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Introduction 

Oceanic islands represent a 'natural laboratory' for the study of evolutionary 
processes and population dynarnics in a known spatio-temporal framework. 
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form part of Macaronesia's present-day flora. Extant Macaronesian species 
of former European floristic elements are summarized by Bramwell(1976) 
and Sundig (1979). 

Parsimony analyses are used to evaluate i) natural groups of Macarone- 
sian species and continental siblings to infer the number of introductions; ii) 
relictualism as inferred by stem-based lineages, i.e. by means of sister-group 
relationships of Macaronesian lineages in phylogenetic trees with respect to 
their continental siblings; and iii) shifts of ancestral syndromes related to long- 
distance dispersal to islands. Only a reliable sample and well-supported clades 
of monophyletic groups are considered to determine the number of lineages 
involved in different colonization events (Emerson 2002). The lineage relict 
concept is accepted herein and applied to assess the relevante of Macaronesia 
in harboring early branching lineages. Based on molecular phylogenies, tree- 
based inference is analyzed in which stem-based and crown-based clades refer 
to early and subsequent differentiation, respectively (Hennig 1966). Relict- 
ualism inferred by assessment of stem-based groups has been previously dis- 
cussed in a phylogenetic context (Doyle & Donoghue 1993; Carlquist 1995; 
Baldwin et al. 1998). As every single lineage on oceanic (volcanic) islands 
originated from mainland lineages, we expect to describe three major pat- 
terns of island colonization (Figure 1): A) a single crown-base lineage as a 
consequence of recent establishment in Macaronesia relative to the conti- 
nental lineages; B) a single stem-based lineage established early on the islands, 
whereas further speciation of siblings on the mainland occurs; and C) both 
crown-based and stemlbased lineages resulting from multiple dipersal and 
establishment at different times. 

Figurel. Zñe three major cases ofphylogenetic relationships of natural groups including Mac- 
aronesian taxa. Groups of one or more taxa are represented by full (Macaronesia) and empty 
(mainland) triangles. A) Crown-based lineage as a result of a more recent establishment and 
evolution in Macaronesia relative to mainland; B) Stem-based lineage for a Macaronesian 
group,with speciation of sibling taxa occurring on the main1and.C) Both crown-based and 
stem-based lineages are the result of multiple dispersa1 events and establishment at d~#erent 
times (see text for discussion about relative times). 
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Tablel. Plant groups, families, approximate number of Macaronesian species, and literamre 
references of the 34 molecular phylogenetic reconstructions used in the present study. 

Plant group 

Aeonium alliance 

Arburus 

Argyranthemum 

Armeria 

Asreriscus 

Bellis 

Bencomia alliance 

Chamaeqtisus 

Cheimlophus 

Crambe 

Echium 

Euphorbia 

Geranium 

Gonospermum 

Hedera 

Ilex 

Imthus  

Juniperus 

hvarera 

Limonium 

Lolium 

Olea 

Pencallis 

Pinus 

Pulicaria 

Sambucus 

Saxifraga 

Sedwn 

Sideritis 

S i~pidendmn 

Solanum 

Sonchus alliance 

Teline 

Tolpis 

Familv 

Crassulaceae 

Ericaceae 

Compositae 

Plumbaginaceae 

Compositae 

Compositae 

Rosaceae 

Leguminosae 

Compositae 

Cruciferae 

Boraginaceae 

Euphorbiaceae 

Geraniaceae 

Compositae 

Araliaceae 

Aquifoliaceae 

Gentianaceae 

Cupressaceae 

Malvaceae 

Plumbaginaceae 

Graminae 

Oleaceae 

Compositae 

Pinaceae 

Compositae 

Caprifoliacae 

Saxifragaceae 

Cra~sulaceae 

Labiatae 

Cruciferae 

Solanaceae 

Compositae 

Compositae 

Compositae 

Taxa number -- 

c. 70 Mes er al. 19%: Van Ham & Hait 

1998; Mort eral. 2001 

Hileman et al. 2001 

Francisco-Ortega et al. 1995,1997 

Fuertes &Nieto 2003 

Francisco-Ortega er al. 1999b; 
Goertzen et al. 2003 

Fiz eral. 2002 

Helfgott et al. 2000 

Badr etal. 1994; Kiss & Wink 1995 

Susanna et al. 1999 

Francisco-Ortega et al. 1999a 

Bohle etal. 1996 

Molero eral. 2002 

Vargas etal., unpublished 

Francisco-Ortega er al. 2001a 

Valcárcel etal. 2003; Vargas et al. 
1999a 

Cuénoud eral. 2000 

Thiv eral. 1999 

Martinez & Vargas 2002 

Ray 1995; Fuertes et al. 2002 

Lled6 et al. 1998 

Charmet et al. 1997 

Hess et al. 2000 

Panero et aL 1999 

Krupkin et al. 1996 

Francisco-Ortega eral. 2001b 

Eriksson & Donoghue 1997 

Vargas et al. 1999b 

Van Ham & Hait 1998 

Barber et al. 2002 

Warwick & Black 1993 

Bohs & Olmstead 1997 

Kim et al. 1996 

Kas & Wink 1995; Percy & Cronk 
2002 

Moore eral. 2002; Park et al. 2001 
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Limited distribution of species in oceanic islands may be the result of two 
evolutionary processes: i) first stages of range expansion after recent speci- 
ation events; ii) last extinction stages of ancient species due to population 
demise. Accordingly, the 88 critically endangered species may represent either 
range reduction or early stages of range expansion. Analyses of character evo- 
lution of plant morphologies are misleading when trying to determine inci- 
pient versus decline stages with respect to continental levels of morphological 
differentiation. Extensive morphological differentiation, but low genetic vari- 
ation, is common for island taxa including Macaronesian plants (see Table 1 
for references). Disparate morphologies arise rapidly because species undergo 
'character release' but they display similar or identical DNA sequences 
(Givnish 1997). For instance, woodiness is surprisingly frequent in genera of 
different Macaronesian families (Argyranthemum, Sonchus, Echium, Iso- 
plexis) and has been considered a relictual character (Bramwell1976). In con- 
trast to previous considerations, molecular evidence indicates that the woody 
condition is an acquired character evolving from herbaceous Mediterranean 
ancestors as a result of in situ insular evolution (Panero et al. 1999). In con- 
trast, continental species of the same natural group display similar mor- 
phologies but remarkable divergent sequences (Bohle et al. 1996; Baldwin 
et al. 1998). 

Phylogenetic analysis of molecular data allows inference of historical 
processes in oceanic islands. A search for patterns of ancestor-descendant 
relationships of critically endangered species in molecular phylogenies (Table 
1) reveals that six species with distinctive morphological characters have a 
relatively most recent origin, as suggested by low molecular divergence and 
crown-based placement (Aeonium mascaensis, Bencomia brachystachya, 
Echium handiense, Isoplexis chalcantha, Pericallis hadrosoma, Sideritis dis- 
color). Two more species of Globularia (G. ascanii, G. sarcophylla) appear 
to fit into this pattern of crown-based lineages (P. Comes, pers. comm.). How- 
ever, the rarity of four species (Argyranthemum sudingii, Cheirolophus 
arboreus, Cheirolophus junonianus, Bencomia sphaerocarpa) appears to be 
the result of decline instead of recent species formation as inferred from a 
stem-based phylogenetic position. Whether a significant number of the 88 
critically endangered species are the result of range contraction should be 
addressed in future investigations by means of evaluating phylogenetic rela- 

, tionships, population genetics, and historical records. Human and naturally 
caused catastrophies on oceanic islands lead us to interpret that limited dis- 
tribution, at least for taxa forming ancestral lineages, is the result of popula- 
tion demise, thus resulting in the formation of geographic relicts. 

Taxonomic relicts 

Eighteen extinct taxa of vascular plants documented from European macro- 
fossils (Miocene and Pliocene) have living counterparts in Macaronesia 
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Table2. List of 14 Macaronesianplant groups with only crown-based lineages, as interpreted (Brarnwell1976). Arnong them, at least nine were identified as extant Macaro- 
nesian species, seven had closely related siblings, and two were not prop- from molecular phylogenies (see Table 1). Approximate number of taxa (Hansen & Sundig 

1993), studied taxa (in brackets) ifvery digerent from total numbei; Nlferred number of intro- 
erly identified (Bramwell1976; Sundig 1979). Therefore, some living fossils ductions, particular relict status, and ancestral dispersa1 syndromes are also rndicated. 
support the refugium status of Macaronesia as it harbors taxonomic relicts 

Plant group Taxa number Number of Relict status: stem-based Ancestral dispersal not found on the continents. As more fossils on the mainland are uncovered, 
introductions VS. crown-based Iineages 

the number of relicts is expected to increase. 
Aeonium alliancc c 70 1 Cmwn unassisted 

Crown uncenan Astenscus c 10 1 
Lineage relicts Bencomia alliancc c. 9 1 Crown unassisted 

Relative placement of Macaronesian plant lineages in molecular phylogenies 
reveals that 13 lineages from 14 plant groups are unequivocally crown-based Euphorbia (tahrbas) 

(Table 2) and 16 lineages from 18 plant groups are unequivocally stem-based Geranium 
c 10 1 Crown (7) unassisted (Table 3). Parsimony-based reconstnictions allow recognition of the 16 stem- Gonospennum 

based lineages as lineage relicts, i.e. descended from a cornrnon ancestor with 
an origin that predated differentiation of closely related species on the main- Sambucus 5 (1) 7 I crown endozoochory 

land. This summary of stem-based and crown-based groups gives phyloge- Saxifmga 2 1 Crown unassisted 

netic support for lineage relictualism in Macaronesia. The relative primary Sideritrs 24 1 Crown epizoochory (7) 

position of almost half of the 32 plant groups analyzed to date reveals the Sonchus alliance -- 
importante of plant dispersal and establishment in early times. Coloniza- 
tion has been successful since island formation (starting circa 21 mya) and 
the establishment of new lineages likely decreased over time (Carlquist 1965; Table3. List of 18 Macaronesianplant groups with at least one stem-based lineage, as inter- 
MacArthur & Wilson 1967; Simberloff 1974; Johnson et al. 2000). A sce- preted from molecularphylogenies (see Table 1). Approximate number of tara (Hansen & 
nario has been envisaged in which many plant groups succeeded in colonizing Sundig 1993), studied tara (rn brackets) ifvery dzxerent from total numbei; inferred number 
irnrnediately after island formation, but increasing competition slowed down of introductions, particular relict status, and ancestral dispersal syndromes are also indicated. 
the rate of new colonizations. Early colonization may have been dependent 

Plant group Taxa number Number of Relict status: stem-based Ancestral dispersal 
on subtropical habitats that were more abundant in the Pliocene and the introductions VS. crown-based Iiieages 
Miocene. Therefore, a significant number of the 16 relict-inferred lineages 

Arbutus 1 1 Stem endozoochory 
may have been present in Macaronesia since the Tertiary, when subtropical Argvranthemum c 25 1 Stem unceriain 

vegetation vanished in Europe (Bramwell 1976). The extant plants consid-  arme^ 
ered of subtropical origin and forming part of the Macaronesian laurisilva Bellis 1 1 Stem unceriain 

seem to be surviving representatives of a once more widely distributed Chamaecytisus 2 1 Stem endowochory 

Tethyan-Tertiary flora (Bramwell 1976; Mai 1995). Both macrofossil and cmmbe c 11 1 Stem (7) unassisted 

Hedera 3 3 2 stem / 1 crown endowochory molecular evidence unequivocally support that Macaronesia is indeed a I I ~ X  2 2 1 stem(7) 11 crown endozoochory 
refugium island SyStem. lxanthus 1 I stem (?) unassisted 

Additionally, vegetation zones described for Macaronesia include dry habi- Junipems sect Juniperus 2 1 stem / 1 m w n  

tats and offered new opportunities to Mediterranean plants for colonization Lavatera 

during the Quatemary. A new, highly-competitive flora originated 3.2 mya as ~ o l ~ ~ m  2 (1) 7 
1 stem endozoochory 

Olea 2 2 1 stem / 1 crown endowochory 
aridity increased in the Mediterranean basin (Suc 1984). The Mediterranean 

Pinus 1 1 Stem uncertain 
region has been the main floristic source for dispersa1 and spawning of new Sedum 9(2) 1 I stem unassisted 

evolutionary lineages in Macaronesian islands. Although 13 crown-based lin- Sinapidendron 6(2) 1 Stem unassisted 

eages are considered relatively recent lineages, estimates of divergence times Solarium c 31 (3) 3 (native7) 1 stem 1 2 crown (7) endozoochory 

are necessary to interpret actual timing of island colonization (Figure 3). 
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chorous (10.5%), 3 anemochorous (8%), 6 hydrochorous (16%), 8 unassisted 
(21%), and 4 uncertain (10.5%). Although our dispersal syndrome classifi- 
cation includes one more type (unassisted) than that of Bramwell(1985), inde- 
pendent estimates reveal similar figures for success of endozoochory. 

An additional argument for the success of endozoochory is based on a 
number of plant introductions. Multiple dispersals of a natural group to Mac- 
aronesia is not a common pattern in the colonization history of these archi- 
pelagos (Valcárcel et al. 2003). Twenty-two plant groups originated 
unequivocally from 22 single colonizers, whereas only eight had two or more 
dispersal origins (Euphorbia, Hedera, Ilex, Juniperus sect. Juniperus, 
Lavatera, Olea, Pulicaria, Teline, excluding Solanum)(Tables 1-3). Among 
them, four trees with endozoochorous fruits may have been favored not only 
for early dispersal (ancient lineages) but also for recurrent colonization of 
Macaronesia in different periods. Obviously, only a small subset (32 phylo- 
genies) of the Macaronesian flora lends itself to this analysis. In any case, we 
infer that endozoochory accounts for a third of dispersal to these islands since 
their formation, and thus the establishment of ancient lineages. Association 
between the number of fleshy-fruited trees and their establishment in a par- 
ticular habitat is not observed. Of those genera containing ancient lineages, 
three occur in the laurisilva (Arbutus, Hedera, Ilex) - the habitat more sim- 
ilar to former subtropical formations (Takhtajan 1969; Bramwell 1976) - 
while three others are adapted to mesic habitats (Juniperus, Olea, Pinus) 
(Table 3). 

ín surnmary, these results lead us to conclude that endozoochory has played 
a crucial role in successful dispersal to Macaronesia (Valcárcel et al. 2003), 
as it has been deterrnined for the Hawaiian islands (Carlquist 1969; Vargas & 
Baldwin, unpublished data). Moreover, the importante of endozoochory is 
reflected in the proportion of diaspore syndromes favored in multiple intro- 
ductions 'to Macaronesia. They include at least one stem-based lineage each, 
which indicate early colonizations and the formation of lineage relicts. It 
seems likely, therefore, that fleshy-fruited trees not only had higher proba- 
bilities for multiple dispersal to Macaronesia, but also a more active dissem- 
ination since ancient Tertiary times, thus fostering the origin and establishment 
of ancient lineages. 
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Ph~logeography is a standard tool for interpreting geographical patterns of 
genetic variation from a genealogical perspective. For a decade, phylogeo- 
graphical studies relied on the visual examination of how estimated gene trees 
overlay uPon the mapped geographical sources of genetic data, and the deduc- 
tion of evolution~y processes compatible with the observed patterns (Avise 
et al. 1987; Avise 2000). Severa1 caveats related to this intuitive approach 
have been appreciated. The population genetic structure can be the result of 
a combination of contemporary processes as well as historical events, and the 
traditional phylogeographical approach may not fully allow for the estima- 
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