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BACKGROUND: Ever since Darwin, natural
scientists have turned to islands for inspira-
tion and for model systems. For the past half
century, they have done so largely within the
paradigm established by Robert H. MacArthur
and Edward O. Wilson’s Theory of Island Bio-
geography, which provided a quantitative, dy-
namic framework, based upon assumptions of
geographically predictable patterns of immigra-
tion, extinction, and speciation. Although this
approach has proven productive, its applica-
tion to remote archipelagos and evolutionary
time scales has been hampered by a rather sta-
tic view of islands themselves, despite mount-
ing evidence of their dynamism as platforms.
We review recent progress in integrating the
largely ecological thinking of their theory with

Anthropogenic extinction

Island syndromes

General dynamic model

Island type classifications

insights on the longer-term dynamics of both
the islands and their biotas.

ADVANCES: Classification and analysis of
marine islands by their geophysical dynam-
ics, and of their species by how they colonized,
provides a step toward a more nuanced bio-
geography out of which new insights are al-
ready emerging. This perspective is exemplified
by the general dynamic model of oceanic is-
land biogeography, which predicts how im-
migration, speciation, and extinction respond
to the typical life cycle of hotspot islands, with
phases of emergence, development, and sub-
mergence. The model successfully predicts
such emergent patterns as the occurrence of
peak diversification on youthful, expanding

Species—area relationships

MacArthur-Wilson dynamics

Sinks or sources?

Dispersal/Vicariance debates

Islands provide model systems for the investigation of the fundamental biogeographical
processes of migration, diversification, and extinction, as discussed herein with emphasis

on long-term dynamics.
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islands with maximum vacant niche space.
Diversity patterns analyzed for large numbers
of data sets have confirmed the importance
of in situ evolutionary dynamics on remote
archipelagos, which typically possess steep
island species-area relationships, especially for
endemic taxa. We may infer that variations in
propagule flow among islands within archi-

pelagos are important in
modulating these emergent
Read the full article diversity patterns. There is,
at http://dx.doi. for example, good support
org/10.1126/ for an “island progression
sclence.aam8326  pyle” in which older land
masses donate colonists to
younger islands (consistent with the general-
ization of islands as “sinks”), but there is also
increasing evidence of “reverse colonization,”
including from islands to continental regions.
Advances are also being made in linking such
island biogeographical models with the classic
traits and syndromes of insular species, although
this first demands that previous generaliza-
tions are rigorously reexamined using expanded
data sets and modern techniques of analysis. A
classic insular syndrome is the loss of dispers-
ability of formerly dispersive species follow-
ing island colonization, for which there is
now good evidence for several taxa, including
many genera of land birds. Yet, paradoxically,
and perhaps controversially, it has also been
inferred that many species of plants lacking
specialized dispersal adaptations can colonize
quite remote islands, often by nonstandard
means of transport. Unfortunately, island evo-
lutionary syndromes, such as loss of flight in
birds, frequently predispose species to height-
ened extinction risk when islands are colo-
nized and transformed by humans, as we also
document.

OUTLOOK: Developments in theory and in
analytical and modeling capabilities within bio-
logical and Earth system science, and the pool-
ing of large numbers of data sets, enhancing
statistical power, collectively hold the prom-
ise of a new synthesis in island biogeography.
This synthesis will need to accommodate evi-
dence of the long-term dynamics of remote
island systems, whereby some lineages persist
far longer than any particular island platform,
while others founder as their sole island home
sinks under the waves. The promise is of a bio-
geography in the tradition of the MacArthur-
Wilson theory, generating and testing predictive
models, but extended to accommodate a more
sophisticated suite of insular geological and en-
vironmental dynamics, combined with a fuller
understanding of patterns and processes of
gene flow within and between archipelagos.
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Islands provide classic model biological systems. We review how growing appreciation of
geoenvironmental dynamics of marine islands has led to advances in island biogeographic
theory accommodating both evolutionary and ecological phenomena. Recognition of distinct
island geodynamics permits general models to be developed and modified to account for
patterns of diversity, diversification, lineage development, and trait evolution within and
across island archipelagos. Emergent patterns of diversity include predictable variation in
island species—area relationships, progression rule colonization from older to younger land
masses, and syndromes including loss of dispersability and secondary woodiness in
herbaceous plant lineages. Further developments in Earth system science, molecular
biology, and trait data for islands hold continued promise for unlocking many

of the unresolved questions in evolutionary biology and biogeography.

Ithough there are many types of insular
system, including lakes, caves, seamounts,
forest habitat islands, and sky islands (2),
our focus here is mostly on marine islands:
systems of immense biogeographical inter-
est. Marine islands are great natural laboratories,
providing innumerable replicated “experiments”
in the factors controlling the distribution, charac-
ter, and diversity of species. They also contribute
disproportionately to global biodiversity and to the
contemporary extinction crisis (2-5). Comprising
just 3.5% of Earth’s land area, islands contribute

15 to 20% of terrestrial species and 27% of human
languages. Spectacular insular radiations include
>150 species of Anolis lizard in the Caribbean, an
estimated 1000 species of drosophilid flies and
>50 species of honeycreeper on Hawaii, and plant
genera such as Aeonium, Sonchus, and Echium
(29 to 55 species) in Macaronesia (2, 5-7). Equally
strikingly, more than 60% of the documented
terrestrial species extinctions since 1500 CE have
been island endemics (2, 3, 8, 9) (Fig. 1).

Here we reflect on recent advances in under-
standing these systems, 50 years on from the

landmark publication of Robert MacArthur and
Edward O. Wilson’s Theory of Island Biogeography
(10). First outlined in the journal Evolution in
1963 (11), their theory was developed only a dec-
ade after the discovery of the DNA double helix
and contemporaneously with the tectonic shift
in Earth sciences initiated by confirmation of sea-
floor spreading. They took a deliberate step away
from ad hoc historical narrative toward a predic-
tive, quantitative biogeography, developing a body
of theory that continues to inspire (72-14). The
theory was built around a simple neutral model,
easily demonstrated graphically, arguing that the
universal processes of island biology—immigration
to and extinction from each island—were per-
petually operative, varying straightforwardly and
predictably in relation to the fundamental geo-
graphical properties of isolation and island size,
respectively (Fig. 2A).

The 1967 monograph (10) inspired numerous
studies testing the assumptions, predictions, and
practical application of their model, in the process
generating large numbers of data sets describing
the diversity of island biotas. Intriguingly, despite
the book’s opening observation that islands provide
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Fig. 1. Insular species extinctions since 1500 CE. (A) Comparison of
insular and continental extinctions for birds, plants, and invertebrates
[data source: (8)]. (Inset) Rodrigues solitaire (extinct flightless endemic;
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by Frederick William Frohawk, 1907). (B) Cumulative island endemic
extinctions, for those species for which an estimate of date of loss is
available [compiled from (8, 9, 94)].
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Fig. 2. MacArthur and Wilson’s equilibrium
theory of island biogeography. (A) The core
model of how isolation-controlled immigration,
I, and area-controlled extinction, E, respond to
species richness (P, mainland species pool;
dotted lines indicate combinations of richness
and turnover rate for particular combinations
of island area and isolation). (B) Hypothesized
adjustments of initial equilibrium through com-
munity and evolutionary processes, leading to
(C) predicted elevation of the island species—area
relationship due to in situ diversification. The
possible correspondence between time points in
(B) and (C) is our addition. [(A) and (C) modified
from (10), (B) modified from (95)]

“...the necessary replications in natural ‘exper-
iments’ by which evolutionary hypotheses can be
tested...” [(10), p. 3], the theory has fared poorly
in application to remote islands and has been
criticized, perhaps harshly, for ignoring evolution
(15-17). Although largely presenting an ecological
theory, the monograph developed an evolutionary-
ecological argument spanning near-time pop-
ulation processes up to emergent evolutionary
processes on remote islands. It also discussed the
trait shifts indicative of adaptation to island living
and the significance of cladogenesis, leading in
the fullness of time to a predicted evolutionarily
adjusted equilibrium diversity pattern (Fig. 2, B

Whittaker et al., Science 35'7, eaam8326 (2017)

and C). But little attention was paid to the geo-
environmental dynamics of islands.

Since the monograph was published, further
advances, especially in evolutionary biology and
Earth system science, have revolutionized under-
standing of the dynamics of remote island sys-
tems. It has become increasingly evident that
the islands themselves are dynamic, changing in
size, configuration, and isolation through geo-
logical and climatic change processes. Advances in
theory, computer power, data availability, and
simulation modeling are increasingly enabling
exploration of these dynamics (78-20). At issue
is the extent to which island biodynamics keep pace
with environmental dynamics, reaching meaning-
ful dynamic equilibria, or are better considered
dynamic nonequilibrium systems (15, 19-24).
For example, Valente et al. (19, 25) incorporate
likelihood-based phylogenetic birth-death models
alongside MacArthur-Wilson dynamics to model
island avifaunas of the Galapagos and Macaronesia,
concluding that whereas the Galdpagos finch
clade and in general the Macaronesian avifaunas
may have reached equilibrium richness prior to
human interference, overall avian richness of
the Galapagos remains nonequilibrial.

Island geodynamics drive
biological dynamics

Islands are typically framed in modern island
theory as subject to colonization from mainland
species pools (2, 10) (Fig. 2A). Yet, stretching back
to the 19th century, there has been argument
about the relative importance of long-distance dis-
persal, which Charles Darwin and Alfred Russel
Wallace (26) favored, and what is now termed
vicariance, the break-up of widespread distribu-
tions. In Darwin’s day, vicariance thinking took
the form of extensionism, the idea of the wide-
spread foundering of former land connections
(27). In the 20th century, Wegener’s continental
drift and, subsequently, plate tectonic theory pro-
vided an alternative vicariance explanation for
the presence of relatively undispersive species on
remote land masses: they had persisted follow-
ing separation by barrier formation (28, 29). Al-
though dispersalism is currently in the ascendancy
[e.g., (30-33)], a complete theory of island bio-
geography must accommodate the evidence for
vicariance processes linked to island submergence
or emergence (sometimes repeatedly via subsidence
and uplift), subduction, seafloor spreading, and
shifting positions of long-lived island terranes
(28, 29, 31, 34). This highlights the need for a
more refined classification of island types than
the traditional split (2) into oceanic, continental
fragment, and continental-shelf.

Recently, Jason Ali (35) proposed just such a
framework of major geophysical settings: conti-
nental, island arc, composite terrane, mantle-plume
hotspot, and “other minor types.” Alongside these,
he proposed classifying island life forms based
on how an organism’s ancestors are thought to
have colonized the island in question: recent land-
bridge, recent ice-sheet, overwater-dispersed, and
deep-time vicariant. Recent land-bridge coloni-
zation typically refers to species that were able

1 September 2017

to cross dry land during periods of lowered sea
level, and recent ice-sheet to high-latitude systems
where the past extension of sea ice allowed over-
ice colonization. Globally, many continental-shelf
islands derived most of their contemporary biota
from larger mainland areas during Quaternary
sea-level minima of as much as 134 m below pres-
ent (36). Even true oceanic islands were greatly
reduced in isolation at those times by the emer-
gence of present-day seamounts as islands. Al-
though most of New Zealand’s biota appears to owe
its origins to dispersal, recent work has identified
Zeelandia as a largely drowned continent, includ-
ing present-day New Zealand and New Caledonia
(37). The heated vicariance-dispersalist arguments,
so often focused on island systems with conti-
nental underpinnings (e.g., New Caledonia, New
Zealand, Madagascar) but including even mantle-
plume hotspot systems [compare (28, 29, 38)],
may thus be superseded by recognizing that an
island can host multiple colonizer types (35, 39).
Given all these processes and sufficient time, we
can envisage particular lineages becoming dis-
tributed across a set of now far-flung islands by a
combination of relatively modest dispersal prow-
ess and excellent persistence. In perhaps many
cases, the distances crossed, although substan-
tial, were less impressive than might appear from
a contemporary map (31, 38).

Situations such as Zeelandia are geograph-
ically limited, however, and oceans are mostly
floored with oceanic crust, created at mid-oceanic
ridges. As this crust cools and becomes denser,
the plate and islands formed upon it subside for
up to 70 million years, sinking as much as 2 km
(35). This again is a generality. For example, it
has recently been shown that the oldest Azorean
island, Santa Maria, which first emerged 6 million
years ago, initially subsided to form a guyot (a
submerged island), before reemerging during
the last 3.5 million years (40). These findings
have greatly shortened the time frame of colo-
nization and evolution in the Azores. Since final
emergence, the Azores have remained remote,
gathering their biota by dispersal from distant
islands, and Old and New World mainland, across
very substantial stretches of open ocean (41). Such
findings reaffirm a role for long-distance dispersal
within island biogeography (30-33).

Another category we might add to Ali’s (35)
typology is subsurface seamounts (42). Estimates
of their number vary from 8000 to 100,000 of
>1-km height (43), and just a fraction, perhaps
<5%, have been directly sampled scientifically
(44). Many seamounts and oceanic islands have
a common origin and form part of the same
mantle-plume hotspot systems (Fig. 3A). To sim-
plify, as the plate moves over the hotspot, a
sequence of islands is produced, each of which
erodes and subsides as it is carried away from the
hotspot. Within the North Atlantic, Macaronesia
has featured substantial islands for some 40 to
60 million years, although the oldest contempo-
rary islands (e.g., Selvagem Grande) are half this
age (38). The Hawaiian hotspot has been pro-
ducing islands even longer, but the oldest high
island dates to only 5.1 million years, all older
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Fig. 3. The implications of island geodynamics for island biogeographical
processes. (A) The dynamics of a generalized hotspot archipelago: island
emergence, building, erosion, and subsidence to become seamounts (guyots)
drives phases where, in turn, immigration, diversification, and extinction
dominate, generating island progression-rule patterns. (B) Trends in key process

islands having subsided to become atolls, or sea-
mounts (2).

Hotspot islands thus typically shrink and sub-
merge after a few million years. At some point,
the tendency to gain species through occasional
immigration and cladogenesis is countered by an
increasing rate of species extinction: Diversifica-
tion slows and is reversed. Ultimately, any single-
island endemic species failing to migrate to another
island become globally extinct.

These coupled geodynamic and biological pro-
cess regimes are the basis of the general dynamic
model (GDM) of oceanic island biogeography (21)

Whittaker et al., Science 35'7, eaam8326 (2017)

(Fig. 3B), which has had some success in predict-
ing patterns of insular diversity across archipelagos
(24, 45). Of course, it takes time for island colo-
nists to evolve into distinct species, and whereas
some lineages respond to the availability of com-
paratively unexploited terrain on young islands
by diversifying at extremely fast rates (46), to peak
on intermediate-aged islands (47, 48), others may
be slowly increasing in species richness even on
old, foundering islands (49). It remains a chal-
lenge to determine which traits best explain the
greatly varying rates of divergence exhibited by
different colonizing lineages (31, 45-48).

1 September 2017

rates (I, immigration; S, speciation; E, extinction) (dashed lines), generating a
realized species richness trajectory over time in relation to a hypothetical carrying
capacity K, controlled by the island ontogeny, as formalized in the general
dynamic model of oceanic island biogeography (20). (C) Alternative ontogenies,
which can be used to generate alternative biogeographic models (20, 24, 96).

The hotspot island ontogenetic model under-
pinning the GDM (Fig. 3, A and B) is highly sim-
plified, but the reasoning can be extended to
differing geophysical contexts (20, 24) (Fig. 3C).
More realism can be added at the expense of gen-
erality, by incorporating Quaternary (or earlier)
sea-level changes (22, 23, 36). Dealing with such
complexities requires combinations of empirical
and simulation methods drawing on a range of
disciplinary areas (19, 20, 24). As we gain in-
creased resolution on the various distinct forms
of insular geodynamics, more sophisticated theo-
ries will be enabled, describing the varied roles of
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islands as generators of diversity, culs-de-sac, refu-
gia, and stepping stones [e.g., (30—-32, 39, 41, 50)].
Extending such thinking to various forms of hab-
itat islands provides further challenges, focused
on identification of environmental change processes
common to and having an impact on the systems
in question, and how these processes may interact
with shorter-term ecological dynamics (2, 9, 51).

Remote archipelagos and island
species—area relationships

The increase in species richness with area is one
of the few lawlike regularities in ecology (52, 53).
Island area holds a central role in the theories
outlined above, acting as a proxy for space and
resource availability, constraining resulting spe-
cies richness patterns (Figs. 2 and 3). That island
species-area relationships (ISARs) are steeper
than sampling curves for nonisolated areas was a
key observation leading to the MacArthur-Wilson
theory (10) and its application in predicting species
losses following habitat fragmentation (2, 51, 52).
In practice, the use of island theory in this way
has proven controversial, due in part to the mix-
ing of different forms of species-area relation-
ship (563-55). For example, it has been shown that
nested sampling curves, whereby smaller sample
areas are nested within large ones, are typically
triphasic in logarithmic space, characterized by
steeper increases in species richness at both small
and large spatial scales (53, 56). However, ISARs
are not nested, but comprise data series of paired
values of richness and area for each island (55).
We therefore focus here on synthesis of results
from ISAR meta-analyses of several hundred
data sets, based on the application of the log-
transformed power model: log(S) = log(c) + & x
log(A), wherein log(c) represents a crude “biot-
ic richness” constant, z represents the slope of
the relationship, S is species richness, and A is
island area (57, 58). The logic for doing so is
that the power model has been shown to be the
best general model for the ISAR, providing sig-
nificant fits for a large majority of data sets (57, 58)
and having the added virtue of simplicity of rep-
resentation (52, 58).

In general, ISAR slope (2) increases from hab-
itat, to continental shelf, to oceanic islands (Fig.
4A). The shallowest slopes and higher intercepts
characterize systems with minimal isolation, in
which island-extirpation events are typically rap-
idly reversed by recolonization (“rescue effects”),
thus maintaining relatively high richness on small
islands. By contrast, remote oceanic islands re-
ceive such low rates of immigration that coloniz-
ing lineages can diversify in isolation. In these
systems, the smallest islands have low species
richness because their small, unreliable resource
bases cannot sustain marginal populations of
small size or permit the origin and persistence
of newly formed endemics. Hence, the ISARs are
characterized by high £ and low log(c) values, a
pattern that is especially pronounced for the en-
demic species subset (Fig. 4B).

Encouragingly, these recent studies support
the idea that we can link pattern to process
through the analysis of ISAR form. In general,

Whittaker et al., Science 35'7, eaam8326 (2017)

steeper slopes (higher 2) imply the increasing
relevance of evolutionary as opposed to ecolog-
ical dynamics. Remote archipelagos typically gen-
erate a high proportion of their own species by
in situ speciation, with some lineages also pro-
ducing distinct species on or within each island.
This makes the archipelagos more akin to true
biotic provinces [sensu (52)] than is the case
for each constituent island. This reasoning is
supported by analyses showing that for oceanic
archipelagos, interarchipelago species-area rela-
tionships (ASARS) are systematically steeper than
the constituent ISARs (57-60) (Fig. 4C). There is
a caveat: ISAR slopes for remote archipelagos
can sometimes be much lower than suggested in
Fig. 4A. Three linked factors may explain this:
First, a high proportion of colonists of remote
islands are derived from another island in (or
near) the same archipelago, not from the main-
land; second, archipelago area may therefore be
the principal determinant of the size of the spe-
cies pool supported and of the degree of ende-
mism; and third, the pattern of isolation among
islands within the archipelago may further mod-
ulate ISAR form (Fig. 4C).

Numerous other factors influence insular di-
versity (e.g., traits of the taxon, contemporary
climate, elevational range, Quaternary climatic
and sea-level change, anthropogenic impact)
4, 12, 23, 26, 50, 61), and hence within each
class of island system, much variation exists in
the form and explanatory power of the ISAR.
Yet by collating and analyzing multiple data
sets within a comparative framework, we are
increasingly able to distinguish the general from
the specific (57-61). Further work is needed to
test these propositions and develop a more com-
plete species—-area theory linking pattern to pro-
cess [e.g., (12, 53, 56)].

Sinks and sources

Islands have traditionally been viewed as back-
waters, or culs-de-sac, where lineages diversify
for a while, becoming ever more insular and lo-
calized, but from which they rarely escape to re-
colonize continents. This idea was captured in
the taxon cycle model, originally formulated for
Ponerine ants (10, 62) (Fig. 5A) and recently re-
affirmed for Pacific ants by new phylogenetic and
distributional analyses (63). In taxon cycles, early
colonists are pushed deeper into island interiors
by later, more competitive colonists, continuing a
pattern of movement from mainland source re-
gions into the oceanic realm.

The general tendency of movement from main-
land to island systems is repeated within hotspot
archipelagos, as an island progression rule, of col-
onization from older to younger islands, with
subsequent evolutionary divergence (Fig. 3A).
This appears to be common, especially for taxa
colonizing remote archipelagos contemporane-
ous with, or before the emergence of, the oldest
current island (24, 33, 39, 64). The occurrence
of endemics older than the island, detected in a
number of lineages and archipelagos, is con-
sistent with the long-term operation of the dy-
namics inferred in Fig. 3, A and B, and in cases
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Fig. 4. Generalizations about island species—
area relationships (ISARS) based on recent
analyses of multiple data sets (57-60).

(A) As island isolation increases, the ISAR slope
(2) increases, with intermediate isolation generat-
ing the highest rates of species turnover. (B) For
remote archipelagos, the endemics subset pro-
duces steeper slopes and lower intercepts than
non-endemic native species. (C) The slope of the
archipelago species—area relationship (ASAR)
should generally exceed the slopes of the constit-
uent archipelago ISARs. Points A and B on the
ASAR represent the archipelago diversity for
archipelagos A and B, respectively.

may indicate very long-term persistence of in-
sular lineages across a network of islands [com-
pare (28, 29, 31)].

Although the classic view of islands as sinks
(Figs. 2 and 5A) remains relevant for many lineages,
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A

Mainland sources > island sinks

New Caledonia

b

B Island source > mainland expansion

Fig. 5. Contrasting directional movements of evolutionary lineages. (A) Wilson's (62) taxon cycle
describes the directional movement of ponerine ants from mainland to the Pacific islands, where derived
forms evolve (inset: Diacamma sp., Sabah, by S. Shattuck, 2012, www.antwiki.org/wiki/Diacamma;
license: https://creativecommons.org/licenses/by-sa/3.0/). (B) Fjeldsa’s (66) interpretation of Oscine
(songbird) evolution, as an insular radiation in the region of present-day New Guinea (using a
reconstructed base map for ~34 million years ago), subsequently spreading throughout the globe to
provide around half of the world’s birds (inset: Atrapia mayeri, New Guinea, by H. E. W. Cottee-Jones).

increasingly, the ubiquity of that model has been
challenged by phylogenies that indicate cases
of back-colonization within archipelagos and
from islands to mainlands, as well as island hop-
ping across extensive ocean basins (7, 30-33, 4I)
(Fig. 5B). Genetic analyses of Macaronesian bryo-
phytes, for example, support de novo foundation
of continental populations from insular ancestors,
indicating that the islands of Macaronesia have
provided stepping-stones for transoceanic move-
ment linked to long-term westerly atmospheric
circulation (41). Even more startling is the claim,
again from molecular phylogenetic studies, that
the uplift and formation of the Wallacean archi-
pelago triggered the global radiation and expan-
sion of all songbirds [the Oscines, constituting
approximately half of the word’s 10,000 bird

Whittaker et al., Science 35'7, eaam8326 (2017)

species (65)], which originated in the region of
present-day Australia or New Guinea and ex-
panded in multiple directions along the arc of
islands then postulated to have emerged between
the Australian, Pacific, and Asiatic plates (65, 66)
(Fig. 5B).

Island syndromes

Larger remote islands typically feature high pro-
portions of endemic species and sometimes fea-
ture relictual or paleoendemic species (differing
only slightly from extinct mainland ancestors):
Examples include several Macaronesian laurel
forest trees (28, 38). Yet most oceanic island
endemics have evolved into neoendemic forms
in situ. They have done so not through a single
mechanism but through the operation of a rich
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variety of evolutionary processes (33, 67, 68),
despite which it appears possible to identify
particular traits and syndromes on which island
forms repeatedly converge. Commonly discussed
examples include a tendency toward flightless-
ness and loss of dispersal powers, naiveté toward
predators, diminished clutch size in birds, wood-
iness in typically herbaceous plants, and body
size changes (67, 69).

Although these examples are fascinating and
intuitively appealing, systematic efforts are needed
to determine that the proposed syndromes are
indeed robust phenomena [compare (69, 70)] and,
having done so, to understand their causation.
Progress is being made. The rapidly increasing
availability of large trait databases and of molec-
ular phylogenies has greatly advanced our un-
derstanding of these varied patterns of insular
evolution, both across large clades of species and
at subspecific level, often revealing patterns of re-
peated convergent trait evolution across multiple
lineages on multiple islands (31, 47, 67, 71-75).

One good example is the occurrence of insular
woodiness in otherwise herbaceous lineages,
where it has been clearly established that the
general pattern is for the insular woodiness to
be secondary, evolving from herbaceous ances-
tors (73). Another is flightlessness in birds, which
is generally associated with ground nesting and
is exemplified by birds such as the solitaire
(Fig. 1A). Statistical testing had previously sug-
gested it to be a feature of relatively small num-
bers of higher taxa, most notably rails (Rallidae)
(74). However, it has recently been established
from studies of several hundred populations that
even in actively volant species there have been
changes in flight muscles and hindlimbs con-
sistent with a broad trend toward insular flight-
lessness, repeated in four orders, nine families,
and numerous genera of land birds (75). This
trend manifests in a shift in investment from
forelimbs to hindlimbs and appears to be a di-
rect response to reduced predation pressure in
the absence of terrestrial mammals and special-
ist bird-hunting avian predators. Unfortunately,
the syndrome of traits of which this is the most
striking manifestation has also left these island
forms especially vulnerable to introduced verte-
brate predators, and many have become extinct
or are threatened with extinction (76, 77) (Fig. 1).

The role played by chance long-distance dis-
persal has remained at the heart of debate in
island biogeography since the 19th century, hence
evolutionary syndromes connected with dispersal,
such as flight loss, are of abiding interest. Whereas
Darwinian interpretations emphasize adaptive
features that enable colonization of distant oce-
anic islands, and then the subsequent loss of dis-
persiveness [e.g., (46, 75)], Darwin’s contemporary
Joseph Hooker argued that the existence of a set
of plant species lacking such traits on the South-
ern Ocean islands supported extensionism. Ever
since, island biologists have focused on dispersal
adaptations and have continued to debate the ex-
planatory power of long-distance dispersal (26-33).

Intriguingly, recent work has emphasized the
importance of nonstandard dispersal—i.e., dispersal
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seemingly unconnected with diaspore special-
ization (78, 79). Viable seeds of dozens of plant
species eaten by Canarian island lizards (Gallotia
atlantica) have been found in pellets of preda-
tory birds, capable of interisland movements
(79), while 63% of the Azorean native flora (most
of which are not endemic) have unspecialized
diaspores (80). Similarly, the survival of snails
and beetles swallowed by birds allows for their
movement between islands (81), and even ex-
ceptional geophysical events, including volcano
flank collapses, have been invoked as potentially
explaining particular colonization events (82).
Comparative analysis of the Galapagos flora rather
remarkably suggests that the availability of suit-
able habitat on the islands provides a more gen-
eral explanation of species assembly than dispersal
limitation (83). Hence, although the poor dispers-
ability of many island species has been shown
to be a consequence of the postcolonization loss
of dispersal capacity (2, 75), it also appears that
at least for plants and invertebrates, many spe-
cies lacking evident long-distance dispersal ad-
aptations can reach quite remote archipelagos
(81, 83-85).

The reaffirmation that islands are stocked by
colonists possessing a wide range of intrinsic dis-
persal capabilities prompts reflection. MacArthur
and Wilson (10) argued that it was toward the
extreme edge of a taxon’s dispersal capacity that
the few lineages arriving had the best opportunity
for diversification. But most colonist lineages fail
to diversify, the colonizing event resulting in a
single native (sometimes endemic) species. Those
undergoing cladogenesis are species able to spread
from initial points of landfall, yet also able to attain
reproductive isolation within or between islands:
They then have to diversify swiftly within quite
small areas. Peak diversity is thus expected to be
concentrated in clades of fast generation times,
small body sizes, and intermediate dispersability
[compare (33, 46, 47, 64, 86)].

Concluding remarks

Fifty years on from the landmark Theory of Island
Biogeography (10), the subject is in a vigorous
period of development (13, 14, 87). Several ad-
ditional themes would warrant separate review:
The legacies of Quaternary environmental change,
the unexploited potential of islands as model
Anthropocene systems, and the multilevel anal-
ysis of archipelagic processes are just three broad
examples (12, 22, 88, 89). The impacts of Quater-
nary environmental change are complex, involv-
ing repeated cycles of varying amplitude of climate,
and sea-level change, generating changes in cur-
rent systems, isolation, and connectivity on mul-
tiple scales (22, 23, 50). We are only beginning to
tease out how these change processes affected
remote island systems, and for many systems
to distinguish the impact of human colonization
from that of natural change drivers (77). The anal-
ysis of habitat fragmentation through the lens
of island theory has played an important role
within conservation biology, as discussed above,
but arguably the opportunities for using anthro-
pogenically modified or created systems remain
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underexploited (12). For example, just one dam
in China, built in 1959, created the Thousand Island
Lake (Xinanjiang River), a system of abundant
small islands that has generated highly resolved
data on species-area relationships, composition-
al nestedness, turnover, and species extinction
(90, 91). There is also considerable unexploited
model system potential in undertaking systematic
monitoring of ongoing dynamics involving native
and non-native species in both highly altered and
conserved ecosystems on oceanic archipelagos,
as such systems allow linkage between population-
level processes, trait biology, and emergent di-
versity patterns (89, 92). Although much island
research is firmly rooted in an archipelagic con-
text and framing (e.g., most ISAR analyses are for
discrete archipelagos), it is important to recog-
nize that there are multiple levels of isolation,
from that of habitat patches within islands, to
the island as a whole, to archipelagos and groups
of archipelagos. The spatial configuration of these
different system elements and their dynamics
over time may hold the key to understanding var-
iation in the form of ISARs, degrees of endemism,
and biogeographical structure, and warrants fur-
ther research effort (23, 88, 93).

We have focused herein on remote islands,
systems of rapid recent scientific progress. These
advances stem from multidisciplinary attention
to island geodynamics and evolutionary dynamics
and how they affect each other, offering encour-
agement that it may prove possible to reconcile
perspectives of equilibrium and nonequilibrium,
and even perhaps of dispersal and vicariance.
Many of the themes discussed are also high-
lighted within a compilation of 50 key questions
in island biology, in which a focus on long-term
dynamics, changes in key biogeographical rates
through time, and island trait evolution are well
represented (74). The combination of increasing
application of molecular tools with advances in
functional trait biology holds promise for unlock-
ing many of the unresolved questions in longer-
term (eco-evolutionary) island biogeography and
of developing models capable of accounting for
the emergent patterns of lineage evolution dis-
cussed above (24, 33, 68). However, it remains
something of a race against time, because of the
extraordinary pressures human activities are
placing on island systems and the ongoing loss
of insular endemics. As we look to the future, we
surely need to increase our efforts to conserve
island ecosystems (77).

REFERENCES AND NOTES

1. Sky islands: isolated mountain tops providing bioclimatic
conditions strongly contrasting with those in lowlands; habitat
islands: habitat patches embedded in a “sea” of strongly
contrasting habitat (e.g., farmland or urban areas).

2. R. J. Whittaker, J. M. Fernandez-Palacios, Island Biogeography:
Ecology, Evolution, and Conservation (Oxford Univ. Press,
Oxford, ed. 2, 2007).

3. B.R.Tershy, K. W. Shen, K. M. Newton, N. D. Holmes,

D. A. Croll, The importance of islands for the protection of
biological and linguistic diversity. Bioscience 65, 592-597
(2015). doi: 10.1093/biosci/biv031

4. N.R. Graham, D. S. Gruner, J. Y. Lim, R. G. Gillespie, Island
ecology and evolution: Challenges in the Anthropocene.
Environ. Conserv. 1-13 (2017). doi: 10.1017/
S0376892917000315

1 September 2017

10.

1L

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

=

22.

23.

w

24.

2

26.
27.

28.

29.

30.

3L

=

32.

o

R. T. Lapoint, P. M. O'Grady, N. K. Whiteman, Diversification
and dispersal of the Hawaiian Drosophilidae: The evolution

of Scaptomyza. Mol. Phylogenet. Evol. 69, 95-108 (2013).

doi: 10.1016/j.ympev.2013.04.032; pmid: 23669011
Macaronesia: Azores, Madeira, Canaries, Savages, Cape Verde.
K. E. Nicholson et al., Mainland colonization by island lizards.
J. Biogeogr. 32, 929-938 (2005). doi: 10.1111/
}.1365-2699.2004.01222.x

IUCN, The IUCN Red List of Threatened Species (IUCN, 2017);
www.iucnredlist.org.

C. N. Johnson et al., Biodiversity losses and conservation
responses in the Anthropocene. Science 356, 270-275 (2017).
doi: 10.1126/science.aam9317; pmid: 28428393

R. H. MacArthur, E. O. Wilson, The Theory of Island
Biogeography (Princeton Univ. Press, Princeton, NJ, 1967).

R. H. MacArthur, E. 0. Wilson, An equilibrium theory of insular
zoogeography. Evolution 17, 373-387 (1963). doi: 10.1111/
}.1558-5646.1963.tb03295.x

M. R. Helmus, D. L. Mahler, J. B. Losos, Island biogeography
of the Anthropocene. Nature 513, 543-546 (2014).

doi: 10.1038/naturel3739; pmid: 25254475

B. H. Warren et al., Islands as model systems in ecology and
evolution: Prospects fifty years after MacArthur-Wilson. Ecol. Lett.
18, 200-217 (2015). doi: 10.1111/ele.12398; pmid: 25560682

J. Patifio et al., A roadmap for island biology: 50 fundamental
questions after 50 years of The Theory of Island Biogeography.
J. Biogeogr. 44, 963-983 (2017). doi: 10.1111/jbi.12986

L. R. Heaney, Dynamic disequilibrium: A long-term, large-scale
perspective on the equilibrium model of island biogeography.
Glob. Ecol. Biogeogr. 9, 59-74 (2000). doi: 10.1046/
}.1365-2699.2000.00163.x

M. V. Lomolino, A call for a new paradigm of island
biogeography. Glob. Ecol. Biogeogr. 9, 1-6 (2000).

doi: 10.1046/].1365-2699.2000.00185.x

D. C. Presgraves, R. E. Glor, Evolutionary biology: Speciation on
islands. Curr. Biol. 20, R440-R442 (2010). doi: 10.1016/
j.cub.2010.03.032; pmid: 20504751

J. Rosindell, A. B. Phillimore, A unified model of island
biogeography sheds light on the zone of radiation. Ecol. Lett.
14, 552-560 (2011). doi: 10.1111/}.1461-0248.2011.01617.x;
pmid: 21481125

L. M. Valente, A. B. Phillimore, R. S. Etienne, Equilibrium and
non-equilibrium dynamics simultaneously operate in the
Galdpagos islands. Ecol. Lett. 18, 844-852 (2015).

doi: 10.1111/ele.12461; pmid: 26105791

. M. K. Borregaard, T. J. Matthews, R. J. Whittaker, The general

dynamic model: Towards a unified theory of island biogeography?
Glob. Ecol. Biogeogr. 25, 805-816 (2016). doi: 10.1111/geb.12348
R. J. Whittaker, K. A. Triantis, R. J. Ladle, A general dynamic
theory of oceanic island biogeography. J. Biogeogr. 35,
977-994 (2008). doi: 10.1111/].1365-2699.2008.01892.x

J. M. Fernandez-Palacios et al., Towards a glacial-sensitive
model of island biogeography. Glob. Ecol. Biogeogr. 25,
817-830 (2016). doi: 10.1111/geb.12320

P. Weigelt, M. J. Steinbauer, J. S. Cabral, H. Kreft, Late
Quaternary climate change shapes island biodiversity. Nature 532,
99-102 (2016). doi: 10.1038/naturel7443; pmid: 27027291

M. K. Borregaard et al., Oceanic island biogeography through
the lens of the general dynamic model: Assessment and
prospect. Biol. Rev. Camb. Philos. Soc. 92, 830-853 (2017).
doi: 10.1111/brv.12256; pmid: 26923215

L. Valente et al., Equilibrium bird species diversity in Atlantic
islands. Curr. Biol. 27, 1660-1666.e5 (2017). doi: 10.1016/
j.cub.2017.04.053; pmid: 28528903

A. R. Wallace, Island life (Macmillan, London, ed. 3, 1902).

J. D. Hooker, Introductory Essay to the Flora of New Zealand
(Lovell Reeve, London, 1853).

J. R. Grehan, Biogeographic relationships between Macaronesia
and the Americas. Aust. Syst. Bot. 29, 447-472 (2017).

doi: 10.1071/SB16051

M. Heads, Metapopulation vicariance explains old endemics
on young volcanic islands. Cladistics 2017, 1-20 (2017).

I. G. Alsos et al., Frequent long-distance plant colonization

in the changing Arctic. Science 316, 1606-1609 (2007).

doi: 10.1126/science.1139178; pmid: 17569861

L. Katinas, J. V. Crisci, P. Hoch, M. C. Telleria, M. J. Apodaca,
Trans-oceanic dispersal and evolution of early composites.
Perspect. Plant Ecol. Evol. Syst. 15, 269-280 (2013).

doi: 10.1016/].ppees.2013.07.003

J. J. Le Roux et al., Relatedness defies biogeography: The
tale of two island endemics (Acacia heterophylla and A. koa).
New Phytol. 204, 230-242 (2014). doi: 10.1111/nph.12900;
pmid: 24942529

6 of 7

/T0Z ‘T laquiaidas uo /610 Bewasuslds aoualds//:dny woly papeojumoq


http://dx.doi.org/10.1093/biosci/biv031
http://dx.doi.org/10.1017/S0376892917000315
http://dx.doi.org/10.1017/S0376892917000315
http://dx.doi.org/10.1016/j.ympev.2013.04.032
http://www.ncbi.nlm.nih.gov/pubmed/23669011
http://dx.doi.org/10.1111/j.1365-2699.2004.01222.x
http://dx.doi.org/10.1111/j.1365-2699.2004.01222.x
http://www.iucnredlist.org
http://dx.doi.org/10.1126/science.aam9317
http://www.ncbi.nlm.nih.gov/pubmed/28428393
http://dx.doi.org/10.1111/j.1558-5646.1963.tb03295.x
http://dx.doi.org/10.1111/j.1558-5646.1963.tb03295.x
http://dx.doi.org/10.1038/nature13739
http://www.ncbi.nlm.nih.gov/pubmed/25254475
http://dx.doi.org/10.1111/ele.12398
http://www.ncbi.nlm.nih.gov/pubmed/25560682
http://dx.doi.org/10.1111/jbi.12986
http://dx.doi.org/10.1046/j.1365-2699.2000.00163.x
http://dx.doi.org/10.1046/j.1365-2699.2000.00163.x
http://dx.doi.org/10.1046/j.1365-2699.2000.00185.x
http://dx.doi.org/10.1016/j.cub.2010.03.032
http://dx.doi.org/10.1016/j.cub.2010.03.032
http://www.ncbi.nlm.nih.gov/pubmed/20504751
http://dx.doi.org/10.1111/j.1461-0248.2011.01617.x
http://www.ncbi.nlm.nih.gov/pubmed/21481125
http://dx.doi.org/10.1111/ele.12461
http://www.ncbi.nlm.nih.gov/pubmed/26105791
http://dx.doi.org/10.1111/geb.12348
http://dx.doi.org/10.1111/j.1365-2699.2008.01892.x
http://dx.doi.org/10.1111/geb.12320
http://dx.doi.org/10.1038/nature17443
http://www.ncbi.nlm.nih.gov/pubmed/27027291
http://dx.doi.org/10.1111/brv.12256
http://www.ncbi.nlm.nih.gov/pubmed/26923215
http://dx.doi.org/10.1016/j.cub.2017.04.053
http://dx.doi.org/10.1016/j.cub.2017.04.053
http://www.ncbi.nlm.nih.gov/pubmed/28528903
http://dx.doi.org/10.1071/SB16051
http://dx.doi.org/10.1126/science.1139178
http://www.ncbi.nlm.nih.gov/pubmed/17569861
http://dx.doi.org/10.1016/j.ppees.2013.07.003
http://dx.doi.org/10.1111/nph.12900
http://www.ncbi.nlm.nih.gov/pubmed/24942529
http://science.sciencemag.org/

RESEARCH | REVIEW

34.

3

&)

3

>

37.

~

38.

39.

40.

a

=

2.

o

43.

44,

45.

(&

4

4

~

4

oo

4

50.

51

52.

53.

54.

Whittaker et al., Science 35'7, eaam8326 (2017)

=

©

. K. L. Shaw, R. G. Gillespie, Comparative phylogeography of

oceanic archipelagos: Hotspots for inferences of evolutionary

process. Proc. Natl. Acad. Sci. U.S.A. 113, 7986-7993 (2016).

doi: 10.1073/pnas.1601078113; pmid: 27432948

R. J. Musgrave, Evidence for Late Eocene emplacement of

the Malaita Terrane, Solomon Islands: Implications for an

even larger Ontong Java Nui oceanic plateau. J. Geophys. Res.

Solid Earth 118, 2670-2686 (2013). doi: 10.1002/jgrb.50153

. J. R. Ali, Islands as biological substrates: Classification of the
biological assemblage components and the physical island
types. J. Biogeogr. 44, 984-994 (2017). doi: 10.1111/bi.12872

. K. Lambeck, H. Rouby, A. Purcell, Y. Sun, M. Sambridge, Sea

level and global ice volumes from the Last Glacial Maximum to

the Holocene. Proc. Natl. Acad. Sci. U.S.A. 111, 15296-15303

(2014). doi: 10.1073/pnas.1411762111; pmid: 25313072

N. Mortimer et al., Zealandia: Earth's hidden continent. GSA

Today 27, 10.1130/GSATG321A.1 (2017).

J. M. Fernéndez-Palacios et al., A reconstruction of Palaeo-

Macaronesia, with particular reference to the long-term

biogeography of the Atlantic island laurel forests. J. Biogeogr.

38, 226-246 (2011). doi: 10.1111/].1365-2699.2010.02427 x

0. Torres-Carvajal, C. W. Barnes, M. J. Pozo-Andrade, W. Tapia,

G. Nicholls, Older than the islands: Origin and diversification of

Galdpagos leaf-toed geckos (Phyllodactylidae: Phyllodactylus)

by multiple colonizations. J. Biogeogr. 41, 1883-1894 (2014).

doi: 10.1111/jbi.12375

R. S. Ramalho et al., Emergence and evolution of Santa Maria Island

(Azores)—The conundrum of uplifted islands revisited. Geol. Soc.

Am. Bull. 129, 372-391 (2017). doi: 10.1130/B31538.1

J. Patifio et al., Approximate Bayesian computation reveals the

crucial role of oceanic islands for the assembly of continental

biodiversity. Syst. Biol. 64, 579-589 (2015). doi: 10.1093/

sysbio/syv013; pmid: 25713307

M. N. Dawson, Island and island-like marine environments. Glob.

Ecol. Biogeogr. 25, 831-846 (2016). doi: 10.1111/geb.12314

P. Wessel, D. T. Sandwell, S.-S. Kim, The global seamount

census. Oceanography (Wash. D.C.) 23, 24-33 (2010).

doi: 10.5670/0ceanog.2010.60

K. @. Kvile, G. H. Taranto, T. J. Pitcher, T. Morato, A global

assessment of seamount ecosystems knowledge using an

ecosystem evaluation framework. Biol. Conserv. 173, 108-120

(2014). doi: 10.1016/j.biocon.2013.10.002

B. Lenzner, P. Weigelt, H. Kreft, C. Beierkuhnlein,

M. J. Steinbauer, The general dynamic model of island

biogeography revisited at the level of major flowering plant

families. J. Biogeogr. 44, 1029-1040 (2017). doi: 10.1111/jbi.12906

M. L. Knope, C. W. Morden, V. A. Funk, T. Fukami, Area and

the rapid radiation of Hawaiian Bidens (Asteraceae). J. Biogeogr.

39, 1206-1216 (2012). doi: 10.1111/}.1365-2699.2012.02687 x

. T. J. Givnish et al., Origin, adaptive radiation and diversification
of the Hawaiian lobeliads (Asterales: Campanulaceae). Proc.
Biol. Sci. 276, 407-416 (2009). doi: 10.1098/rspb.2008.1204;
pmid: 18854299

. G. M. Bennett, P. M. O’'Grady, Historical biogeography and

ecological opportunity in the adaptive radiation of native

Hawaiian leafhoppers (Cicadellidae: Nesophrosyne). J.

Biogeogr. 40, 1512-1523 (2013). doi: 10.1111/jbi.12099

R. G. Gillespie, B. G. Baldwin, Island biogeography of remote

archipelagos, in The Theory of Island Biogeography Revisited,

J. B. Losos, R. E. Ricklefs, Eds. (Princeton Univ. Press, Princeton,

NJ, 2010), pp. 358-387.

J. Caujapé-Castells et al., Island ontogenies, syngameons, and

the origins and evolution of genetic diversity in the Canarian

endemic flora. Perspect. Plant Ecol. Evol. Syst. 27, 9-22

(2017). doi: 10.1016/j.ppees.2017.03.003

0. R. Wearn, D. C. Reuman, R. M. Ewers, Extinction debt and

windows of conservation opportunity in the Brazilian Amazon.

Science 337, 228-232 (2012). doi: 10.1126/science.1219013;

pmid: 22798612

M. L. Rosenzweig, Species Diversity in Space and Time

(Cambridge Univ. Press, New York, 1995).

D. Storch, The theory of the nested species-area relationship:

Geometric foundations of biodiversity scaling. J. Veg. Sci.

27, 880-891 (2016). doi: 10.1111/jvs.12428

F. He, S. P. Hubbell, Species-area relationships always

overestimate extinction rates from habitat loss. Nature 473,

368-371 (2011). doi: 10.1038/nature09985; pmid: 21593870

o1

5

56.

5

5

oo

5

60.

61.

=

6

63.

64.

65.

66.

6

~

68.

69.

7

7L

=

72.

N

73.

74.

7

76.

~

©

N~

=]

o

. T. J. Matthews et al., Island species-area relationships and
species accumulation curves are not equivalent: An analysis of
habitat island datasets. Glob. Ecol. Biogeogr. 25, 607-618
(2016). doi: 10.1111/geb.12439

J. P. O'Dwyer, J. L. Green, Field theory for biogeography: A
spatially explicit model for predicting patterns of biodiversity.
Ecol. Lett. 13, 87-95 (2010). doi: 10.1111/}.1461-
0248.2009.01404.x; pmid: 19909313

K. A. Triantis, F. Guilhaumon, R. J. Whittaker, The island
species—area relationship: Biology and statistics. J. Biogeogr.
39, 215-231 (2012). doi: 10.1111/}.1365-2699.2011.02652.x

. T. J. Matthews, F. Guilhaumon, K. A. Triantis, M. K. Borregaard,
R. J. Whittaker, On the form of species-area relationships in
habitat islands and true islands. Glob. Ecol. Biogeogr. 25,
847-858 (2016). doi: 10.1111/geb.12269

K. A. Triantis, M. Mylonas, R. J. Whittaker, R.J. Evolutionary
species—area curves as revealed by single-island endemics:
Insights for the inter-provincial species—area relationship.
Ecography 31, 401-407 (2008). doi: 10.1111/].0906-
7590.2007.05323 .x

K. A. Triantis, E. P. Economo, F. Guilhaumon, R. E. Ricklefs,
Diversity regulation at macro-scales: Species richness on
oceanic archipelagos. Glob. Ecol. Biogeogr. 24, 594-605
(2015). doi: 10.1111/geb.12301

S. Fattorini, P. A. V. Borges, L. Dapporto, G. Strona, What can
the parameters of the species—area relationship (SAR) tell us?
Insights from Mediterranean islands. J. Biogeogr. 44,
1018-1028 (2017). doi: 10.1111/jbi.12874

E. O. Wilson, The nature of the taxon cycle in the Melanesian ant
fauna. Am. Nat. 95, 169-193 (1961). doi: 10.1086/282174

E. P. Economo et al., Breaking out of biogeographical modules:
Range expansion and taxon cycles in the hyperdiverse ant
genus Pheidole. J. Biogeogr. 42, 2289-2301 (2015).

doi: 10.1111/jbi.12592; pmid: 27660394

E. C. Bess, T. A. Catanach, K. P. Johnson, The importance of
molecular dating analyses for inferring Hawaiian
biogeographical history: A case study with bark lice (Psocidae:
Ptycta). J. Biogeogr. 41, 158-167 (2014). doi: 10.1111/jbi.12191
R. G. Moyle et al., Tectonic collision and uplift of Wallacea
triggered the global songbird radiation. Nat. Commun. 7, 12709
(2016). doi: 10.1038/ncomms12709; pmid: 27575437

J. Fjeldsa, The global diversification of songbirds (Oscines) and
the build-up of the Sino-Himalayan diversity hotspot. Chin.
Birds 4, 132-143 (2013). doi: 10.5122/cbirds.2013.0014

. J. B. Losos, R. E. Ricklefs, Adaptation and diversification on
islands. Nature 457, 830-836 (2009). doi: 10.1038/
nature07893; pmid: 19212401

D. J. Crawford, J. K. Archibald, Island floras as model systems
for studies of plant speciation: Prospects and challenges.

J. Syst. Evol. 55, 1-15 (2017). doi: 10.1111/jse.12234

M. V. Lomolino et al., Of mice and mammoths: Generality
and antiquity of the island rule. J. Biogeogr. 40, 1427-1439
(2013). doi: 10.1111/bi.12096

Y. ltescu, N. E. Karraker, P. Raia, P. C. H. Pritchard, S. Meiri,
Is the island rule general? Turtles disagree. Glob. Ecol. Biogeogr.
23, 689-700 (2014). doi: 10.1111/geb 12149

M. Muschick, A. Indermaur, W. Salzburger, Convergent
evolution within an adaptive radiation of cichlid fishes. Curr.
Biol. 22, 2362-2368 (2012). doi: 10.1016/j.cub.2012.10.048;
pmid: 23159601

R. G. Gillespie, Adaptive radiation: Convergence and non-
equilibrium. Curr. Biol. 23, R71-R74 (2013). doi: 101016/
j.cub.2012.11.052; pmid: 23347943

F. Lens, N. Davin, E. Smets, M. del Arco, Insular woodiness on
the Canary Islands: A remarkable case of convergent evolution.
Int. J. Plant Sci. 174, 992-1013 (2013). doi: 10.1086/670259

R. A. McCall, S. Nee, P. H. Harvey, The role of wing length in
the evolution of avian flightlessness. Evol. Ecol. 12, 569-580
(1998). doi: 10.1023/A:1006508826501

N. A. Wright, D. W. Steadman, C. C. Witt, Predictable evolution
toward flightlessness in volant island birds. Proc. Natl. Acad.
Sci. U.S.A. 113, 4765-4770 (2016). doi: 10.1073/
pnas.1522931113; pmid: 27071105

R. P. Duncan, A. G. Boyer, T. M. Blackburn, Magnitude and
variation of prehistoric bird extinctions in the Pacific.

Proc. Natl. Acad. Sci. U.S.A. 110, 6436-6441 (2013).

doi: 10.1073/pnas.1216511110; pmid: 23530197

1 September 2017

7

~

J. R. Wood et al., Island extinctions: Processes, patterns, and
potential for ecosystem restoration. Environ. Conserv. 1-11
(2017). doi: 10.1017/5037689291700039X
R. Nathan et al., Mechanisms of long-distance seed dispersal.
Trends Ecol. Evol. 23, 638-647 (2008). doi: 10.1016/j.
tree.2008.08.003; pmid: 18823680
79. D. P. Padilla, A. Gonzalez-Castro, M. Nogales, Significance and
extent of secondary seed dispersal by predatory birds on
oceanic islands: The case of the Canary archipelago. J. Ecol.
100, 416-427 (2012). doi: 10.1111/j.1365-2745.2011.01924.x
R. Heleno, P. Vargas, How do islands become green? Glob.
Ecol. Biogeogr. 24, 518-526 (2015). doi: 10.1111/geb.12273
S. Wada, K. Kawakami, S. Chiba, Snails can survive passage
through a bird's digestive system. J. Biogeogr. 39, 69-73
(2012). doi: 10.1111/].1365-2699.2011.02559.x
. V. Garcfa-Olivares et al., Evidence for mega-landslides as
drivers of island colonization. J. Biogeogr. 44, 1053-1064
(2017). doi: 10.1111/jbi.12961
S. Carvajal-Endara, A. P. Hendry, N. C. Emery, T. J. Davies,
Habitat filtering not dispersal limitation shapes oceanic island
floras: Species assembly of the Galapagos archipelago. Ecol.
Lett. 20, 495-504 (2017). doi: 10.1111/ele.12753;
pmid: 28294532
84. C. H. van Leeuwen, G. van der Velde, B. van Lith, M. Klaassen,
Experimental quantification of long distance dispersal potential
of aquatic snails in the gut of migratory birds. PLOS ONE 7,
€32292 (2012). doi: 10.1371/journal.pone.0032292;
pmid: 22403642
. P. Vargas, Y. Arjona, M. Nogales, R. H. Heleno, Long-distance
dispersal to oceanic islands: Success of plants with multiple
diaspore specializations. AoB Plants 7, plv073 (2015).
doi: 10.1093/acbpla/plv073; pmid: 26174146
I. Agnarsson, R.-C. Cheng, M. Kuntner, A multi-clade test
supports the intermediate dispersal model of biogeography.
PLOS ONE 9, e86780 (2014). doi: 10.1371/journal.
pone.0086780; pmid: 24466238
87. J. M. Fernandez-Palacios, C. Kueffer, D. Drake, A new golden
era in island biogeography. Front. Biogeogr. 7, 1-7 (2015).
88. K. A. Triantis, R. J. Whittaker, J. M. Fernandez-Palacios,
D. J. Geist, Oceanic archipelagos: A perspective on the
geodynamics and biogeography of the world's smallest biotic
provinces. Front. Biogeogr. 8, 29605 (2016).
89. K. C. Rosenblad, D. F. Sax, A new framework for investigating
biotic homogenization and exploring future trajectories:
Oceanic island plant and bird assemblages as a case study.
Ecography 10.1111/ecog.02652 (2017).
Z. Ding, K. J. Feeley, Y. Wang, R. J. Pakeman, P. Ding, Patterns
of bird functional diversity on land-bridge island fragments. J. Anim.
Ecol. 82, 781-790 (2013). doi: 10.1111/1365-2656.12046;
pmid: 23506201
91. X. Si, A. Baselga, F. Leprieur, X. Song, P. Ding, Selective
extinction drives taxonomic and functional alpha and beta
diversities in island bird assemblages. J. Anim. Ecol. 85, 409-418
(2016). doi: 10.1111/1365-2656.12478; pmid: 26619392
92. P. A. V. Borges et al., Invasibility and species richness of island
endemic arthropods: A general model of endemic vs. exotic
species. J. Biogeogr. 33, 169-187 (2006). doi: 10.1111/
}.1365-2699.2005.01324.x
93. Y. Kisel, T. G. Barraclough, Speciation has a spatial scale that
depends on levels of gene flow. Am. Nat. 175, 316-334 (2010).
doi: 10.1086/650369; pmid: 20100106
World Conservation Monitoring Centre, Global Biodiversity:
Status of the Earth's Living Resources (Chapman & Hall,
London, 1992).
95. E. 0. Wilson, The species equilibrium. Brookhaven Symp. Biol.
22, 38-47 (1969). pmid: 5372795
96. L. R. Heaney, D. S. Balete, E. A. Rickart, Models of oceanic
island biogeography: Changing perspectives on biodiversity
dynamics in archipelagoes. Front. Biogeogr. 5, 249-257 (2013).

7

©

8

o

8L

=

8

S}

8

w

8

&1

8

=2

9

o

9

E

ACKNOWLEDGMENTS

We thank J. Crisci, L. Heaney, L. Katinas, J. Patifio, L. Valente, and two
anonymous reviewers for comments and A. Pool for assistance with
figures. K.A.T. acknowledges support from the Special Account for
Research Grants and National and Kapodistrian University of Athens.

10.1126/science.aam8326

7 of 7

/T0Z ‘T laquiaidas uo /610 Bewasuslds aoualds//:dny woly papeojumoq


http://dx.doi.org/10.1073/pnas.1601078113
http://www.ncbi.nlm.nih.gov/pubmed/27432948
http://dx.doi.org/10.1002/jgrb.50153
http://dx.doi.org/10.1111/jbi.12872
http://dx.doi.org/10.1073/pnas.1411762111
http://www.ncbi.nlm.nih.gov/pubmed/25313072
http://dx.doi.org/10.1111/j.1365-2699.2010.02427.x
http://dx.doi.org/10.1111/jbi.12375
http://dx.doi.org/10.1130/B31538.1
http://dx.doi.org/10.1093/sysbio/syv013
http://dx.doi.org/10.1093/sysbio/syv013
http://www.ncbi.nlm.nih.gov/pubmed/25713307
http://dx.doi.org/10.1111/geb.12314
http://dx.doi.org/10.5670/oceanog.2010.60
http://dx.doi.org/10.1016/j.biocon.2013.10.002
http://dx.doi.org/10.1111/jbi.12906
http://dx.doi.org/10.1111/j.1365-2699.2012.02687.x
http://dx.doi.org/10.1098/rspb.2008.1204
http://www.ncbi.nlm.nih.gov/pubmed/18854299
http://dx.doi.org/10.1111/jbi.12099
http://dx.doi.org/10.1016/j.ppees.2017.03.003
http://dx.doi.org/10.1126/science.1219013
http://www.ncbi.nlm.nih.gov/pubmed/22798612
http://dx.doi.org/10.1111/jvs.12428
http://dx.doi.org/10.1038/nature09985
http://www.ncbi.nlm.nih.gov/pubmed/21593870
http://dx.doi.org/10.1111/geb.12439
http://dx.doi.org/10.1111/j.1461-0248.2009.01404.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01404.x
http://www.ncbi.nlm.nih.gov/pubmed/19909313
http://dx.doi.org/10.1111/j.1365-2699.2011.02652.x
http://dx.doi.org/10.1111/geb.12269
http://dx.doi.org/10.1111/j.0906-7590.2007.05323.x
http://dx.doi.org/10.1111/j.0906-7590.2007.05323.x
http://dx.doi.org/10.1111/geb.12301
http://dx.doi.org/10.1111/jbi.12874
http://dx.doi.org/10.1086/282174
http://dx.doi.org/10.1111/jbi.12592
http://www.ncbi.nlm.nih.gov/pubmed/27660394
http://dx.doi.org/10.1111/jbi.12191
http://dx.doi.org/10.1038/ncomms12709
http://www.ncbi.nlm.nih.gov/pubmed/27575437
http://dx.doi.org/10.5122/cbirds.2013.0014
http://dx.doi.org/10.1038/nature07893
http://dx.doi.org/10.1038/nature07893
http://www.ncbi.nlm.nih.gov/pubmed/19212401
http://dx.doi.org/10.1111/jse.12234
http://dx.doi.org/10.1111/jbi.12096
http://dx.doi.org/10.1111/geb.12149
http://dx.doi.org/10.1016/j.cub.2012.10.048
http://www.ncbi.nlm.nih.gov/pubmed/23159601
http://dx.doi.org/10.1016/j.cub.2012.11.052
http://dx.doi.org/10.1016/j.cub.2012.11.052
http://www.ncbi.nlm.nih.gov/pubmed/23347943
http://dx.doi.org/10.1086/670259
http://dx.doi.org/10.1023/A:1006508826501
http://dx.doi.org/10.1073/pnas.1522931113
http://dx.doi.org/10.1073/pnas.1522931113
http://www.ncbi.nlm.nih.gov/pubmed/27071105
http://dx.doi.org/10.1073/pnas.1216511110
http://www.ncbi.nlm.nih.gov/pubmed/23530197
http://dx.doi.org/10.1017/S037689291700039X
http://dx.doi.org/10.1016/j.tree.2008.08.003
http://dx.doi.org/10.1016/j.tree.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18823680
http://dx.doi.org/10.1111/j.1365-2745.2011.01924.x
http://dx.doi.org/10.1111/geb.12273
http://dx.doi.org/10.1111/j.1365-2699.2011.02559.x
http://dx.doi.org/10.1111/jbi.12961
http://dx.doi.org/10.1111/ele.12753
http://www.ncbi.nlm.nih.gov/pubmed/28294532
http://dx.doi.org/10.1371/journal.pone.0032292
http://www.ncbi.nlm.nih.gov/pubmed/22403642
http://dx.doi.org/10.1093/aobpla/plv073
http://www.ncbi.nlm.nih.gov/pubmed/26174146
http://dx.doi.org/10.1371/journal.pone.0086780
http://dx.doi.org/10.1371/journal.pone.0086780
http://www.ncbi.nlm.nih.gov/pubmed/24466238
http://dx.doi.org/10.1111/1365-2656.12046
http://www.ncbi.nlm.nih.gov/pubmed/23506201
http://dx.doi.org/10.1111/1365-2656.12478
http://www.ncbi.nlm.nih.gov/pubmed/26619392
http://dx.doi.org/10.1111/j.1365-2699.2005.01324.x
http://dx.doi.org/10.1111/j.1365-2699.2005.01324.x
http://dx.doi.org/10.1086/650369
http://www.ncbi.nlm.nih.gov/pubmed/20100106
http://www.ncbi.nlm.nih.gov/pubmed/5372795
http://science.sciencemag.org/

Science

Island biogeography: Taking the long view of nature's laboratories
Robert J. Whittaker, José Maria Fernandez-Palacios, Thomas J. Matthews, Michael K. Borregaard and Kostas A. Triantis

Science 357 (6354), eaam8326.
DOI: 10.1126/science.aam8326

Dynamics of island biodiversity

Fifty years ago, MacArthur and Wilson published their influential book, The Theory of Island Biogeography. This
work provided a quantitative framework for understanding the ecological processes governing the diversity of species on
oceanic islands. Whittaker et al. review the subsequent progress in the field, focusing particularly on the integration of the
ecological model with island geophysical dynamics. Recent work is showing how immigration, speciation, and extinction
respond to the phases of emergence, development, and submergence in oceanic islands.
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