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Glossary

Climate matching: occupation of habitats of similar climate; often used to

compare the area of origin with regions that the taxon colonizes.

Dispersal: unidirectional movement of an individual away from its place of

birth [5]. Contrast with ‘dispersion’.

Dispersal biogeography: an explanation for the geographical distribution of

organisms based on processes of dispersal.

Dispersal kernel: a probability density function characterizing the spatial

distribution of dispersal units originating from a common source [9].

Dispersion: the distribution of organisms in space and time.

Exaptation: the use of a structure or feature for a function other than that for

which it was developed through natural selection. Here, traits that evolved for

short distance dispersal can serve as exaptations for LDD.

Niche conservatism: the tendency of species to retain ancestral ecological

characteristics.

Precinctiveness: reproduction such that most propagules are shed within a limited

zone of stable conditions to which a species is ecologically specialized [20].

Propagule pressure: the frequency and number of individual arrival events.

Radiation zone: a geographical limit between island and source populations,

beyond which evolutionary divergence has occurred. Although divergence

requires reduced connectivity, other factors also typically have a role (Box 2).

Subfossil: biological remains in which the fossilization process is not complete,

typically retaining organic material.

Taxon cycle: sequential phases of expansion and contraction of the ranges of

species, associated generally with shifts in ecological distribution. Initially

developed by Wilson [66] as an explanation for cycles of distribution of taxa on

archipelagos, with Stage 1 colonists being recent and widespread, and

colonists in Stages 2–4 becoming progressively more restricted and specialized

to interior habitats.

Taxonomic disharmony: the unrepresentative assembly of taxa characteristic

of remote ecological communities relative to continental source regions.

Vicariance biogeography: an explanation for the geographical distribution of
Tests of hypotheses about the biogeographical conse-
quences of long-distance dispersal have long eluded
biologists, largely because of the rarity and presumed
unpredictability of such events. Here, we examine data
for terrestrial (including littoral) organisms in the Pacific
to show that knowledge of dispersal by wind, birds and
oceanic drift or rafting, coupled with information about
the natural environment and biology of the organisms,
can be used to generate broad biogeographic predic-
tions. We then examine the predictions in the context of
the origin, frequency of arrival and location of establish-
ment of dispersed organisms, as well as subsequent
patterns of endemism and diversification on remote
islands. The predicted patterns are being increasingly
supported by phylogenetic data for both terrestrial and
littoral organisms.

Modes of dispersal as a framework for predictions
Although the importance of long-distance dispersal (LDD)
in establishing the biotas of remote islands is well known,
the rarity and presumed unpredictability of such events
has precluded development of testable hypotheses [1–5].
However, although a single rare LDD event may indeed be
impossible to predict, an understanding of themechanisms
involved in LDD over extended (evolutionary) time periods
can lend predictability to the process [5]. Here, we argue
that understanding the different modes of LDD and asso-
ciated dispersal adaptations (and exaptations) in the con-
text of geological, paleontological, evolutionary and
ecological data can lead to predictions concerning the
origin, frequency of arrival and location of establishment
of dispersed organisms, as well as subsequent patterns of
endemism and diversification. Our discussion focuses pri-
marily on terrestrial environments (extending to the low
water mark), but similar features of predictability can
apply in purely marine systems [6], despite obvious differ-
ences in physical medium and associated biological dis-
persibility [7]. Microbes are also excluded from our
discussion, as biogeographic information for these taxa
remains limited. However, the only difference expected
for microorganisms will be related to their size, which
imposes no constraint per se on their dispersal, except that
of self-propulsion [8]. We focus on the Pacific, where the
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importance of LDD is perhaps best illustrated, and where
recent progress in understanding the affinities of multiple
insular lineages, coupled with growing knowledge of ecol-
ogies, makes it an appropriate and timely test-bed for the
predictability of LDD and its ecological and evolutionary
consequences.

The contrasting modes of dispersal for particular organ-
isms [9] form the bases for a framework leading to predic-
tions. Long-distance dispersal in the Pacific occurs through
three primary vectors: wind, birds and ocean currents
(Figure 1). Key elements contributing to the effectiveness
of these vectors as dispersal agents are their sustained
velocity and directionality, together with their capacity to
pick up and transport propagules. The likelihood of a
propagule to be vectored will depend on its mechanism
organisms based on geological events.
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Figure 1. Contrasting modes of long-distance dispersal. (a) Storms and prevailing winds: generalized storm tracks (unbroken blue lines, based on NASA data from 1985 to

2005); eastward subtropical jet streams (broken orange lines); prevailing trade winds (light, low-altitude winds, broken white lines). (b) Bird migratory routes: major

migratory pathways (unbroken lines); possible routes used by shearwaters and petrels (broken lines) [71]. (c) Oceanic currents: major currents (unbroken lines); episodic

rafting routes [40] (broken lines). Although broadly consistent across oceans, circulation patterns can shift with season, weather patterns and other factors [72]. The North

and South Equatorial Currents both flow east-to-west and average 0.7–1 km/h. The Equatorial Counter Current runs west-to-east and averages 1.4–2.2 km/h, although its

position and velocity varies seasonally, especially during El Niño events [73]. This current is a potential means by which organisms reach the eastern Pacific from the west

[74]. The Antarctic Circumpolar Current (or West Wind Drift) flows west-to-east around Antarctica at approximately 2.75 km/h and is a means by which rafting organisms

may travel between New Zealand and South America in less than 1 year [54].
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of association with the vector, coupled with its ability to
withstand the environment to which it is exposed during
transit, attributes that impose strong filters to the kind of
organisms involved (Box 1). Features of the new environ-
ment that affect the ability to establish will impose addi-
tional filters.

Dispersal by wind
Transport during storms, including hurricanes and
cyclones, when air currents can lift organisms and carry
them great distances quickly (>100 km/h) [10], is a widely
48
recognized mechanism facilitating the successful coloniza-
tion of remote islands, especially for arthropods [11]. Given
that hurricanes and cyclones usually follow the same gen-
eral tracks (at least in recorded history), we argue that they
will tend to disperse wind-borne propagules in predictable
directions. In the northeast Pacific, for example, hurricanes
tend to travel from east to west (America to the mid-ocean;
http://www.nasa.gov/mission_pages/hurricanes/main/
index.html; Figure 1). The low-altitude trade winds move
more slowly (ca. 20–30 km/h), and do not blow directly over
any continental area [12], so are less likely tohavehada role

http://www.nasa.gov/mission_pages/hurricanes/main/index.html
http://www.nasa.gov/mission_pages/hurricanes/main/index.html
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Figure 2. Associations of dispersal abilities and habitat affinities with directionality of colonization for terrestrial animals and plants of Hawaii. Summaries are compiled

from data in Table S1 in the supplementary material online, which includes only taxa for which relationships outside the archipelago have been assessed and, thus, the

source of colonists can be inferred. (a) Hypothesized flight ability of colonizing terrestrial animals (mammals, birds, mollusks and arthropods). Categories of ‘flightless’ and

‘poor flyers’ are those that do not have specific adaptations for aerial dispersal at any life stage. Category of ‘all fly’ is limited to birds, and ‘balloon’ to spiders. (b)

Hypothesized habitat associations of colonizing animal lineages. Taxa for which habitat affinities of colonists are unknown (e.g. snails) are not included. (c) Hypothesized

dispersal vectors of colonizing plants (angiosperms [75] and ferns) for lineages resolved by molecular phylogenetic data (thus biased against those with only 1 or 2 taxa).
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in long-distance transportation ofmedium-large propagules
[13]. However, they may be effective over short distances
[14] and for small propagules. Finally, the subtropical jet
streams are high-altitude (10–16 km), strong (100–150 km/
h) winds that blow from west to east in both hemispheres
[15]. However, at these high altitudes, the conditions of low
temperature, decreased atmospheric pressure and direct
solar radiation probably preclude survival of most animal
propagules [16]. Thus, among the different winds, extreme
storms (because of their speed, strength and variable alti-
tude) are more probable dispersal vectors, at least for ani-
mals. We can now examine whether these predictions are
met.

Directionality

For the Hawaiian Islands, taxa known for aerial dispersal
abilities (birds and spiders in particular) have generally
colonized from the east (Figure 2; Table S1 in the supple-
mentary material online), in agreement with the direction
of extreme storms (Figure 1). Trade winds (and storms) are
frequently implicated in the wind dispersal of Hawaiian
ferns, consistent with the ability of fern spores to survive
an aerial existence for long periods [15]. In addition, Ha-
waiian fern lineages show evidence of repeated dispersal
from Indomalaya, reflecting the direction of the subtropical
jet stream [17], which is also consistent with the ability of
fern and fungal spores to survive extreme conditions [15].

Dispersal itinerary

For many highly dispersive taxa, the probability of dis-
persal declines only marginally with distance, falling more
rapidly for less dispersive taxa (Box 2). Accordingly, highly
dispersive taxa are likely to arrive at remote locations
through one dispersal event rather than several events
in a stepping-stone route, because the probability of a
single longer dispersal event is greater than the combined
probability of two consecutive shorter dispersal events [4].
This effect may be compounded by loss of dispersal ability
upon initial island colonization (Box 3). The consequence is
a higher probability of highly wind-dispersed dispersive
taxa colonizing islands directly and independently from a
mainland source, a prediction borne out by data from
several lineages, including spiders and birds [18] (Box 1).

Arrival point and subsequent diversification

Following arrival, additional impediments to establish-
ment can also be important [19,20]. Successful colonization
and establishment are more likely in environments that
approximately match the source environment [21]. Thus,
for taxa from higher latitudes colonizing lower latitudes by
49



Box 1. Colonizing filters and taxonomic disharmony

Colonization of remote islands depends on factors that impose filters

to successful establishment, resulting in taxonomic disharmony.

Wind, birds, or ocean currents as dispersal vectors

Dispersal to remote islands is largely limited to aerial transport, bird

vectors, or oceanic rafting (Figure 1, main text). Although the

dispersal strategies associated with these vectors have generally

evolved for local movement, the same traits can allow LDD in some

taxa [9]. As a result, there is an overrepresentation on remote islands

of taxa that come from lineages that disperse in these ways [19]; for

example, taxa that are small for a given lineage, as seen in some

snails [76]. Moreover, the same kinds of taxa with certain dispersal

abilities frequently colonize remote archipelagoes multiple times

from a mainland source [18]. For example, fulgoroid planthoppers

have colonized different remote islands of Oceania independently

[77], as have sandalwoods to some extent [78].

Climate matching and niche conservatism

The physical environment can limit colonization, although the

importance of this filter can be modified by phenotypic plasticity,

allowing the organism to establish in a less than optimal habitat and

then adapt under selection [79]. Given the availability of habitat,

colonizing taxa will tend to occupy environments similar to those of

their source areas. For example, organisms from higher latitudes are

most likely to become established at lower latitudes in higher elevation

habitats with climatic conditions matching their original environment

[22]. Similarly, lower elevations at low latitudes should be more easily

colonized by taxa from tropical sites. Indeed, recent observations imply

that some cold-adapted sub-Antarctic taxa rafting to warmer coasts of

mainland New Zealand have been unable to establish upon arrival [54].

Symbioses and facilitation

For taxa that live inside other organisms or are associated with

particular substrates, establishment can occur more readily if they

arrive with (or after the establishment of) their substrate, symbiont or

host [80,81]. Surprisingly, even some highly specialized mutualisms

are maintained (or recovered) following independent colonization of

remote islands by the different partners [82].

Escape from predators, parasites and competitors

Although the presence of some organisms facilitates establish-

ment, the absence of others can be important [83], a phenomenon

well documented through studies of successful invasions where

predators are lacking [84].
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wind dispersal, successful colonization is more likely to
occur in higher elevation habitats (Box 1). Subsequently,
for taxa that move readily across large (transoceanic)
distances, gene exchange between migrants will limit
the effects of local selection, and one would predict little
or no diversification within an archipelago (Box 2). Illus-
trating this, a large proportion of lineages that occur in the
Hawaiian Islands, both plants and animals, have not
diversified, and are represented in the islands by a single
species (or two, often reflecting separate colonization
events) [20,22,23].

However, for many taxa, colonization of remote islands
is extremely rare (Box 2). For these taxa, connectivity with
source populations will be very low, and genetic divergence
from source populations will be probable, either through
drift or adaptation, including ecological shifts associated
with the new environment and a reduction in dispersal
ability (precinctiveness) [24,25]. These processes appear to
form the basis for diversification of ancestrally wind-dis-
persed taxa at small spatial scales, such as within an
archipelago (Box 3).

Dispersal by birds
Birds, in particular strong flyers and migratory species,
can be vectors for LDD. There are several avenues of bird
dispersal in the Pacific. First, some birds (e.g. Pacific
golden-plover, Pluvialis fulva; wandering tattler, Tringa
incana; bristle-thighed curlew, Numenius tahitiensis;
and ruddy turnstone, Arenaria interpres) regularly use
the central Pacific migratory flyway that runs north–

south across the equator (Figure 1). Second, dispersal
may occur through accidental displacement. For exam-
ple, of the 336 birds recorded in Hawaii, a surprising 52%
have been recorded as arriving naturally in modern
times, either as regular or occasional visitors (49%), or
breeders (pelagic albatrosses, petrels, etc.; 3%) [26]; of
the visitors, most were accidentally displaced migrants
that normally travel between boreal North America
and South America or between northern Eurasia and
Australasia, or both. Third, some birds have wide ranges
50
across islands. For example, in southern Polynesia, spe-
cies currently or historically widespread through the
islands, such as pigeons (Ducula and Columba spp.),
lorikeets (e.g. Vini kuhlii) and thrushes (e.g. Turdus
poliocephalus) [27], were or are probable important dis-
persal vectors.

Although ‘landbirds’ and cuckoos (9% of visitors to
Hawaii) might be expected to be most important for dis-
persing propagules to and from inland sites, migratory
plovers and other shorebirds (27% of visitors to Hawaii)
probably also have a role, as some of these frequent inland
habitats. Taxa that are dispersed by birds frequently
illustrate adaptations involving mechanisms for attach-
ment to animals or passage through their guts (e.g. many
angiosperm disseminules [20], but also snails [28] are
known to survive passage through bird guts). Other taxa
can be associated with bird vectors accidentally, such as
insects that feed within seeds that themselves have mech-
anisms for transportation by birds [29].

The particular importance of birds as vectors lies in the
regularity, speed and distance they travel [13]. Moreover,
in contrast to winds, which frequently move east–west and
not across the equator, the common migratory flyways run
approximately north–south, with less migration in other
directions. However, in the South Pacific, the movement of
widespread birds between islands is more likely to create a
pattern of dispersal from west to east [30]. We can now
assess whether there is any predictable pattern to LDD by
birds.

Directionality

Among plants, Baldwin and Wagner [22] used seed and
fruit morphology to show that a large proportion of Hawai-
ian lineages of temperate or boreal North American origin
probably arrived by bird transport (Figure 2), as predicted
by migratory routes and the potential for birds to be blown
off course (Figure 1). Some Hawaiian arthropod lineages
show similar affinities with the north, a pattern suggested
for many Lepidoptera (see Table S1 in the supplementary
material online). Although requiring confirmation with



Box 2. Modes of LDD predict the spatial scale of genetic divergence.

Patterns of connectivity (Nm = number of migrants/generation) for

taxa with different modes of dispersal as a function of distance help

predict the scale at which genetic divergence leading to speciation is

possible.

In Figure I, highly dispersive taxa and those with directed flight

(blue line) typically have wide ranges with little divergence (a

migratory bird and a coconut are shown). When connectivity is less

(green or yellow lines), rare long-distance colonizers can diverge from

ancestral source pools, particularly with subsequent divergent

selection as described below (a ballooning spider and sticky fruits

of tar vine, Boerhavia spp., Caryophyllales; and barbed seeds of

beggartick Bidens spp., Asteraceae, are shown). Taxa with very

limited dispersal ability (red line) can diverge at the smallest spatial

scales, even within archipelagoes or within islands (a flightless

Rhyncogonus weevil, Succinea snail and mygalomorph spider are

shown). Although organisms often have a characteristic mode of

dispersal, tendency to disperse can not only be variable within a

lifespan [9] but also over evolutionary time, with consequences for

diversification and speciation. For example, species with normally

limited dispersal ability, when attached to a bird vector or a drifting

mat of vegetation, can become highly dispersive [(a) arrows] while

associated with the vector. By contrast, over evolutionary time,

descendants of a ballooning spider may lose the ability to balloon

(see Box 3) or seeds may lose their stickiness or barbs [(b) arrows],

and thus have the potential for diversification at much smaller spatial

scales.

Several methods have been proposed for estimating the probability

of LDD and its consequences, including the use of effective dispersal

kernels [5] and modeling of population parameters [49]. Ideally,

information about LDD not only predicts the spatial scale at which

genetic divergence is likely, but also serves as a null model to

understand the importance of selection and other factors in processes

of speciation in remote habitats. However, quantifying the relation-

ships between gene flow and divergence has been problematic,

largely because direct observations of LDD are difficult, if not

impossible, for many taxa. At shorter distances, such as within

islands, genetic divergence has been linked to the scale of speciation

[85]. However, at longer distances, predicting the scale of speciation

for taxa with different dispersal modes is more difficult for several

reasons, including the variable nature of colonization and survival,

unknown effects of selection, and the non-random importance of

some loci on genetic divergence leading to speciation [86].
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Figure I. Effect of dispersal on colonization and genetic isolation.
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phylogenetic data, the pattern supports the idea that
insects feeding within seeds would show a pattern of
colonization matching that of their plant hosts.

Dispersal itinerary

If a taxon hypothesized to be vectored by birds is present on
multiple archipelagos in the north and south Pacific, one
would expect relationships to match migratory routes, a
pattern found in several angiosperms [22,31] and spiders
[32]. Dispersal by birds into remote Oceania may include a
multi-step process of transport into the South Pacific, fol-
lowed by north–south transport by other birds. Although
dispersal pathways are less predictable when multiple vec-
tors are involved, affinities of many Hawaiian angiosperms
with Indomalayan or Neotropical taxa are most readily
explainedbyaccidental arrivals (ornow-extinct birds), some
intersecting with migratory bird routes.

Genetic divergence and adaptation, including potential
loss of traits for dispersal by birds, would be expected for
taxa that arrive very rarely (Box 2). Suchmodification has
been inferred for a diversity of Hawaiian angiosperms
[25], associated with considerable genetic isolation of
populations within and across islands [23]. For those
organisms that maintain associations with bird vectors
(for whatever reason, Box 3), the chance of colonization of
additional islands remains, but will be diminished if habi-
tat shifts lead to dispersal by birds with smaller ranges
(e.g. forest birds).
51



Box 3. Loss of dispersal ability on islands?

Changes in dispersal ability subsequent to colonization are partly

predictable. Some situations (the first two detailed below) predict no

modification in dispersal strategy, whereas others (the next four

below), which assume that a lack of gene flow allows local selection

and that organisms have a dispersal mode upon which selection can

act, predict a reduced dispersal ability. In each case, selection will

oppose the tendency for reduced dispersal if movement is required

for other activities.

Resulting dispersal not associated with a dispersal strategy

When dispersal occurs because of an attribute of the organism that

has some primary function unrelated to dispersal, selection against

dispersal is not likely. For example, an egg mass that is sticky for

purposes of protection can inadvertently get stuck to the feathers of a

bird.

Maintenance of genetic connectivity

The genetic consequences of LDD depend on whether dispersal

carries the individual away from its genetic deme (Box 2). Populations

continually connected to a source by gene flow are unlikely to

diverge, so their dispersal mode remains unchanged.

Selection against individuals that disperse

Individuals that reach an isolated island and then continue to

disperse widely will almost certainly be unsuccessful and thus be

removed from the local deme [87], whereas those that do not will

remain within the island habitat, resulting in selection for reduced

dispersal distance. This tendency will be most relevant for organisms

with non-directional dispersal strategies that prevent them from

returning to the island gene pool, such as ballooning spiders and

Lepidoptera larvae. For species that are capable of returning after

displacement, selection for reduction in dispersal will be less.

Disassociation from the vector

The tendency to adapt, diversify, or switch habitats on remote

islands can result in disassociation from the vector that carried the

organism to the island [25]. As a result, selection maintaining the trait

(e.g. barbs or sticky seeds) that facilitated association with the initial

vector of colonization (e.g. migratory bird) can cease.

Dispersal reduction as a byproduct of ecological or evolutionary

changes

Shifts from pioneering to more stable habitats can result in less

dispersive propagules as a byproduct of the transition. For example,

some small-seeded herbs have evolved woodiness or arborescence

[88], accompanied by selection for fewer, larger seeds of reduced

longevity [24,25].

Costly dispersal no longer required

Dispersal ability may be lost if not required and its maintenance

demands energy. For example, flight allows birds and insects to escape

predators, but without predators, selection can lead to wing reduction.
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Arrival point and subsequent diversification

Because bird-dispersed taxa often colonize islands along
migration routes from temperate locales, they will tend to
establish initially at high elevations (similar to their origi-
nal habitat) on tropical islands and generally only on
islands that have such habitat [22]. Bird-mediated trans-
port to tropical islands from tropical latitudes is expected
to be less common than dispersal from boreal or temperate
regions, because the central Pacific migratory route does
not cross major tropical landmasses. However, any propa-
gule that does arrive from tropical habitats should have a
greater chance of establishment because of the greater
availability of similar habitats, especially on lower islands.
This argument is consistent with the sizable number of
vascular plants with Australasian and Indomalayan ori-
gins [33].
Box 4. Testing dispersal predictions: next steps

Hypothesized syndromes of dispersal and their consequences can be

tested directly or indirectly, with additional insights gained from

knowledge of functional groups, fossil data and semi-natural experi-

ments.

Observations of LDD

Actual observations of LDD remain limited, although recent

technological advances are making long-distance tagging more

feasible (e.g. tracking bird migratory routes [71]). Functional studies

can provide information on the survival and use of vectors (e.g. snails

in bird guts [28]). Finally, surrogates for actual dispersal can also be

used to estimate features of LDD, including directionality and

survability (e.g. analysis of storm debris objects [9] and ocean

trash [89]).

Taxonomic assessment and phylogenetic analyses

Understanding colonization routes and changes in dispersibility

requires thorough taxonomic sampling across islands and interpreta-

tion in the context of relatives outside those islands. Phylogenetic

information is now available for multiple lineages on remote Pacific

islands, with a good understanding of relationships across archipe-

lagoes. However, the data are incomplete and additional information

is needed not only for many extant lineages (e.g. arthropods), but also

for fossils, to reveal taxa that have become extinct or have shifted

range, in particular since human arrival [27].
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Dispersal by ocean currents
The ability of organisms to disperse by oceanic drift or
rafting on ocean flotsam is dictated by a complex interaction
between ocean dynamics, geomorphology, proximity to the
ocean and survival en route. Ocean currents are generally
slow (approximately 0.7–2.7 km/h) and flow in predictable
directions (Figure 1), although both parameters can be
modified somewhat by storms. Moreover, because the pres-
ence of islands affects water circulation patterns [34], the
appearance of islands during episodic lowering of eustatic
sea levels (associated with glacial cycles) would have modi-
fied paleocurrents. In addition, distances between islands
have changed considerably over space and time for two
reasons. First, volcanic hotspot islands in the Pacific have
a finite lifespan from formation to almost complete loss of
the above-water volcanic core after 4–6 million years [35].
Genomic analyses

Genomic tools allow insights into functional changes in dispersal

and can potentially be used to test predictions of change in dispersal.

For example, it may be possible to use these approaches to detect

predicted signatures of selection at the molecular level for traits

associated with loss of dispersal or change in vector [90].

Niche modeling

Sophisticated niche modeling is now available to allow assessment of

arrival location in a phylogenetic context. Climatic and landscape

variables can be mapped for all species within a clade [91], making it

possible to construct a set of different ‘cost surfaces’ for each species

based on known suitable habitats and under different predicted dispersal

scenarios. For example, low-cost pathways under bird dispersal models

would be along migratory or foraging pathways (e.g. [92]).

Computational techniques for modeling evolutionary data

Different dispersal strategies predict different patterns of diversifi-

cation subsequent to establishment. Phylogenetic comparative

methods provide new insights into such events [93]. Models such

as hierarchical approximate Bayesian computation (HABC) [94] can be

used to quantify and compare multi-species patterns in range

expansion and colonization, and patterns of speciation or divergence.

Together, these tools promise insights into the historical demography

of even recent colonization events [95].
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Second, exposure of land by marine regressions provides
additional stepping-stones in the ocean. For example, nu-
merous islands existed historically in the area of the current
Line Islands and mid-Pacific mountains [30,36] (Figure 1),
probably providing stepping stones to more recent islands
[37]. Although the frequent appearance and disappearance
of islands (often limited to coastal habitats that are the
inevitable point of contact for rafting taxa) is also relevant to
wind- and bird-dispersed taxa, the special relevance for
rafting taxa is that it serves to reduce interarchipelago
and interisland distances for organisms that cannot tolerate
the extended transit times of oceanic drift.

Surviving prolonged periods at sea is necessary for
rafting. Although some terrestrial organisms have been
shown empirically to survive exposure to seawater for� 2–

3 weeks [38], relatively few are expected to survive the
many months required to reach some remote Pacific
islands, unless they are protected in some way. Organisms
in which dispersal occurs in the dormant phase (most
angiosperms) are more likely to tolerate such harsh con-
ditions [39]. Alternatively, organisms living in wood or
with some other mechanism of protection from seawater
can survive relatively well during transport [40]. However,
traversing the vast expanses of the Pacific Ocean would be
challenging for most terrestrial organisms. For example,
the 3000-km stretch between the Marquesas and Hawaii
would take approximately 65 days to traverse if there was
a direct current of 1.9 km/h (the average velocity of the
Equatorial Countercurrent).

Marine intertidal or fully terrestrial taxa with adapta-
tions for dispersal by oceanic drift [40–43], such as plants
with floating fruits and seeds that can readily withstand
seawater, are expected to raft more frequently than most
terrestrial taxa. Such organisms may show biogeographic
patterns corresponding to the oceansurface current systems
[44]. By contrast, those in which tolerance to seawater is
limited (most terrestrial taxa) will only survive to raft short
distances, and might therefore be expected to show a bio-
geographic pattern of stepping-stone colonization [45]. We
now examine the extent to which these predictions hold.

Directionality

Ocean currents provide some directionality to patterns of
colonization by drift or rafting. Marine intertidal taxa (e.g.
circumpolar Macrocystis and Durvillaea kelp, Parawal-
deckia amphipods and Limnoria isopods) and those with
adaptations for dispersal by oceanic drift [40–43] have been
found to be genetically homogeneous within the neighbor-
hood of the Antarctic Circumpolar Current, relative to the
more restricted distributions of terrestrial taxa (e.g. [43]).
Long-distance rafting is clearly the most plausible expla-
nation for this circumpolar dispersal of floating kelp and its
associated epifauna. Some terrestrial taxa that show spe-
cific adaptations for oceanic dispersal, including tolerance
to seawater and flotation mechanisms, are presumably
also dispersed via ocean currents, yielding similarly wide-
spread distributions [46].

Dispersal itinerary

Intertidal taxa that seemingly raft with high frequency
show evidence of numerous independent colonization
events on different oceanic islands, as in the rafting sea-
star Parvulastra exigua [47]. Importantly, rare meteoro-
logical [48] and extreme oceanographic events (rather than
mean current trajectories) can have a major role [49] in
reducing the time required for such events. For instance,
although the median transit time estimates for passive
dispersal from Australia to New Zealand are approximate-
ly 2–3 years, models incorporating oceanographic variabil-
ity and winds indicate that, under certain conditions, such
voyages can be completed in less than 1 year [50]. Under
these ‘rare’ conditions, a substantial proportion of rock-
lobster (Jasus) larvae, for example, should successfully
complete the 2000-km transit within their planktonic life-
span, reinforcing independent biological evidence from
molecular markers [51–53]. Likewise, rare south-easterly
weather systems are apparently responsible for the rela-
tively rapid transport of sub-Antarctic kelp rafts to main-
land New Zealand, with biologically estimated dispersal
times [54] that are sometimes substantially shorter than
the mean dispersal times inferred from oceanographic
models [55]. Moreover, modeling of paleocurrents can pro-
vide explanations for historical oceanic dispersal events
that might have seemed implausible given modern-day
oceanographic regimes [56,57].

For terrestrial plants in the Pacific, dispersal by oceanic
drift has occurred repeatedly from both the Neotropics and
Paleotropics, especially for littoral taxa [22,23,39,58], con-
sistent with the ability of some plants to tolerate long
periods at sea owing to their tendency to disperse in a
dormant phase. For terrestrial taxa that may not survive
long journeys at sea, rafting can still be the predominant
mode of dispersal for flightless and poorly flighted arthro-
pods, in particular if they are insulated within rafts of
debris or wood [59]. Indeed, rafting in terrestrial animals
appears to be most common for those associated with dead
wood [11,60], leaf miners, wood borers and other insects
that inhabit plant debris [61], or those that attach their
eggs to vegetation [49,62]. However, the proximity of
islands is likely to have an important role in terrestrial
arthropods, dramatically increasing the probability of col-
onization for terrestrial groups with limited survival tol-
erance in the open ocean [45]. In Hawaii, the most remote
archipelago for terrestrial taxa, colonization by rafting
appears to have been largely from the southwest for many
insects (Figure 2), as predicted under a stepping-stone
colonization model (there are many more islands to the
south west than to the east). Indeed, Rhyncogonus weevils
occur on oceanic islands throughout the Pacific, and appear
to have colonized archipelagoes in a sequential stepping-
stone fashion [19]. The littoral habitat is (or has been)
present on almost every island, large or small, atoll or high.
Thus, for organisms such as Rhyncogonus, usable habitat
will have been relatively abundant even in vast expanses of
open ocean, although the amount and extent of habitat will
undoubtedly have varied over millennia, with changing
climates and volcanic activity.

Arrival point and subsequent diversification

For seawater-resistant taxa (and marine intertidal organ-
isms in particular), habitat affinities dictate the initial
tendency to raft. For example, species that graze on
53
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beach-cast macroalgae have more rafting opportunities
than do those that graze only on rocky or soft substrates
[63]. For these taxa, the predicted tendency will be to
remain in coastal areas, as repeated arrival of new propa-
gules will limit divergence, adaptation and any loss of
dispersal ability [25] (Box 3). Support for this prediction
comes from the prevalence of wide oceanic distributions
among angiosperms from littoral environments with raft-
ing dispersal capabilities [20,22,23], as well as from genetic
data [58].

Colonization will inevitably occur in the littoral zone for
species that use oceanic drift or rafting to reach an island.
However, provided selection or limited genetic connectivity
with the source, ecological shifts can occur and dispersal
ability may be reduced subsequent to arrival (Box 3). Tests
of such historical colonization and subsequent differentia-
tion for littoral taxa on remote islands have been impeded
by large-scale anthropogenic disturbance and associated
extinction at low elevations. Recent work has uncovered a
fabulous resource of subfossil remains on multiple Pacific
islands that promises insights into the characteristics of
the pre-human insular birds and plants [27,64]. This work
has shown that, at least among plants, some lineages
currently confined to higher elevations (e.g. the mallow
Kokia, dogbanesOchrosia andPteralyxia, and palmPritch-
ardia) previously occurred at low elevations. However,
other lineages that are currently diverse at higher eleva-
tions (e.g. silverswords, lobeliads and Cyrtandra) probably
never occurred at low elevations. Such data are now also
becoming available for invertebrates [65]. As predicted, a
large proportion of this coastal material consists of organ-
isms that are inferred (e.g. a lineage characterized by
flightlessness across the Pacific) to have colonized by raft-
ing [Porch, N. (2009) The insect fossil record and the
reconstitution of Indo-Pacific island diversity. A Pacific
Science Intercongress 2009 presentation].

For organisms colonizing the littoral zone, there may be
a progression towards specialization for more terrestrial
habitats. Wilson [66] suggested for ants in Melanesia that
most colonists disperse through lowlandmarginal habitats
and then extend their distributions into forested and mon-
tane habitats on increasingly remote islands; a progression
from generalist to specialist that he termed the ‘taxon
cycle’. Such a cycle has also been identified through de-
tailed molecular studies of West Indian birds [67]. Al-
though phylogenetic analysis of island lineages overall
shows little evidence that this cycle of distributional
change from littoral habitats to higher elevations leads
to analogous speciational trends [68], a better test of
possible speciational trends could be provided by restrict-
ing analysis to rafting taxa that inevitably arrive in littoral
habitats and subsequently undergo differentiation. In-
deed, diversification between habitats separated by eleva-
tion is a common pattern in oceanic islands [69,70].

Concluding remarks
We have shown here how features characterizing dispersal
modes and ecology lead to predictions and testable hypoth-
eses concerning the avenue of arrival and opportunity for
diversification of colonizing taxa and even resulting eco-
logical communities in the Pacific (see Box 4 for future
54
research directions). For example, taxa in Hawaii that are
associated with dispersal by birds often show the origins
predicted from the combined likelihood of transportation
vector and establishment site (i.e. ancestral ecological
setting). Terrestrial animal taxa in Hawaii that disperse
by winds come primarily from the east as predicted by
storm patterns, and those that raft appear to come mostly
from the west (Figure 2), as predicted by ocean currents
and available interspersed islands serving as stepping
stones. Related predictions stem from the amount of con-
nectivity among populations of organisms dispersing
through different mechanisms (Box 2) and the extent to
which dispersal mechanisms become modified subsequent
to colonization (Box 3). Predictability may be complicated
by the possibility that a combination of vectors are involved
in long-distance dispersal [9]; for example, a propagule
carried in the wind might land in the ocean before being
carried to land, or a bird may pick up a piece of flotsam,
carrying a propagule to land. However, although LDD is an
inherently stochastic and rare phenomenon, understand-
ing the dispersal vector, whether wind, birds, or ocean
currents, as well as geological, biological and environmen-
tal factors that affect these vectors and the ability of the
propagule to use them, can reveal predictable patterns of
biogeography and subsequent evolutionary modifications
associated with a given degree of isolation.
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