.

The S statistics showed a consistent failure to reject

the Dichotomous model (Table 5). We do not discard

that S could have not fully considered information

about deeper population divergences (Knowles &

Maddison 2002), but it is highly probable that in the

reconstruction step of the gene trees through classical

phylogenetic methods (Felsenstein 2004) the inferred

topologies of trnLF trees could have reflected higher

levels of statistical uncertainty. In fact, these methods

have shown little statistical power to discriminate

among alternative hypotheses when a scant level of

polymorphism is present (Huelsenbeck et al. 2001) and

to recover incorrect phylogenies when a small number

of nucleotides or a large number of closely related

sequences are used (Nei et al. 1998). By contrast, the

p-distance-based statistic that we employed here does

not rely on previous gene tree topology estimation and,

at the same time, it takes into account species-tree

branch length information, assuming a direct relation-

ship between pairwise distances and divergence times

of genes (Slatkin & Hudson 1991).

The history-species models proposed here (Fig. 3a)

were oversimplified to capture the essence of past spe-

cies divergence events. Hypotheses should be simple

enough for them to be discriminated with available

data, yet still capture the essence of the problem

(Knowles 2004). Some criteria were employed to

achieve this condition. First, both Azorean species were

considered as one genetic unit to give relevance to evo-

lution among different archipelagos. Second, we used

averages of IM pairwise Ne and t estimates at different

taxonomic levels (Fig. 3b), reducing in this way the

number of alternatives that would need to have been

tested (Fig. 4). Third, an IM population-level analysis

was performed to minimize the putative effect of sub-

structuring possibly found at the intraspecific level,

approximating the theoretical assumptions of the IM

model (Nielsen & Wakeley 2001; Hey & Nielsen 2004).

p-distance and S statistics coalescent distributions sup-

port the Canarian and Sequential species-history models

(Fig. 3a and Table 5) that place F. jubata closely related

to the Azorean + F. rivularis clade and establish a clear

separation of F. agustinii from the rest of the group.

These models have also been supported using Mantel
� 2012 Blackwell Publishing Ltd



SP ECIATION AND B IOGEOGRAPHY OF RED FESCUES 1721
correlation average values between patristic distances

obtained from the empirical statistical parsimony net-

work and a random sample of patristic distances gener-

ated from coalescent-based networks (unpublished

results). Even more, the Sequential model is in agree-

ment with previous multilocus AFLP data (Dı́az-Pérez

et al. 2008) which placed F. jubata at intermediate place-

ment in relation to F. agustinii and the Azorean species.
Dated historical and biogeographic scenarios
of the diploid Macaronesian red fescues

Methods implemented to estimate the age of tree

divergences from heterogeneous sequences, such as

Bayesian relaxed-clock approaches, rely on fossil cali-

brations for minimum and maximum thresholds of

basal nodes (Inoue et al. 2010; and references therein).

The impact that priors on times, based on primary fos-

sil calibrations, might inflict on the calculation of pos-

terior time estimates has been stressed in recent

studies (Inoue et al. 2010; Pyron 2010). The coales-

cence-based approach used in this study offers an

alternative to estimate the ages of convergence of

recently evolved groups that are derived from priors

on mutation rates and effective population sizes. Using

this approach, the HPP estimations of the times of

divergence of the recently evolved Macaronesian red

fescues indicate a much recent origin for all the oce-

anic island lineages and their continental relative

F. rivularis (Table 4, Fig. S2a, b Supporting informa-

tion) than the estimations derived from dated chrono-

grams (Inda et al. 2008). Despite mutation rates of

Festuca sect. Aulaxyper trnLF sequences have been

derived from dated phylogenies (Inda et al. 2008) and

that the estimated coalescent ages might be influenced

by the short minimum generation times attributed to

these perennial herbaceous grasses (2 years, Gaut et al.

1992; Catalán 2006), our results provide a feasible evo-

lutionary scenario for rapid colonization events of

these grass lineages in both oceanic islands and conti-

nental environments.

Evolution of diploid red fescues seems to be con-

strained to the last 1.57 Ma (population level) or

1.22 Ma (species level) as suggested by HPP estimates

of divergence times obtained through IM analysis

(Table 4). This represents a 49% to 63% reduction of

the estimated value for the basal node of the Festuca

sect. Aulaxyper radiation as previously dated by Inda

et al. (2008) using Bayesian relaxed-clock methods

(2.5 ± 0.9 Ma). HPP dates circumscribe the evolution of

the diploid red fescues within the upper–middle Pleis-

tocene (Futuyma 1998), which was characterized by

repeated 100-Ky cycles of warm (interglacial) and cold

(glacial) periods (Mudelsee & Shulz 1997), when the
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sea level dropped because much of the earth’s water

was frozen on land. These events could have promoted

multiple colonizations of red Festuca lineages into the

Macaronesian archipelagos within confined small-scale

windows of opportunity (sensu Carine 2005; Kim et al.

2008). This fact seems to be supported by DEC models,

where multiple independent colonization events were

more likely than strictly stepping-stone colonization

routes (Table 6 and Fig. 5). This pattern of coloniza-

tion apparently was not influenced by the geological

ages of the subaerial sections of the current archipela-

gos, which have been dated back between 14.5 and

2.0 Ma for Canary Islands, 14.0–5.3 Ma for Madeiran

archipelago and 4.01–0.3 Ma for Azores (Dı́az-Pérez

et al. 2008), all of them older than the basal radiation

of the Festuca sect. Aulaxyper ancestor that gave rise to

diploid red fescues approximately 1.5 Ma. In this con-

text, the 3IC model suggested by Dı́az-Pérez et al.

(2008) from AFLP data was the most likely supported

biogeographic model, further suggesting that the corre-

lations of AFLP-standardized residuals analyses can be

a useful method for testing independent migration

routes of the Macaronesian red fescues. It should be

highlighted that we were not able to compute IM HPD

bounds for divergence times, imposing a note of pre-

caution to our conclusions about chronological events.

The fact that Mesquite and SIMCOAL simulations sug-

gested that a reasonable basal divergence time is proxi-

mal to 1.5 · 106 generations ago (or 3 Ma; Figs 3b and

4), indicate that we might have underestimated this

parameter.

The 3IC model was enforced to contain three indepen-

dent dispersal events from the continental area (O) to

Canary Islands (C), Madeira (M) and Azores (A), respec-

tively (Fig. 5). Interpreting its range inheritance scenarios

following Ree et al. (2005) allowed us to infer that the

F. agustinii lineage possibly was produced by an initial

cladogenetic event in O. This lineage dispersed and colo-

nized C followed by its extinction in O. Two indepen-

dent colonizations originated from the continental sister

lineage of F. agustinii without immediate speciation after

arrival, generating a lineage of widespread distribution

located in O, M and A. Subsequent allopatric speciation

of M and A lineages is invoked to explain the origin of

F. jubata and Azorean species, respectively.

On the other hand, given that dispersal-mediated

allopatry (DMA; sensu Clark et al. 2008) has been

invoked for several oceanic island plant species, it is

probable that the divergence of Macaronesian red Festuca

lineages occurred in association with the arrival of foun-

ders from mainland continental areas. At least, it seems

probable for this to have occurred in Madeira, given a

shift of geographic range at the base of the lineage lead-

ing to that archipelago. Nevertheless, DMA does not rule
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out the possibility that further anagenetic evolution

could have taken place after the arrivals as a conse-

quence of founding effects and genetic drift (Whittaker

& Fernández-Palacios 2007). According to Stuessy et al.

(2006), the anagenesis model fits into scenarios where a

genus is represented on an island or archipelago by a

single endemic species and this situation matches that

observed in the Canary Islands and Madeira.

Likelihood models as implemented in LAGRANGE ver-

sion no. 2.0.1 (Ree & Smith 2008) cannot handle poly-

tomic species trees. In this sense, we were not able to

infer other likely biogeographic scenarios assuming the

Canarian model species tree. Nevertheless, we explored

approximate outcomes under this model artificially

resolving the polytomy leading to F. jubata, F. rivularis

and F. francoi + F. petraea (data not shown). In this case,

we arbitrarily preserved the same branching pattern of

the Sequential model, but fixing internal branch lengths

closer but different from zero. T0 parameters also sup-

ported the 3IC model, but T3 parameters suggested a

complex scenario involving other potential colonization

routes. In this case, similar to the 3IC scenario, two

independent colonizations were inferred from the conti-

nent leading to F. agustinii in Canary Islands and to the

F. francoi + F. petraea complex in Azores, respectively.

However, Madeira was colonized following stepping-

stone events, comprising a dispersion from the conti-

nent to Azores and from there to Madeira where

F. jubata speciated.
Species-history scenario of the Macaronesian red
fescues

Two species-history models, which placed F. agustinii

as the first branching lineage of the species tree, were

supported by the S and p-distance statistics (Fig. 3a and

Table 5). Its sister lineage involved a recent polytomy,

following the Canarian model, or the sequential branch-

ing of lineages leading to F. jubata and finally to the sis-

ter clades F. rivularis and the Azorean species,

following the Sequential model.

Additional genetic parameters seem to support

F. agustinii as the first branching lineage. Festuca agusti-

nii was the most variable species, having twice the

number of haplotypes of the next variable species and

showing the highest hp and Ss values (Table 1), fea-

tures compatible with a relatively ancient lineage that

have accumulated more mutations since arrival than

the rest of the species lineages. In addition, population

substructure among islands and repeated colonizations

from external sources might also explain high levels of

genetic variation. The statistical parsimony network

showed a Canarian clade that was clearly differentiated

from the other clades (especially if indels were excluded)
(Fig. 2a). Additionally, this clade showed an incipient

nonstar subnetwork structuring (Fig. 2a, b) and a strong

phylogeographic signal to the Canary Islands (Fig. 1,

Table 3). Both elements are indicative of an in situ line-

age divergence. This structured phylogeographic pattern

of F. agustinii is incompatible with a scenario of a popu-

lation that has recently expanded in size from a small

number of founders (Slatkin & Hudson 1991; Avise

2001). The older origin of the Canarian species with

respect to the more recent ones of other Macaronesian

island congeners was also evidenced in the study of Kim

et al. (2008), which showed the earlier chronological

divergences of the Canarian lineages in five eudicot Mac-

aronesian groups (woody Sonchus alliance, Echium, Aeo-

nium alliance, Sideritis and Crambe).

According to the Sequential model of species history

(Fig. 3a), graphical inspection of sampling location

(Fig. 1) suggests two putative secondary colonizations

of the Canary Islands from O + A (h4 and h5 haplo-

types sampled in Gran Canaria) and M (h10 haplotype

sampled in La Palma) biogeographic areas, respectively.

Alternatively, those rare Canarian haplotypes could

have originated from more ancient Canarian native

haplotypes through convergent evolution. Both evolu-

tionary scenarios suggest that the Canarian F. agustinii

might have resulted from repeated colonization events

such as those reported for other Canarian plants (Silver-

town 2004; Carine 2005). Multiple colonizations to the

Canary Islands have been explained by the relatively

short geographic distance that separates them from

northwestern Africa (approximately 70 Km), coupled

with the direct influence of oceanic currents (Canary

streams) and northeasterly trade winds, a likely sce-

nario that could have fostered the dissemination of

individuals from the continent (Fuertes-Aguilar et al.

2002; Carine et al. 2004). According to the window-

of-opportunity hypothesis (Carine 2005), such coloniza-

tions probably occurred in repeated small periods of

time with favourable conditions to colonizations. There-

fore, an older event of c. 1.12 Ma (species level) or

1.47 Ma (population level) probably led to the main

Canarian haplotypic lineage, whereas the rare variants

might have been more recently acquired through

different maternal introgressions (as discussed previ-

ously).

The Sequential model (Fig. 3a) suggests that the radi-

ating structure of the Azorean–Iberian clade (Fig. 2a)

could be explained from a relatively recent h1-like hap-

lotype ancestor that was simultaneously inherited by

F. rivularis, F. francoi and F. petraea. According to IM

analyses, the 2-1 clade is of relative recent origin that

probably originated in the last 100 000 (population-

level) or 600 000 (species-level) years. Because the

hypothetical reconstruction of the last 5 Ma of Macaro-
� 2012 Blackwell Publishing Ltd



SP ECIATION AND B IOGEOGRAPHY OF RED FESCUES 1723
nesian palaeo-islands distributions does not suggest

putative land bridges between Azores and the western

coast of Europe (ca. 1300 Km) (Fernández-Palacios

et al. 2011), adaptation to long-distance dispersal was a

necessary condition for the colonization of this archi-

pelago. According to this hypothesis, F. francoi proba-

bly reached Azores through bird zoochory (described

as F. jubata in Schäfer 2003). Despite Azores is geo-

graphically separated from current migration routes

along the cost of main continental massifs (Schäffer

2003), arrival of colonizers could have been favoured

by palaeo-winds blowing in different direction than

current westerly prevailing winds. The current

restricted distribution of F. rivularis in the Iberian Pen-

insula and the Pyrenees and its close relationship to

the Azorean taxa support the hypothesis of a recent

single-colonization event of their MRCA to the Azores

islands from SW Europe, followed by in situ speciation

through ecological adaptation (cf. Dı́az-Pérez et al.

2008). More recent mutations in some h1 lineages could

be hypothesized to have occurred independently in

these species originating the h2 haplotype in F. rivular-

is and the strongly phylogeographically associated h3,

h6, h7 and h8 haplotypes in the Azorean taxa (Figs 1

and 2, Table 3).

The lack of other extant continental diploid red fes-

cues precluded the identification of the potential ances-

tors of F. jubata and F. agustinii. However, the more

ancestral and genetically differentiated divergence of

the Canarian F. agustinii h-13 ⁄ n-11 haplotype supports

an independent ancient colonization event from a pre-

sumably continental ancestor (cf. Dı́az-Pérez et al.

2008). In contrast, the more recent divergence of the

Madeiran–Iberian 2-3 clade, its genetic similarity to the

Azorean–Iberian 2-1 clade and its shared intermediate h9

haplotype with F. rivularis support a recent indepen-

dent origin of F. jubata from a presumably SW Euro-

pean ancestor (cf. Dı́az-Pérez et al. 2008).

The Sequential species tree and the molecular diversity

indices of the trnLF region are compatible with previ-

ous results based on AFLP markers (Dı́az-Pérez et al.

2008). Excluding F. rivularis, which was not included in

that study, the unrooted AFLP Bayesian tree and the

AFLP Bayesian structure analyses placed F. agustinii as

the most divergent diploid red fescue. Assuming that

the degree of population and close species differentia-

tion based on AFLP markers are proportional to lineage

ancestry (cf. Kropf et al. 2009; but see Crisp & Cook

2005), the AFLP-based Bayesian tree would have recov-

ered a divergent scenario compatible with that of the

Sequential model, in which lineages leading to F. agusti-

nii, F. jubata and F. francoi + F. petraea diverged in

chronological order.
� 2012 Blackwell Publishing Ltd
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