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ABSTRACT

Aim R.]J. Whittaker et al. recently proposed a ‘general dynamic model of oceanic
island biogeography’ (GDM), providing a general explanation of island
biodiversity patterns by relating fundamental biogeographical processes —
speciation, immigration, extinction — to area (A) and time (T; maximum
island geological age). We adapt their model, which predicts a positive
relationship with area combined with a humped relationship to time
(designated the ATT? model), to study the factors promoting diversification on
the Azores for several arthropod groups.

Location The Azorean archipelago (North Atlantic; 37-40° N, 25-31° W).

Methods We use the number of single-island endemics (SIEs) as a measure of
diversification, to evaluate four different predictions for the variation in SIEs
between different islands, derived from the GDM theory and our knowledge of
the fauna and history of the Azores. We calculated the number of SIEs for seven
out of the nine Azorean islands and six groups of species (all arthropods, beetles,
cavernicolous and non-cavernicolous species, and taxa with high and low
dispersal abilities). Several variables accounting for island characteristics (area,
geological age, habitat diversity and isolation) and generalized linear models were
used to evaluate the reliability of each prediction.

Results A linear and positive relationship between SIEs and an AT (area + time)

model was the most parsimonious explanation for overall arthropod
diversification. However, cavernicolous species showed the opposite pattern
(more SIEs inhabiting the youngest islands). Also, isolation was an important
predictor of diversification for all groups except for the species with high dispersal
ability; while the former were negatively related to the distance from the main
source of colonizing lineages (Santa Maria island in most cases), the latter were
related to area. Dispersal ability was also a key factor affecting the diversification

of most groups of species.

Main conclusions In general, the diversification of Azorean arthropods is
affected by age, area and isolation. However, different groups are affected by these
factors in different ways, showing radically different patterns. Although the ATT?
model fails to predict the diversification pattern of several groups, it provides a
framework for integrating these deviations into a general theory. Further
improvements of the GDM theory need to take into account the particular traits
of each group and the role of isolation in shaping island diversity.

Keywords
Arthropods, Azores, beetles, cavernicolous species, dispersal, general dynamic
model, island evolution, island geological age, single-island endemics, speciation.
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INTRODUCTION

The origin and maintenance of the diversity of species and
lineages on isolated islands has been related to many factors,
including island area, distance to the nearest source of
propagules (usually the nearest mainland), habitat diversity
(or its surrogate, maximum altitude) and geological age of the
island (see reviews in Rosenzweig, 1995; Whittaker & Fernan-
dez-Palacios, 2007). In their original formulation of the ‘theory
of island biogeography’ (mainly based on area and isolation)
MacArthur & Wilson (1963, 1967) proposed that the number
of species on an island tends to an equilibrium state resulting
from the balance between immigration and extinction rates.
They also recognized that within an isolated oceanic archipel-
ago, species accumulate as a consequence of immigration and
within-island speciation events [that is, long-distance dispersal
(see Nathan, 2005) and diversification processes (see Emerson,
2002), respectively]. Thus, on isolated oceanic islands, in situ
speciation is considered to be the most important diversity-
generating process, at least for taxa with low dispersal abilities
(but see Coyne & Price, 2000). In fact, young islands are
expected to experience a ‘dynamic interactive equilibrium’,
while on older islands there might be an upward adjustment to
an ‘evolutionary species equilibrium’ (sensu Wilson, 1969)
(note that here younger and older islands are relative terms
that vary depending on the biological group studied; see also
Williamson, 1988). Following the ‘evolutionary species equi-
librium model’ of Wilson (1969) (see also Wilson & Taylor,
1967), extinction rates decrease in the native fauna by means of
evolution and, with a negligible effect from the immigration
curve, there is an increase in species. Thus, according to the
simple proposition of MacArthur and Wilson’s model, current
species diversity on islands is the outcome of three different
processes: immigration, which determines the lineages present
on each island; diversification, which results in the evolution-
ary divergence within some of these lineages; and extinction,
which removes species and lineages through time.

The simplicity of MacArthur and Wilson’s model has
resulted in its long-term prevalence as one of the cores of
current ecological knowledge, but also in a limited capacity to
explain the diversity of patterns shown by island biotas in the
large number of archipelagos scattered world-wide (Heaney,
2000). First, the importance of immigration (i.e. colonization)
from mainland and from other islands within the archipelago
varies widely between different archipelagos, depending on
their geographical location and the (spatial and temporal)
sparseness of their islands (see Thornton, 2007; Whittaker &
Fernandez-Palacios, 2007). Second, there is a plethora of
different diversification processes occurring within each
archipelago, resulting in both the anagenetic evolution of
new forms of some of the lineages arriving at each island
(Stuessy et al, 2006) and in the cladogenetic divergence
produced by the radiation of these lineages within the island
(Losos, 1996; Schluter, 2000; Emerson, 2002; Gillespie, 2002;
Gillespie & Roderick, 2002). Additionally, the specific rates of
extinction, colonization and diversification on each island, as
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well as the direction of these processes (i.e. the trend to the
prevalence of particular adaptations or clades in a given
moment of time) vary through time and between different
groups of species. Islands in general, and oceanic islands of
volcanic origin in particular, are dynamic entities that pass
through different stages from the time of their formation (i.e.
‘island ontogeny’, sensu Stuessy, 2007), to their ultimate
disappearance due to erosion and subsidence. Therefore, the
geological evolution of volcanic islands produces important
variations in the diversification rates through time (Stuessy,
2007; Whittaker et al., 2007, 2008). Volcanic eruptions can
result in repeated phases of major habitat destruction in the
archipelago, causing the extinction of local communities.
Conversely, volcanic activity can also promote speciation as
lava flows provide newly formed habitats where adaptive
processes can occur, and can also act as barriers separating
populations facilitating within-island vicariance processes.

The models for the evolution of island biotas and the
geological dynamics of volcanic islands through time have
recently been combined by Whittaker et al. (2007, 2008) to
formulate the ‘general dynamic model of oceanic island
biogeography’ (GDM). This model aims to provide a unitary
(and general) framework to explain biodiversity patterns on
non-continental islands by describing and quantifying the
relationship of the above-mentioned fundamental biogeo-
graphical processes (immigration, speciation and extinction)
with the geological evolution of islands through time. The
GDM pays special attention to the effect of the drastic
variations in the geomorphological structure of an island
through time on the rates of diversification, extinction and (to
some extent) immigration, based on the opportunities for
speciation provided by these variations. Using the number of
single-island endemics (SIEs) as a raw measure of diversifica-
tion, and area and time (maximum island geological age) as
descriptors of the stage of geological evolution of the island,
Whittaker et al. (2008) showed empirically that a model based
on area and a hump-shaped relationship with time called ATT?
[expected to be of the form log(Area) + Time — Time?]
provides a better explanation of within-island speciation than
the standard species—area model (SAR) for a range of different
taxa in a number of oceanic archipelagos of volcanic origin.
Based on their results for the Canary Islands, the Galapagos,
Hawaii, the Marquesas and the Azores, they argue that if there
is a sufficient array of island ages, the ATT? model can describe
the distribution of SIEs across a volcanic oceanic archipelago.
If the array of island ages is smaller, such as in young
archipelagos (e.g. the Azores or the Galapagos), the GDM
model predicts that only the ascending portion of the hump-
shaped relationship with age will be found.

Here, we use the framework provided by the GDM and the
associated ATT? model (Whittaker et al., 2008) to study the
patterns of diversification of arthropods on the Azorean
islands. First we evaluate the generality of Whittaker et al.’s
model and then we identify some of its limitations. The Azores
is an isolated oceanic archipelago composed of recent islands
of heterogeneous volcanism, which arose in a complex and
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widely scattered fashion around the mid-Atlantic oceanic
ridge. The particular configuration of the Azores results in a
relatively high isolation of some islands within the archipelago.
This, together with the complex origin and different types of
volcanism of the Azorean islands and their relatively small
range of geological ages, results in lower correlations between
biogeographically relevant island characteristics (age, area and
isolation) than in other oceanic archipelagos such as the
Canary Islands or Hawaii. Based on the predictions of the
GDM model and our knowledge of the characteristics of
the Azorean biota and the geological dynamics of volcanic
islands, we make four testable predictions about the
diversification of arthropods on the Azores, as follows.

Prediction 1: In general, the diversification of Azorean
arthropods will be better described by an AT
(area + time) model

The Azores are composed of relatively young islands (all of
them are < 10 Myr old, and all but one are < 5 Myr old); most
of them are still in the first stages of their geological evolution
according to Whittaker et al.’s (2008) description. Therefore
the relationship between SIEs and time for Azorean arthropod
taxa will be positive and linear, as we expect it to include only
the initial, ascending phase of the hump-shaped curve
predicted by the GDM model (see also Whittaker et al., 2008).

Prediction 2: The number of SIEs in cavernicolous
groups will be higher in the youngest islands than
expected according to the GDM model based on
island area, and will rather be related to the number
and length of caves

One of the potential limitations of the GDM model arises
from its aim of generality, which necessarily implies that
opportunities for speciation and extinction rates are relatively
similar for all groups through the evolution of the island.
Although this could be true for many taxa, we expect some
exceptions to appear, depending on the particular use of space
and therefore of the perception of habitat heterogeneity of
each particular group, as well as on their generation time and
raw diversification rate. We hypothesize that cave-adapted
species (also called troglobites — cavernicolous species here-
after) are one of these groups. For this group, the number and
length of caves will be a better measure of the available space
than island area. In the earlier stages of development of
an island, volcanic activity creates a diverse underground
environment in the form of lava tubes, volcanic pits and
pit-caves. Once the level of volcanic activity subsides, these
caves progressively reduce their extension and disappear as
the island ages, due to erosive processes. Therefore, the
opportunity for speciation for cavernicolous groups will be
higher in the early stages of development of the island, and
also extinction rates will increase earlier in the island life cycle
than in the majority of the groups (see Prediction 3 below).
However, these species can persist in suboptimal conditions
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in the MSS (‘milieu souterrain superficiel’ or ‘mesovoid
shallow substratum’, sensu Culver, 2001). As a consequence,
the number of cavernicolous SIEs will be higher on younger
islands, showing a negative relationship with geological age,
or no relationship at all, if parts of recent origin within old
islands continue to provide a sufficient number of caves (such
as Sao Miguel in the Azores). Furthermore, their number will
be more related to the number of cave habitats than to
general measures of island area. In essence, we hypothesize
that cavernicolous fauna will follow an accelerated progres-
sion through the stages of GDM, and that for this group the
number of cave habitats will be equivalent to area in the
original GDM formulation.

Prediction 3: The number of SIEs will be related to the
isolation of each island, showing (1) a negative
relationship with the distance from Santa Maria, the
oldest island, and (2) a positive relationship with the
distance to nearby islands

The relative isolation of each island is commonly thought to
affect diversification rates in two different and opposing ways
(see Heaney, 2000, 2007; Heaney et al., 2005). (1) On the one
hand, isolation from the possible sources of propagules
(mainland or older islands) has a negative effect on the
number of SIEs, since the number of lineages that arrive at
the island and can diversify there decays with the distance from
the sources (e.g. Canary Islands). Speciation rates peak
relatively early in island age, when there are plenty of
opportunities in the form of ‘empty niche space’ (e.g. Gillespie,
2004; Levin, 2004; Stuessy, 2007; see also Whittaker &
Fernandez-Palacios, 2007; Whittaker et al., 2008). Therefore,
it can be hypothesized that islands arising near to older islands
would receive greater numbers of lineages during these initial
stages, resulting in a comparatively larger number of both
archipelago endemics and SIEs when the island biota reaches
an equilibrium state than islands arising further away. The
Azores provide an excellent field test for this hypothesis, since
colonization and evolutionary processes started on the oldest
island (Santa Maria, 8 Ma), which is also placed nearer to
mainland Europe, and most of the other islands appeared when
Santa Maria was already 4 Myr old (see Borges & Brown, 1999).
Even considering that Santa Maria was only available for
colonization more recently (possibly only 5.5 Ma) due to an
eruptive phase that gave origin to its most recent part
(Serralheiro & Madeira, 1993), this island was the initial land
in the current Azores. (2) Alternatively, the proximity of other
islands could result in smaller numbers of SIEs than expected by
the GDM model. If the gene flow between populations on nearby
islands is higher than the threshold necessary for their diversifi-
cation into distinct lineages, the number of SIEs produced in
these islands will be smaller than in more isolated ones. In
addition, the proximity of other islands increases the possibility
that the species formed on one island are able to colonize others,
thus reducing the number of SIEs. As a consequence, a positive
relationship between within-archipelago isolation (distance to
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other islands) and the number of SIEs will be expected. Although
Whittaker et al. (2008) mention both hypotheses in their
prediction number 3, they do not provide any test of their
relative importance in comparison to the ATT* model.

Prediction 4: The relative importance of time, area and
isolation as drivers for diversification will vary
between different species groups according to their
ability to disperse: (1) area and (2) isolation and time
will be more important in groups with high and low
dispersal abilities, respectively

As in prediction 3, the relative isolation of each island is
expected to affect the number of SIEs present. Since the
degree of isolation between populations placed at the same
sites varies between biological groups according to their
dispersal ability, different patterns of diversification should
also be expected (see Heaney et al., 2005; Heaney, 2007). SIEs
will be positively related to island area in groups with high
dispersal ability. In the absence of important limitations for
the arrival of different lineages, islands will act as ‘passive
traps’ for these taxa. Therefore, the more area available, the
more individuals would be able to reach the island regardless
of the distance from the source of colonization, and therefore
the higher the probability of the establishment of viable
populations of some species, which in the long term could
produce new SIEs by anagenetic diversification processes and
in situ radiation (increasing cladogenetic diversification).
Conversely, isolation and time for speciation will be impor-
tant issues for groups with low dispersal ability. The limited
arrival of lineages from the source of colonization will result
in a stronger (and negative) relationship between SIEs and the
distance to that source (Santa Maria Island in the case of
Azores). Limited dispersal abilities might also result in higher
isolation of different populations within the same island, so
island age will gain in importance in relation to area as a
driver of diversification (see Borges & Brown, 1999), both as
time for speciation and due to the within-island isolation of
populations resulting from the increase in heterogeneity along
with the geological evolution of the island (see Whittaker
et al., 2007, 2008). As before, a simpler version of this
prediction is included within the GDM formulation (also
within their prediction 3), but its effect is not tested by the
proponents (Whittaker et al., 2008).

We evaluate the importance of these four predictions for the
arthropod fauna of the Azores, both as a whole and separately
for some particular groups, namely all beetles (a highly diverse
but more homogeneous group), cavernicolous (and non-
cavernicolous) species, and species with high and low dispersal
abilities. We calculate the number of SIEs per island (both
species and subspecies). We use simple generalized linear
modelling analyses to examine the effects of several island
characteristics and some models (such as ATT?) on SIEs, and
discuss the results within the framework provided by the
general dynamic theory of oceanic island biogeography of
Whittaker et al. (2008).
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Figure 1 The Azorean islands with indication of the maximum
geological ages of each island.

MATERIALS AND METHODS

The Azores is an isolated archipelago located in the North
Atlantic (37-40° N, 25-31° W) (Fig. 1) made up of nine
islands and some small islets aligned on a west-north-west to
east-south-east axis. These islands extend for ¢. 615 km across
the mid-Atlantic Ridge, which separates the western group
(Flores and Corvo) from the central (Faial, Pico, Sdo Jorge,
Terceira and Graciosa) and the eastern (Sao Miguel and Santa
Maria) groups. All of the islands are of relatively recent
volcanic origin, ranging from 250,000 yr Bp (Pico) to 8.12 Myr
BP (Santa Maria) (Borges & Brown, 1999; Nunes, 1999). The
geostructural environment of the Azores Plateau is dominated
by the triple junction of the North American, Eurasian and
African lithospheric plates. Unlike the Hawaiian islands, which
form a chronologically arranged chain over a stationary
hotspot beneath a drifting tectonic plate, the location of the
Azorean islands and their individual ages of emergence do not
show a linear correlation with their distances to the mid-
Atlantic Ridge. This lack of association between distance and
age provides an excellent opportunity to assess the relative
importance of island age and geographical distance between
islands in determining patterns of colonization and diversifi-
cation within the archipelago. In addition, the Azores are
characterized by high volcanic activity typical of a ridge—
hotspot interaction (i.e. a hotspot on a slow-moving plate
boundary), and present different eruptive styles and patterns of
geological evolution (Nunes, 1999). For example, most of the
islands have subsidence calderas (e.g. Furnas and Santa
Barbara calderas), a signal of past highly explosive, destructive
and acid volcanism of plinian sensu lato type, whereas other
islands or volcanic areas (e.g. Santa Maria, Sao Jorge and Pico)
are characterized by basaltic sensu lato fissural volcanism,
which is much less explosive.

The number of species native to the Azores is relatively
poor due to the high isolation of the archipelago from the
mainland (Borges & Brown, 1999). We obtained data on the
presence/absence of native terrestrial arthropods across all
Azorean islands from an exhaustive checklist (Borges et al,
2005a). This checklist was created by many taxonomists who
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performed a detailed revision of the taxonomic status of
many species, identified many synonyms and improved the
list of Azorean arthropods. As a consequence of the exhaus-
tiveness of taxonomic work and the relative poorness of
Azorean fauna, this checklist includes virtually all arthropod
species native to the Azores and provides an accurate
description of their presence or absence on all the islands of
the archipelago. Therefore it can be assumed that the data
used include all the species pertaining to each one of the
categories analysed (see categories below). The two smaller
islands (Graciosa and Corvo) were not considered for analyses
due to the lack of reliable data on arthropod distribution and
to the high impact of human occupation and the resultant
disappearance of native forests on these islands (see Borges
et al., 2005b). Therefore only seven islands were used in the
analyses: Santa Maria, Sao Miguel, Terceira, Sao Jorge, Pico,
Faial and Flores (Table 1).

We calculated the number of SIEs as the total sum of species
and subspecies endemic to a particular island (Table 1; and see
Appendix S1 in Supporting Information). Subspecies can be
considered as incipient species (see, e.g., Phillimore et al,
2007), so we have defined SIEs at the subspecies level to obtain
a finer resolution of the diversification processes, given the
relatively poor native fauna of the Azores, the relatively young
age of the archipelago and the high quality and exhaustiveness
of the taxonomic revision made before the publication of the
Borges et al. (2005a) checklist. As islands are unambiguously
defined, endemics are the (sub)species restricted to only one
island. From an archipelago perspective, taxa occurring on

more than one island, but not outside the archipelago, can be
considered archipelago endemics but not SIEs, since currently
they cannot be assigned to the island(s) of origin. Although the
number of SIEs presents some problems as a measure of
diversification, it provides the best available approximation to
evolutionary dynamics in islands when good quality genetic
data are lacking. Consequently, it is commonly used to
describe diversification in the recent literature on island
biogeography (see Discussion and Whittaker et al., 2008).
Contrary to Whittaker et al. (2008), we have considered
subspecies designations, counting them in the SIE metrics.
This will include taxa that are undergoing a process of
speciation (see O’Brien & Mayr, 1991; Phillimore et al., 2007),
which is important to consider in a young archipelago such as
the Azores. To explore the above-mentioned hypotheses, we
studied the number of SIEs of six different groups of species:
1 All arthropods (SIE,), to have a picture of the overall
diversification processes occurring in the archipelago.

2 All beetles (SIE), to examine diversification patterns in a
highly diverse monophyletic group.

3 Cavernicolous species (SIE.,y), calculated as all SIEs showing
adaptation to cave environments.

4 Non-cavernicolous species (SIE,,,), those species without
special adaptations to cave environments (i.e. the rest of the
SIE species = epigean species).

5 Taxa with high dispersal ability (SIEqg;), including all SIEs
that present active dispersal mechanisms, such as butterflies,
winged beetles or spiders (which disperse actively by means of
ballooning).

Table 1 Number of single-island endemics (SIEs) per island and scores of the island characteristics used in the analyses (see text for
SIE and variable abbreviations). When relevant, units are given in brackets. Latitude and longitude refer to the centre of the island, and
are given in decimal degrees north and west, respectively. Maximum altitude, habitat diversity (HD) and distance to mainland were
included, in spite of not being used for the analyses, due to their wide usage in the literature on island biogeography.

Santa Maria Sao Miguel Terceira Sao Jorge Pico Faial Flores
Single-island endemics
SIE, 16 34 15 7 13 10 13
SIE 12 9 2 6 4 3
SIE., 0 3 4 2 0
SIE, cav 16 33 12 4 9 8 13
SIE i 5 20 6 4 6 5 9
SIE, 4ic 11 13 6 0 3 3 4
Island characteristics
Latitude 36.9 37.7 38.7 38.7 38.5 38.6 39.4
Longitude 25.1 25.5 27.2 27.9 28.2 28.5 30.9
Area (km?) 97 757 402 246 433 172 142
Maximum altitude (m a.s.l.) 587 1103 1023 1053 2351 1043 915
Geological age (Ma) 8.12 4.01 3.52 0.55 0.25 0.73 2.90
Ncav 0 22 58 14 100 7 0
Lcav (m) 455 2770 12,113 847 23,872 263 75
HD 2 8 12 3 8 5 9
Distance to mainland (km) 1588 1584 1764 1832 1860 1908 2152
Dmin (km) 81 81 38 18 6 6 220
Dmean (km) 263.7 192.7 133.3 115.7 119.4 138.0 305.1
Dsmr (km) 0 81 248 285 297 348 587
182 Journal of Biogeography 36, 178-191
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6 Taxa with low dispersal ability (SIE 4;s), which include all
SIEs without active dispersal mechanisms excluding cavernic-
olous species; these species include collembolans, flightless
beetles, millipedes and pseudoscorpions.

Thus, SIE, is equal to SIE., + SIE, ., or to SIE., +
SIEndis + SIELdis.

Seven variables accounting for island characteristics were
used as predictors of SIEs (see Table 1), as follows. (1) Area
accounts for the size of the island, which determines oppor-
tunity for speciation through isolation of populations within
the island as well as its carrying capacity (see Whittaker et al.,
2008). (2) Geological age (age; extracted from Nunes, 1999)
accounts for the time available for speciation. This is highly
dependent on the correct estimate of the geological times for
the aerial part of the islands. Here we did not take into account
the potential destructive forces of recent explosive and
destructive volcanism on some of the islands, which would
imply the reduction of the maximum estimated ages for islands
with recent calderas (e.g. Flores, Faial, Terceira and recent part
of Sao Miguel). However, as there is still no agreement on
which age to use for most of those islands we kept the
maximum ages of aerial rocks as given by Nunes (1999). (3)
Number of caves (Ncav; number of lava tubes and volcanic
pits) and (4) length of caves (Lcav; total length of volcanic
caves within the island) account for the opportunities for
speciation of cavernicolous species through the isolation of
their populations (extracted from Pereira et al., in press). (5)
Distance to the nearest island (Dmin) and (6) mean distance to
the other islands (Dmean) account for the isolation of the
island and the consequent opportunities for speciation due to
isolation from the populations on other islands within the
archipelago. (7) Distance to Santa Maria Island (Dsmr)
accounts for the distance to the general source for the current
evolutionary pool of the archipelago; the oldest island, Santa
Maria is the unique remnant of the former configuration of the
Azorean archipelago (that existed before 8 Ma; Nunes, 1999)
and has acted as a refuge for older biota (Borges & Brown,
1999), so it can be assumed that most lineages have recolon-
ized the rest of the islands from there.

Most island descriptors used here as predictors are expected
to be collinear (see Discussion). Due to this, when two closely
related variables (e.g. Dmin and Dmean) presented significant
relationships with SIEs, we assumed that the best predictor
(the one accounting for the higher explained variability and
the smallest Akaike information criterion value) from the
analyses (see below) provides the most parsimonious expla-
nation of the relationship and therefore is most likely to be a
determinant of SIEs. This conservative approach does not
allow the identification of potentially explanatory interactions
between variables, but we have adopted it to minimize the risk
of type I errors (i.e. accepting as true spurious correlations that
do not correspond to causal relationships), which is quite
likely given the small number of cases available. In addition,
three variables that are commonly used as surrogates for
habitat diversity and isolation were excluded from the analyses
due to their high collinearity with other relevant variables and
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their low explanatory power. Maximum altitude of the island
was discarded because of its correlation with island age (the
youngest islands are also the highest). Forest diversity (i.e. the
number of different types of natural forests; see Ribeiro et al.,
2005; Borges et al., 2006) covaries also with maximum altitude
(the highest islands also host more types of forests; see Heaney
et al., 2005). Finally, distance to the mainland (the European
continent) was also discarded because of its high correlation
with Dsmr, which is also the island placed nearest to Europe
and can be considered as the main source of colonizers for the
rest of the islands (see also discussion in Prediction 3 above).
The effect of these three variables was examined (see below),
but their importance was much smaller than their counterparts
(age and Dsmr), being marginal in the case of altitude and
forest diversity (not shown).

The explanatory capacity of the variables was assessed
through a GLM, using deviance as a measure of explained
variability, and the F statistic to assess significance (McCullagh
& Nelder, 1989). The number of SIEs is a count variable, so it
was assumed to have a Poissonian error distribution (Dobson,
1999), which was confirmed after a visual examination of the
histograms (tests on regression fitting were not feasible due the
small number of degrees of freedom). The variables were
linked to the predictors using a log function (i.e. equivalent to
semi-log models in common regressions), following the
rationale of Whittaker ef al. (2008) and most previous
literature. Thus, no previous log transformation of area,
altitude, age and the three distance variables was made, since
such a log relationship was included within the assumptions of
the GLM analyses. All predictors were related one by one to
the SIE scores of each group of species in univariate analyses.
The statistical significance of the change of deviance models
was set to a 0.1 level for these analyses, since significance levels
that were too restrictive could hamper the detection of
important but less strong relationships due to the small
number of cases.

In addition, some multivariate models were also tested,
involving the different abovementioned hypotheses (e.g. the
AT and ATT? models) as well as additional possible interac-
tions between predictors appearing after the results of the
univariate analyses. Apart from the overall significance of the
model, the significance of each variable within these multi-
variate models was assessed using the Akaike information
criterion (AIC) and the Wald statistic within the Best Subsets
option of sTaTISTICA (StatSoft Inc., 2003; see also McCullagh
& Nelder, 1989). In this case, we used a significance level of
0.05 to accept model parameters to avoid the spurious
selection of overparametrized models, although parameters
significant at P < 0.1 are also highlighted. Finally, we assessed
the relative performance of the different models using the
small-sample second-order bias correction of the Akaike
information criterion (AIC.), as recommended by Burnham
& Anderson (2002). The models showing the lowest AIC.
values are the most informative, and therefore the most likely
to have a consistent relationship with the dependent variable,
regardless of the variability they explain.
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RESULTS

In total, 108 SIEs (40 from Coleoptera), out of 267 endemic
arthropod species and subspecies (updated from Borges et al.,
2005a), have been described for the Azores to date; 13 of the
SIEs are cavernicolous, and of the rest, 55 pertain to groups
with high dispersal ability and 40 to groups of low dispersal
ability (Table 1 and see Appendix S1). In general, island age
was significantly related to the number of SIEs of most groups
(except SIEpyis; Table 2), showing positive (sometimes hump-
shaped) relationships except in the case of SIE,, (see Fig. 2).
The effect of island area was generally less important, except
for groups of high dispersal ability, being unrelated or
marginally related to SIE.,, SIE., or SIE;4s. In addition to
time and area, isolation also appears as a relevant factor for all
groups except SIEpg; (marginally in the case of SIE, ), in
most cases showing strong negative relationships with the
distance to Santa Maria, except in the case of cavernicolous
species (Fig. 2), where the isolation from nearby islands in the
archipelago (Dmin and, especially, Dmean) stands out as the
most important determinant (although with negative effect) of
SIE.,, (Table 2). SIE., was also marginally related to the
number and length of caves in the island. Within the complex
models, AT provided the most parsimonious explanation
(higher explained variability, significant model parameters and
smaller AIC, values) for all the arthropods as a whole (92% of
explained variation) as well as for non-cavernicolous species
(85%) and groups with low dispersal ability (81%), being non-
significant or failing to provide significant parameters in the
other three groups (Table 2).

DISCUSSION

Why some islands within an archipelago and some of the taxa
inhabiting such an archipelago present markedly higher
diversification rates are questions that are difficult to answer
adequately in a simple way. For this reason, Whittaker et al.’s
(2008) GDM of oceanic island biogeography is unlikely to
provide a precise explanation for the diversification patterns in
all groups and all oceanic archipelagos world-wide. Rather, its
main value lies in providing a heuristic framework to study
and understand these patterns, thus improving former
descriptions of the well-known fact that diversity and diver-
sification in oceanic islands are (at least partly) a matter of area
and time. Either the groups fitting closely to the ATT? model
or the exceptions to GDM predictions will provide insight on
the causes of diversification in oceanic archipelagos. For
example, land snails, the only Azorean group whose diversi-
fication was evaluated by Whittaker et al. (2008) (in their
study, plants were only studied in terms of richness due to
their limited diversification), did not show the hump-shaped
pattern predicted by the GDM. As commented on above, the
particularities and young age of the Azorean islands will result
in a better fit of an AT model for most groups, a prediction
within the bounds of the GDM theory (see also Prediction 1
below). In this work, we use GDM as the basis for the study of
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arthropod diversification within the Azores, the most species-
rich and diverse group (with c. 50% of all terrestrial animal
and plant species; see Borges et al., 2005b). The investigation
of different groups apart from the totality of the arthropods
(beetles, cave-adapted species and species with high and low
dispersal abilities) allowed an exploration of the effects of some
factors within the framework of the GDM theory (Whittaker
et al., 2008), which resulted in a significant gain in our
understanding of the diversification of arthropods in the
Azores. The understanding of island diversification patterns in
dynamic and complex volcanic archipelagos will be improved
with a more detailed hypothesis driven by splitting up the large
groups that were previously investigated with the GDM.

Effectiveness of the area + time model to explain
overall arthropod diversification (Prediction 1)

Speciation (i.e. diversification through cladogenesis and ana-
genesis) takes time. Therefore, older islands have the potential
to generate more endemic species (see Borges & Brown, 1999);
as some of these species persist over the long term, older
islands usually host older species (Heaney, 2007). Due to this,
the hypothetical island equilibrium diversity would result from
a balance between speciation and extinction rates (Rosenzweig,
2001; Stephens & Wiens, 2003; Erwin, 2005). In addition,
larger islands should present higher speciation rates (MacAr-
thur & Wilson, 1963, 1967). However, in situ speciation within
an archipelago results from a number of different processes
(see review in Whittaker & Fernandez-Palacios, 2007), so the
relationship between diversification and time is not a simple
one. Neither is the relationship between speciation and area
simple (Losos & Schluter, 2000). Moreover, in oceanic
archipelagos the area of a given island varies with time. The
integration of the geological evolution of the island with the
complexity of diversification processes results in a highly
dynamic view of diversity through time (Heaney, 2000;
Stuessy, 2007; Whittaker et al., 2007). The theoretical frame-
work provided by Whittaker et al’s (2008) GDM allows
examination of these complex processes with an integrative
perspective.

Our results provide some support for the hypothesis of
diversification on the Azores being a product of area and time,
mostly following the linear shape expected in our Prediction 1.
The AT model was the most parsimonious explanation for the
number of SIEs of all arthropods, non-cavernicolous species
and species of low dispersal ability (but not cave-adapted
species). In these three cases, the relationship with time also
shows a hump-shaped trend, partly because of the large area of
Sao Miguel. For a wide range of species, diversification events
increase linearly with time for the younger islands, with a
subsequent increasing number of SIEs. Recent islands (e.g.
Pico) present a more homogeneous landscape than older
islands, which together with the limited time for speciation
result in lower adaptive radiation. As the islands become old
and eroded (e.g. Terceira, Sao Miguel and Santa Maria), the
landscape changes to become more diversified (e.g. flattened
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Figure 2 Relationship between the number of single-island endemics of each group of species analysed and several characteristics of
the island (x-axis): geological age (Age, Ma), area (km?), distance to the oldest island (Dist. Santa Maria, km), and mean distance to

the rest of the islands (Mean Dist., km). The shape and sign of the relationships are indicated when significant by a discontinuous line
(see Table 1). Island names are abbreviated as follows: SMR, Santa Maria; SMG, Sao Miguel; TER, Terceira; SJG, Sdo Jorge; PIC, Pico; FAI,

Faial; FLO, Flores.

areas, volcanic cones with differential erosion, more types of
soil available for different plant communities, etc.), increasing
the niches available for colonization and diversification of
species. The reduction in the number of SIEs produced by
immigration to other islands and extinction of some endemic
lineages predicted by the GDM model is partially observed for
Santa Maria for most groups (but not for beetles, see below).
In the other three groups analysed, the AT model was
discarded due to its poorer performance according to AIC. and
the low significance of its parameters. These three groups are
good examples of the departure from the raw GDM predic-
tions (as formulated for younger archipelagos in our Predic-
tion 1) due to the effects that led to our three additional
predictions. Cavernicolous taxa follow our Prediction 2, and
the species with high dispersal ability do so for our Prediction
4. More surprising is the case of beetles; a pattern similar to the
one found for all arthropods was expected for a group with a
high diversity of adaptations. However, the number of lineages
of beetles that have actually diversified within the Azores is
relatively small (see Appendix S1), and most of them occur on
Santa Maria, so the number of SIEs shows a strong dependence
on isolation from the oldest island (our Prediction 3), and is
also relatively independent of area (see discussion below).

186

Early diversification of cavernicolous taxa
(Prediction 2)

The production of SIEs through diversification processes is not
exclusive to old islands. The most recent islands also present
some SIEs originating from nearly the beginning of the island
ontogeny. A particular case is that of the species adapted to life
in caves. Their particular life history results in radically
different diversification patterns.

On the one hand, since younger islands have a diverse set of
habitats of volcanic origin (i.e. lava flows, lava tubes, volcanic
pits and pit-caves) the greater opportunities for speciation
occur during the early stages of island evolution (see Borges
et al., 2007). Our results support the prediction that young
islands host more cavernicolous SIEs than expected from the
GDM model. In fact, the relationship between the number of
SIEs and island age is negative, although marginally significant.
The relatively low fit (almost 50% of explained variability) of
this relationship is related to the large number of troglobites
present on Terceira and, to a lesser extent Sao Miguel, a
consequence of the recent episodes of volcanism in these
two older islands. In spite of the general trend of extinction
of cavernicolous SIEs as islands become older, endemic
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troglobites from these islands support Heaney’s (2007)
hypothesis that some species persist for very long periods on
oceanic islands. The troglobite Thalassophilus azoricus (en-
demic to Sao Miguel) is the only eyeless ground beetle in the
Azores, showing a higher degree of troglomorphism than any
of the cave-adapted Azorean Trechus (Borges et al., 2007). This
could be explained by the older age of Sao Miguel (4 Ma)
compared with that of the other Azorean islands where
cavernicolous species occur (ranging from 0.25 Ma for Pico to
3 Ma for Terceira). A similar case occurs in the Canary Islands
where three hypogean Trechinae occurring in Tenerife
(12 Ma) are completely eyeless, while those from the younger
islands of La Palma (2 Ma) and El Hierro (1 Ma) still present
merely reduced eyes (Machado, 1988, 1990).

On the other hand, the length and characteristics of the cave
system provide better measures of habitat diversity than
surface area for these species. Although the relationships
between SIE_,, and either number or length of caves were not
significant, they were more explanatory than area, accounting
for roughly a third of the variation in both cases, thus
supporting to some extent the second part of our Prediction 2.
Younger islands have an important number of pristine cave
habitats, usually isolated in different cave systems within the
island. Therefore, if the diversification of cavernicolous species
could occur at relatively fast rates, taking into account the
highly limited dispersal ability of troglobites, the limiting
factor for the development of cavernicolous SIEs will be the
number of propagules colonizing the island during the first
stages of its development, rather than the number or length of
these caves. Contrary to the above-mentioned examples of
progressive adaptation of highly persistent species, there are
also cases of more specialized troglobites occurring on younger
islands (see Borges et al., 2007), which implies a faster rate of
diversification, possibly due to opportunity-driven evolution-
ary processes (e.g. Gillespie, 2004; Levin, 2004). The most
relevant predictors of the number of cavernicolous SIEs were
those accounting for isolation from nearby islands, providing
support for our Prediction 3 (see discussion below).

Isolation from the source of colonizers and differences
in dispersal ability result in different determinants
of diversification (Predictions 3 and 4)

Long-distance dispersal of terrestrial organisms to islands over
large extents of ocean is now thought to be a rare event at short
time-scales, but a common one during a longer geological span
of time (Heaney, 2007) or even at smaller time-scales (see
Nathan, 2005). Yet, isolation arises as an important factor
in shaping island biotas (Heaney et al., 2005; Beck et al.,
2006a,b), due to two related phenomena acting in opposite
directions. More isolated islands will have lower immigration
rates and an absence of constant gene flow that might result in
a higher frequency of founder effects generating new species on
these islands (but see Clegg et al., 2002). Conversely, diversi-
fication needs some species to colonize the island and act as
‘nurses’ for the generation of new species (i.e. the so-called
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‘nursery effect’; see Rosenzweig, 2001, 2003). Therefore,
although isolation facilitates the appearance of new SIEs
[resulting in our Prediction 3(2)], it might also reduce the
number of SIEs if the number of lineages colonizing the island
is limited [our Prediction 3(1)]. This is also inherent in the
GDM model (Whittaker et al., 2008; R. J. Whittaker, personal
communication).

Our results provide strong support for the prediction that
SIEs will show a negative relationship with the distance from
the main source of lineages [Prediction 3(1)] in most cases.
Taxa with low dispersal ability, particularly beetles, showed
strong negative relationships with the distance to Santa Maria,
the oldest island and reservoir of lineages either coming from
the mainland or remaining from the older archipelago. Such
negative relationships were also nearly significant for the all-
arthropod and non-cavernicolous SIE data sets. The extreme
case of Coleoptera (Dsmr accounts for almost 75% of variation
in SIE_) is probably related to the limited dispersal ability and
relatively low diversification rates of the most speciose beetle
genera (i.e. Tarphius and Trechus). Therefore, the number of
colonization events of these taxa is limited, both from the
mainland and from within the archipelago. For example, all
eight endemic Tarphius species are the consequence of a single
old colonization event to Santa Maria (Amorim, 2005). Three
of these species are endemic to Santa Maria, arising due to
local radiation. However, Santa Maria was the only island
where Tarphius has had sufficient time to radiate into new
species; the other five species are the consequence of a
stepping-stone process, originating in Santa Maria and occur-
ring on more than one island. For groups with higher dispersal
ability and/or diversification rates, this process would be less
important in shaping SIE patterns (see Gillespie, 2004).

Contrary to our expectations, the isolation of nearby islands
did not have a significant positive effect on the SIEs of any
group, thus rejecting our Prediction 3(2). Interestingly, in the
Azores the number of duplicate island endemics (i.e. species
and subspecies occurring in two islands) within the arthropods
is relatively small. Non-cavernicolous and taxa with a low
dispersal ability were the only groups showing positive
relationships with Dmean and Dmin, but these relationships
were poorly explanatory in both cases. Only 17% of the species
not endemic to a single island (i.e. non-SIE) are duplicates,
implying that species colonizing a nearby island are usually
able to spread relatively easily to other islands. Yet, 70% of
these few duplicates occur in one of the three older (and
easternmost) islands (Santa Maria, Sao Miguel and Terceira),
which together constitute the source of the founding lineages
for the most recent islands located further west (see above).

The only case where the variables accounting for the distance
to nearby islands were explanatory was cavernicolous fauna,
showing strong negative relationships with the number of SIEs
(more than 90% in the case of Dmean). Troglobite species
represent the most extreme cases of low dispersal ability. In
addition, their diversification is constrained by the possibility of
the arrival or presence on islands of young age of forest epigean
species able to colonize the underground environment. Both
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limitations result in the decay of colonization events occurring
at a much shorter distance for these species, since only nearby
islands would be able to provide a significant number of
colonizers within a reasonable time frame. Therefore, in this
case the main sources of colonizers are nearby islands, and the
strong negative relationship of SIE,, with Dmean and Dmin
provides additional support for Prediction 3(1).

Interestingly, the taxa with high dispersal ability are the only
group not showing any relationship at all between the number
of SIEs and isolation. Here, area was the most parsimonious
explanation for their patterns of diversification [thus confirm-
ing our Prediction 4(1)]. Instead, the SIEs of taxa with low
dispersal ability showed the closest fit to island age; in this case,
the AT model provided the best explanation of their patterns
[confirming our Prediction 4(2)]. Other studies have reported
differences in diversity and diversification patterns arising
from differences in dispersal ability (e.g. Heaney et al., 2005),
even within groups of high dispersal ability (Beck et al,
2006b). In the case of the Azores, most groups show relatively
higher dispersal ability, so a number of new taxa do not remain
as SIEs since they colonize other islands. In this case, area, and
thus opportunity for within-island adaptive radiations, appears
as the most important factor for the existence of SIEs. For
species with low dispersal ability, time stands out as a necessary
condition for diversification. These taxa require a sufficient
accumulation of colonization events on each island to allow
the in situ evolution of species and to accumulate important
numbers of SIEs over the long term.

Concluding remarks

As in the case of MacArthur & Wilson’s model, the aim of
generality and the relative simplicity of Whittaker et al.’s
(2008) GDM of oceanic island biogeography necessarily results
in some limitations. As the proponents of GDM recognize
(R. J. Whittaker and K. Triantis, personal communication), it
is impossible to develop a predictive model of island bio-
geography that is both general and highly precise. Rather, its
value relies in the possibility of integrating different hypotheses
and deviations from its general predictions into a general
framework. We believe that some of the recent hypotheses on
island biogeography, such as the ‘diversity-driven speciation
hypothesis’ of Emerson & Kolm (2005a) or the energy-based
global model of Kalmar & Currie (2006) (both reviewed by
Whittaker & Fernandez-Palacios, 2007), would be better
understood within the framework of the GDM proposed by
Whittaker et al. (2007, 2008). The oversimplified descriptions
of the evolutionary processes going on within the archipelagos
and of the species—environment relationship provided by the
GDM may be complemented in the future with more precise
definitions coming from the developments in these two fields.
Nevertheless, our results show that successful predictions can
be derived by adapting the GDM model to the characteristics
of the archipelago under study and its biota.

Our analyses necessarily present some problems common to
most work on island biogeography, such as the small number of
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cases (seven islands in our case) or collinearity among the
descriptors of island characteristics. These drawbacks result in a
lower explanatory power and make the discrimination of true
and spurious effects very difficult (e.g. the possible collinearity
between energy and isolation measures in Kalmar & Currie,
2006; mentioned by Whittaker, 2006). We compensate for these
drawbacks by discarding some collinear variables before the
analyses, carrying out three different validations (on the effects,
on the parameters and on the information provided by each one
of the concurrent models) and, more importantly, testing the
specific predictions resulting from current knowledge about the
evolution of island biotas. This conservative approach does not
permit us to evaluate the effect of certain variables that have
been commonly used as predictors in island biogeography, such
as island altitude (see, e.g., Pereira et al, 2007). Although it
could be used as a surrogate for habitat heterogeneity, the
relationship of altitude with this factor is highly variable, and
therefore it should be used with caution (Triantis et al., 2008),
given that its explanatory power is usually lower than more
direct measures of area and/or habitat heterogeneity (Triantis
et al., 2008; our results). Nevertheless, using SIEs to measure
diversification is also problematic (see debate in Cadena et al.,
2005; Emerson & Kolm, 2005a,b, 2007a,b; Kiflawi et al., 2007;
Whittaker et al., 2007; Birand & Howard, 2008; Gruner et al.,
2008). However, the number of SIEs provides a simple metric of
evolutionary dynamics (Whittaker et al., 2008), especially in the
absence of good-quality data on the genetic divergence and
phylogeny of large groups of taxa (see also Peck et al., 1999;
Emerson & Kolm, 2005a, 2007a; Whittaker et al., 2007). The
problems arising from the use of SIE data are mainly due to the
colonization of new islands by species that originated within a
given island of the archipelago. Although this might hamper the
description of the magnitude of diversification within an island,
especially for groups of high dispersal ability, its effects on the
number of SIEs can be identified and predicted.

These problems notwithstanding, our work identifies the
expectations for patterns of diversification for young archipel-
agos that can be derived from the GDM model. Moreover, we
clarify the role of isolation within the GDM framework,
formulating some specific predictions and identifying the
patterns that derive from colonization processes, at least in the
earlier stages of island development. In addition, we identify
where and how some exceptions to the GDM might appear for
some specific groups of species, according to their life-history
traits and environmental requirements and their relationship
with the geological evolution of islands. As a general conclu-
sion, the overall patterns of arthropod diversification on the
Azores are consistent with the framework provided by the
GDM when adapted to the young age of the archipelago. Some
arthropod groups depart from the general predictions of the
model, but their behaviour can be integrated easily into the
GDM by accounting for their particular characteristics.
Nevertheless, the role of isolation was crucial in accounting
for variation in our data and for explaining diversification
processes, remaining as a factor of central importance for any
hypothesis about the diversity of island biotas.
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