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Abstract

Background: For a remote oceanic archipelago of up to 8 Myr age, the Azores have a comparatively low level of
endemism. We present an analysis of phylogeographic patterns of endemic Azorean island arthropods aimed at
testing patterns of diversification in relation to the ontogeny of the archipelago, in order to distinguish between
alternative models of evolutionary dynamics on islands. We collected individuals of six species (representing
Araneae, Hemiptera and Coleoptera) from 16 forest fragments from 7 islands. Using three mtDNA markers, we
analysed the distribution of genetic diversity within and between islands, inferred the differentiation time-frames
and investigated the inter-island migration routes and colonization patterns.

Results: Each species exhibited very low levels of mtDNA divergence, both within and between islands. The
two oldest islands were not strongly involved in the diffusion of genetic diversity within the archipelago. The
most haplotype-rich islands varied according to species but the younger, central islands contributed the most
to haplotype diversity. Colonization events both in concordance with and in contradiction to an inter-island
progression rule were inferred, while a non-intuitive pattern of colonization from western to eastern islands
was also inferred.

Conclusions: The geological development of the Azores has followed a less tidy progression compared to
classic hotspot archipelagos, and this is reflected in our findings. The study species appear to have been
differentiating within the Azores for <2 Myr, a fraction of the apparent life span of the archipelago, which
may indicate that extinction events linked to active volcanism have played an important role. Assuming that
after each extinction event, colonization was initiated from a nearby island hosting derived haplotypes, the
apparent age of species diversification in the archipelago would be moved closer to the present after each
extinction—recolonization cycle. Exploiting these ideas, we propose a general model for future testing.
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Background

Islands have long been used as natural testing grounds for
the investigation of species dispersal, diversification and
extinction [1]. Their well-defined geographical setting
makes them especially suitable for the study of how nat-
ural selection, gene flow and genetic drift have combined
to shape current biodiversity patterns [2, 3]. In addition,
recognition of the importance of the geological dynamics
of oceanic islands to the understanding of diversification
patterns has been codified in the general dynamic model
of oceanic island biogeography, which postulates a central
role for island ontogeny (building, maturity and dismant-
ling of islands) in patterns of endemism within remote
archipelagos [4]. Studying genetic diversity of endemic is-
land taxa may also provide invaluable insights into conser-
vation issues [2, 5]. Due to genetic bottlenecks during
colonization and lower subsequent population sizes [6],
populations of insular species are also prone to be genetic-
ally impoverished, theoretically rendering them more sen-
sitive to demographic perturbations, which in turn might
impede the long-term persistence of the species [6, 7].
These and other similar generalizations about island spe-
cies have, however, been challenged, for example, by stud-
ies that show that oceanic islands were the sources of
colonization events to continental areas [8] or that insular
populations do not always have low genetic diversity [9].
Therefore, there is a need to compile more data and
empirical analyses on the geography of speciation and re-
gional diversification on islands. Within this brief, com-
parative genetic assessments of island endemic species are
of particular interest.

Located in the North Atlantic Ocean (37—40° N,
25-31° W), the Azores is one of the world’s most isolated
archipelagos (i.e. 1400 km from the tip of the European
continent and 1800 km east of North America). There are
nine islands, aligned on a west/north-west to east/south-
east axis (Additional file 1: Figure S1) and divided into
three island groups: western (Corvo and Flores), central
(Faial, Graciosa, Pico, Sdo Jorge and Terceira), and eastern
(Santa Maria and S&0 Miguel). These islands are the result
of an active volcanism associated with the divergence of
the African, Eurasian and American tectonic plates. Lying
over a 615 km-long axis, the distance between the western
and central islands is 218 km, while the central and east-
ern island groups are 139 km apart. The maximum iso-
topic subaerial ages for the Azorean islands are reported
to be between 8.12 and 0.25 million years (Myr), with
Santa Maria being the oldest island and Pico the youngest
[10—17]. Two recent publications have reported younger
maximum ages for some of the islands (especially for
Santa Maria) [18, 19] and while we recognize that there is
uncertainty about the most appropriate ages to use, we re-
gard the dates used herein as the best current estimates
available for the maximum age of each island [9-16].
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While the maximum age of the islands is a key parameter,
it has to be noted that for half of the 8 Myr life-span of
the archipelago, only one island, Santa Maria, was in exist-
ence and this island has experienced episodes of large-
scale sector collapse interspersed with episodes of volcanic
growth, such that much of the island is far younger than
this maximum age, a pattern shared with other islands in
the Azores (and elsewhere) [1, 5, 13—19]. Therefore, while
the Azores have a total area of 2324 km?, it turns out that
62 % of the territory is very recent in origin, less than
1 Ma [20].

The Azores harbour a significant number of endemic
species [21] and the fauna and flora of these islands have
been the subject of intensive study over the last twenty-
five years, both taxonomically [22] and ecologically/
biogeographically [23—25]. However, genetic analyses
of Azorean endemic lineages remain scarce and little is
known of either the age of most lineages or the patterns of
intra-archipelago colonization [26—28]. Moreover, the
Azorean native forest (laurisilva), which almost entirely
covered the islands before human settlement (c. AD
1440), has been reduced anthropogenically to around
2.5 % of its original area (<58 km? in total) [29]. This has
led several endemic, and particularly forest specialist spe-
cies, to extinction or to the brink of extinction and must
have greatly reduced population sizes of the majority of
native forest arthropod species [30].

There has also been some debate about the overall
level of endemism and of archipelagic radiations within
the Azores, which are regarded as surprisingly low for
such a remote oceanic archipelago. Hypotheses to
explain this low level of endemism include: (a) the late
Quaternary palaeoclimatic variation hypothesis, which
posits that the climatic stability of the Azores during
the Quaternary in contrast to the greater climatic vari-
ation of the remaining islands of Macaronesia, has had
a negative effect on the Azorean inter-island allopatric
speciation patterns [27], (b) the undetected or cryptic
diversity hypothesis, according to which the low diver-
sity of the Azores can largely be attributed to several
genetically distinct lineages not having been detected
yet as they remain hidden within morphologically simi-
lar forms [27, 28], (c) the intra-archipelagic missing
stepping-stone and habitat diversity hypotheses, which
posit that the Azores are too young, too small and too
homogeneous to have hosted many in situ diversifica-
tion events [20, 31], and (d) the anthropogenic extinc-
tion hypothesis, which stresses the importance of
unrecorded extinctions of many species in the oldest
and most disturbed islands, in explaining the current
species richness of the Azores [24]. Hence, analyses of
the levels of genetic diversity and population connectiv-
ity of Azorean endemic species are of considerable po-
tential interest.
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Herein, using a phylogenetic and population genetics
framework built on three mtDNA markers (COI, 16S
rRNA, 12S rRNA), we study the phylogeographic and
genetic diversity distribution patterns exhibited by six
widespread Azorean endemic arthropods, representing
three of the major taxonomic groups (Araneae, Hemiptera
and Coleoptera) of the Azorean native forest fauna. The
species selected differ in some important fundamental
biological attributes, such as dispersal abilities, habitat
specialization (highly dispersive canopy vs. more sedentary
epigean species) and finally, regional rarity. Through the
analyses performed we: i) estimated the time frame of the
colonization of the archipelago for each species, ii) in-
ferred the inter-island colonization patterns for each spe-
cies, iii) documented the inter-island levels of gene flow
for each species, and iv) identified the species and islands
exhibiting the highest levels of genetic diversity and corre-
lated the inferred patterns with the biological and biogeo-
graphic attributes of the species and islands, respectively.
Our findings enabled us to test the following predictions:
(1) the levels of MtDNA sequence divergence exhibited in
each species is proportional to the geological age of the ar-
chipelago, (2) the oldest islands of the archipelago harbour
more genetic diversity compared to the more recently
emerged, (3) the less dispersive (epigean) species exhibit
higher levels of inter- and intra-island mtDNA sequence
diversity, and (4) the inter-island colonization patterns,
ancestral areas and differentiation time-estimate of each
species are in concert with the geological evolution of the
Azores. Finally, we discuss existing island biogeographical
models with reference to the Azores and tentatively
propose a novel general framework for the evolutionary
history of Azorean endemic arthropod species.

Results

mtDNA sequence data

In total we generated 546, 441 and 395 sequences of
COl, 16S rRNA and 12S rRNA, respectively, from the
Azorean species (see Methods, Table 1, and for details
per species, locus and fragment see Additional file 1:

Table 1 Sequence data information

Species mtDNA marker
COl 16S rRNA 12S rRNA

Gibarranea occidentalis 106 83 76
Sancus acoreensis 180 158 102
Savigniorrhipis acoreensis 76 76 76
Aphrodes hamiltoni 58 45 37
Pinalitus oromii 96 56 74
Alestrus dolosus 30 23 30

Total 546 441 395

The number of COI, 16S rRNA and 12S rRNA sequences generated for six endemic
species of Azorean arthropods
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Table S1). The mean size of the COI fragments amplified
from all studied species was 592 bp (526—732 bp) and
the respective values for 16S rRNA and 12S rRNA were
593 bp (445—790) and 567 bp (492—642). In all species
COIl was the most variable marker. Based on this
marker, the mean overall sequence divergence between
conspecific individuals, as estimated by MEGA, was
1.6 % in Gibarranea occidentalis, 1.9 % in Sancus
acoreensis, 0.3 % in Savigniorrhipis acoreensis, 2.6 %
in Aphrodes hamiltoni, 1.9 % in Pinalitus oromii and
2.3 % in Alestrus dolosus. The respective values for
the 12S rRNA fragment in all the species analysed
ranged from 0.0 % (Savigniorrhipis acorensis) to 1.3 %
(A. hamiltoni), with similar levels being shown by the
16S rRNA data (see Additional file 1. Table S4).

Population genetic analyses using COI

As the most variable marker in all species was COl, the
population genetic analyses of all species relied solely on
this marker. For these analyses we removed shorter se-
guences from the datasets, aiming to preserve as much
information as possible during the haplotype inference
analyses. After editing and trimming some of the COI
sequences from each species, our datasets (aligned) in-
cluded a 354 bp nucleotide matrix with 21 variable sites
for G. occidentalis, with respective values for the other
species being 420 bp with 82 sites for Sancus acoreensis,
427 bp with 5 sites for Savigniorrhipis acoreensis, 486 bp
with 35 sites for A. hamiltoni, 480 bp with 58 sites for P.
oromii and 455 bp with 35 sites for A. dolosus. Overall,
diversity values (h, h, Hd and ) were consistently
higher for Sancus acoreensis and P. oromii than for the
other four species (Table 2). Moreover, these two species
display statistically significant negative values of Fu's Fg
for a substantial number of islands (4 out of 7 for both
species), suggesting a past episode of demographic ex-
pansion for these populations (Pico, S&o Jorge, and
Terceira islands for Sancus acoreensis and Faial, Flores,
Pico and Terceira islands for P. oromii) (Table 2). Pair-
wise st analyses revealed significant divergence be-
tween islands for the three more genetically diverse
species G. occidentalis, Sancus acoreensis and P. oromii
(Additional file 1: Table S5). For Sancus acoreensis, only
Pico, Faial and S&o Jorge were genetically distinct from
each other. Terceira was not different from Faial but dif-
fered marginally, yet significantly, from Pico and S&o
Jorge (Additional file 1: Table S5). Similarly, for P. oromii
and G. occidentalis, Pico, Faial and S&o Jorge exhibited
marginal genetic differences between each other. More-
over, for G. occidentalis, Sancus acoreensis and P. oromii,
genetic divergence computed by st/(1- st) was highly
and significantly correlated with geographical distance
(Fig. 1). However, the statistical parsimony networks re-
vealed strongly contrasting patterns amongst these three
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Table 2 Genetic data analyses results

Species/sites N h Nyar uh Hd (SD) (Sb) Tajima’s D Fu's Fg
Gibbaranea occidentalis
Archipelago 106 16 0.681 (0.043) 0.0089 (0.0010) 011 0.36
Faial 18 3 1.250 1 0.542 (0.086) 0.0022 (0.0003) 0.78 1.38
Flores 16 2 0313 1 0.125 (0.106) 0.0003 (0.0002) 116 07
Pico 16 6 1514 2 0.742 (0.084) 0.0028 (0.0004) 0.1 0.09
Séo Jorge 7 3 1667 1 0.667 (0.160) 0.0022 (0.0008) 065 011
Santa Maria 8 5 1.389 4 0.857 (0.108) 0.0113 (0.0018) 1.98 265
Sdo Miguel 9 3 2143 2 0.556 (0.165) 0.0021 (0.0007) 0.36 0.35
Terceira 32 5 1.686 2 0.649 (0.066) 0.0095 (0.0014) 145 6.20
Sancus acoreensis
Archipelago 159 115 0.989 (0.003) 0.0179 (0.0006) 151* 24,65%%*
Faial 5 5 4,000 4 1 0.0177 (0.0041) 059 073
Flores 26 14 2904 14 0.858 (0.057) 0.0136 (0.0013) 082 2.55
Pico 32 26 3.826 21 0.982 (0.015) 0.0139 (0.0014) 126 18.28***
Séo Jorge 12 12 4,000 9 1 0.0121 (0.0017) 119 8.10%**
Santa Maria 11 5 2,089 5 0.709 (0.137) 0.0087 (0.0025) 102 1.06
Sado Miguel 24 21 3.860 18 0.986 (0.018) 0.0166 (0.0016) 106 12.31%**
Terceira 49 43 3903 38 0.990 (0.009) 0.0167 (0.0012) 1698 25.12%*
Savigniorrhipis acoreensis
Archipelago 62 5 0500 (0.057) 0.0026 (0.0003) 0.09 149
Faial 7 1
Flores 10 1
Pico 7 1
Sao Jorge 10 1
Santa Maria 5 2 2 0.400 (0.237) 0.0009 (0.0006) 082 0.09
S. 6 1
Terceira 17 1
Aphrodes hamiltoni
Archipelago 49 3 0.081 (0.053) 0.0055 (0.0036) 232+ 11.39
Faial 8 1
Flores 5 1
Pico 13 2 1 0.154 (0.126) 0.0146 (0.0120) 2.36* 1326
Sdo Jorge 6 1
Santa Maria 3 1
Terceira 14 2 1 0.143 (0.119) 0.0096 (0.0096) 240* 12.36
Pinalitus oromii
Archipelago 80 49 0.969 (0.011) 0.0188 (0.0014) 0.748 24,62%+*
Faial 11 10 3.818 8 0.982 (0.046) 0.0460 (0.0460) 135 540**
Flores 12 5 1667 4 0576 (0.163) 0.0021 (0.0009) 149* 1.94*
Pico 11 9 3636 5 0.964 (0.051) 0.0081 (0.0025) 148 364*
Sdo Jorge 8 7 3.643 4 0.964 (0.077) 0.0130 (0.0036) 0.79 142
Santa Maria 6 5 3333 5 0933 (0.122) 0.0067 (0.0014) 0.25 116
Sao Miguel 5 1 0.000 1

Terceira 27 20 3728 18 0972 (0.02) 0.0122 (0.0018) 118 9.67%+*
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Table 2 Genetic data analyses results (Continued)

Page 5 of 18

Alestrus dolosus

Archipelago 25 10

Flores 5 1 1
Pico 3 1 1
Sado Miguel 12 3 - 3
Terceira 5 3 3

0,823 (0.053) 0.0260 (0.0034) 1.05 593
0439 (0.158) 0.0040 (0.0015) 084 205
0.700 (0.218) 0.0026 (0.0011) 1.05 019

Molecular diversity indices for six species of endemic arthopods in each of the Azorean islands investigated, based on COI sequence data. N, number of individuals;

h, number of haplotypes; h,4, rarefied number of haplotypes; Uh, number of unique haplotypes; Hd, haplotype diversity; , nucleotide diversity; SD, standard deviation.
For Tajima’s D and Fu's Fs * 0.01 <P < 0.05; ** 0.001 <P <0.01 and *** P < 0.001 otherwise P > 0.05. The discordance between number of individuals (N) for COI between
this table and Additional file 1: Table S1 is due to the fact that for this analysis individuals having shorter COI sequences were removed

species (Additional file 1. Figure S2). In G. occidentalis,
both the central islands group and Flores were clearly
differentiated from Santa Maria and S&o Miguel, with
only one haplotype shared between Terceira and S&o
Miguel (Additional file 1. Figure S2). Because of its
extremely high haplotype diversity (0.989 +0.003), the
network for Sancus acoreensis was not informative,
showing mainly complex connections between most
of the singleton and doubleton haplotypes (Additional
file 1. Figure S2). Only Flores and Sdo Miguel formed
distinct haplotype groupings in the network. In P. oromii,
Terceira and the eastern Azorean islands (Santa Maria
and Sdo Miguel) were clearly differentiated from each
other, with a third group, encompassing the remaining
central islands (Faial, Pico, Sdo Jorge) together with
Flores (Additional file 1: Figure S2).

Phylogeographic analyses and estimate of divergence times
Detailed information regarding the datasets used in the
phylogeographic analyses of each species is provided in
Additional file 1: Table S6 and the results are presented
in Figs. 2, 3,4,5, 6 and 7.

Gibarannea occidentalis

The first diversification event is dated at 1 Ma (node A:
0.21-3.72, 95 % HPD) and the majority of diversifica-
tion events took place in the last 0.41 Myr (Fig. 2). Two
well-supported major clades are recovered by the ana-
lysis. The first clade comprises specimens from Santa
Maria, Sdo Miguel and Terceira, whereas the second is
composed of specimens from the remaining four
islands (Flores, Faial, Pico, and S&o Jorge) and Terceira.
Santa Maria (node A) is reconstructed as the most
likely (state probability, sp: 0.18) ancestral range of the
Azorean differentiation, but Sdo Miguel (sp: 0.16) and
Terceira (sp: 0.17) are almost equally plausible. A com-
plex pattern of colonization events is inferred and most
of them involve the western and central islands of the
Azores. Individuals from Santa Maria colonized Terceira,
Sdo Jorge and Flores, and in turn Terceira lineages
have colonized Flores. Santa Maria is best supported
as the species’ ancestral colonization area and at
least three colonization events have taken place from
this island. No colonization events are supported to
have occurred from Sdo Miguel, whereas Terceira
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lineages seem to have colonized both Flores and
Santa Maria.

Sancus acoreensis

This species has been differentiating within the Azores
over the last 1.98 Myr (node A: 0.48—4.90, 95 % HPD),
as evidenced by the first diversification event (Fig. 3).
However, the remaining diversification events seem to
have occurred within the last 1.12 Myr. The two major
clades inferred by the analyses are weakly supported
(posterior probability, 0.63 and 0.64) and both comprise
specimens originating from almost all Azorean islands.
Flores (node A, sp: 0.41) is reconstructed as the

ancestral region of the species differentiation in the
Azores, but is only marginally preferred to Sdo Miguel
(sp: 0.39). In the two major clades inferred, Sdo Miguel
(nodes B, C) is reconstructed as the most likely ancestral
region, with sp values above 0.4. Flores, one of the islands
supported as the starting point of the colonization, is the
source of the colonization of Santa Maria. Lineages from
Sdo Miguel are supported as having colonized Faial. All
the remaining colonization events involve the central and
western islands of the Azores, with Flores having been col-
onized twice, once from Terceira and once from Faial. In
addition, lineages from Flores seem to have colonized
Terceira.
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Savigniorrhipis acoreensis

The onset of the differentiation of this species is esti-
mated at 0.77 Ma (0.44—2.49, 95 % HPD) and the major-
ity of the remaining diversification events have taken
place during the last 0.34 Myr (Fig. 4). Flores and Sao
Miguel are equally likely to be the ancestral areas of the
species differentiation within the Azores. Two major
clades are strongly supported (nodes B and D) and these
are further subdivided into subclades. One of the major
clades (node B) hosts specimens originating from all
Azorean islands except Flores. Terceira (node B: sp 0.27)
is inferred as the ancestral region for this clade. The
other major clade is composed only of specimens from
Flores and Sdo Miguel, with Flores (node D, sp: 0.49) be-
ing the ancestral region. Several colonization events are
supported, with lineages from Flores having colonized
Terceira and Santa Maria, and with individuals from S&o
Miguel having colonized Faial. On the other hand, Flores
has been colonized from S&o Jorge.

Aphrodes hamiltoni

For A. hamiltoni we have not succeeded in obtaining
any sequences from samples collected from the island of
Sdo Miguel, and therefore this island is not included in
the analyses. According to the tree (Fig. 5) it can be seen

that the differentiation of the species within the archipel-
ago was initiated around 1.92 Ma (node A: 0.36-5.40,
95 % HPD) from Terceira (node A, sp: 0.24). However,
Faial (sp: 0.23), another central island, is also equally
likely to be the starting point of the colonization. The
tree is partly unresolved, thus fewer inferences regarding
the colonization process can be made. Nevertheless,
there is support for Flores having been colonized from
Santa Maria and vice versa. Flores was also the
colonization source of Terceira. The remaining events
involve the central islands of the Azores.

Pinalitus oromii

This species is estimated to have been diversifying in
the Azores for at least 1 Myr (Fig. 6;: node A, 0.28—
2.4, 95 % HPD), with the majority of diversification
events occurring within the last 0.43 Myr. The island
of Pico (node A, sp: 0.20) is reconstructed as the an-
cestral island of the species in the group, although
Flores is also strongly supported (sp: 0.18). A few dis-
persal events are strongly supported and these involve
the central and eastern Azorean islands. Pico has
colonized Faial, whereas Terceira colonized Santa
Maria. Sdo Miguel is inferred as the source of the
colonization of Santa Maria.
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