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Dispersal Reduction: Causes, Genomic
Vechanisms, and Evolutionary Conseguences

J.M. Waters,"*® B.C. Emerson,? P. Arribas,?> and G.A. McCulloch'

Recent biological analyses suggest that reductions in dispersal ability have been
key drivers of diversification across numerous lineages. We synthesise emerging
data to highlight similarities regarding the causes and consequences of dispersal
reduction across taxa and ecosystems, as well as the diverse genomic mechanisms
underpinning these shifts. Natural selection has acted on standing genetic variation
within taxa to drive often rapid — and in some cases parallel — losses of dispersal,
and ultimately speciation. Such shifts can thus represent an important nexus be-
tween adaptive and neutral diversification processes, with substantial evolutionary
consequences. Recognition of the links between these concepts that are emerging
from different fields, taxa and ecosystems is transforming our understanding of the
fascinating role of dispersal reduction in the formation of biodiversity.

Reductions in Dispersal Ability

A key goal of ecological and evolutionary research is to reveal the processes that generate biodi-
versity over space and time. The evolution and maintenance of dispersal ability have long been
recognised as being important for the geographic spread and ecological diversification of numer-
ous biological clades [1-4]. Despite the potential advantages conferred by dispersal ability
(e.g., reduced competition; colonisation of new habitat patches [5]), this strategy also carries sub-
stantial energy costs and risks [6]. This tension is highlighted by the fact that major reductions in
dispersal ability (dispersal reduction; see Glossary) have evolved repeatedly across the tree of
life. This trend appears to be clear in birds, and also in insects, where nearly every order provides
examples of multiple losses of flight [7,8]. Newly emerging data are transforming our understand-
ing of the commonalities and consequences of dispersal-reduction processes across numerous
lineages. We synthesise here recent widespread evidence across a diversity of ecosystems and
taxa (later and Figure 1) on the causes, genomic mechanisms, and evolutionary consequences of
a reduction in dispersal capacity. We further explore the role of these shifts within a novel niche-
based model explaining the patterns of geographic speciation.

Terrestrial Ecosystems

Flightless birds on oceanic islands (Figure 1A) represent iconic cases of dispersal reduction. In-
deed, flightlessness has evolved repeatedly in numerous avian lineages, and some clades
(e.g., ratites [9-11], anatids [12], and rails [13,14]) show abundant evidence of repeated flight re-
duction, particularly on islands [15]. Wings have also been lost repeatedly within nearly all insect
orders, and probably thousands of times within the Coleoptera alone [7]. The loss of flight in in-
sects has been regularly linked to particular habitats such as soil and caves [16,17]. Wing reduc-
tion in insects is also widely associated with island [18] and montane [19] (Figure 1B)
assemblages, and there is a similarly substantial literature on dispersal reduction in island plants
[20-22] (Figure 1C). The repeated association of islands with reduced dispersal capacity in birds,
plants, and invertebrates has captivated the attention of biologists [15], but in the latter case has
received only limited empirical assessment (Box 1).
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Highlights

Dramatic reductions in dispersal ability
have evolved repeatedly across diverse
taxa and ecosystems.

Dispersal reduction can be driven either
by spatial or ecological causes. Re-
peated losses of dispersal in ‘insular’
habitats (e.g., island and alpine ecosys-
tems) suggest that both isolation and
habitat shifts can underpin loss of
dispersal.

The ‘transporter’ hypothesis may pro-
vide a key mechanism for the ‘spread’
of dispersal reduction, and widespread
parallel evolution has been revealed by
recent genomic analyses of birds, fishes,
and insects.

Ecological gradients can drive both grad-
ual and rapid dispersal-reduction events.
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Freshwater Ecosystems

Reductions in marine migratory ability and/or salinity tolerance are a widespread phenomenon in
diverse freshwater taxa [23-25]. Repeated losses of diadromy are particularly well characterised
in radiations of salmonid [26], gasterosteid [27,28], and galaxiid [29-31] fishes, and there are
many cases of repeated ‘landlocking’ following colonisation of postglacial lakes (Figure 1D).
Rapid reductions in salinity tolerance have also been documented for numerous marine inverte-
brate lineages entering freshwater ecosystems [23]. In aquatic insects, wing reduction (as well
as eye loss and pigment reduction) is a repeated feature of water beetles colonising subterranean
aquifers [32], and multiple studies point to diminished dispersal capacities in species inhabiting
running waters compared to related species in standing systems [33-35].

Marine Ecosystems

For sedentary marine species that rely on passive transport, loss of buoyancy of larval or adult
propagules can substantially decrease dispersal ability [36]. In macroalgae (e.g., southern bull
kelp, Durvillaea spp.), for example, losses of buoyancy (e.g., transitions from hollow-bladed to
solid-bladed adult ecotypes) can drastically reduce potential for trans-oceanic rafting [37]
(Figure 1E), and non-buoyant lineages are typically restricted to single landmasses [38]. Similarly,
transitions from planktonic (dispersive) to benthic/brooding (non-dispersive) larval development
have occurred in numerous marine invertebrate taxa [39-41], with major implications for biogeog-
raphy and genetic connectivity [42—-44] (Figure 1F).

Causes of Dispersal Reduction

Reductions in dispersal ability are caused by processes that alter selective pressures on dispersal
traits. Causes of dispersal reductions emerging from recent literature can be broadly grouped into
(i) purely spatial causes, such as the colonisation of isolated (and commonly reduced) habitat
patches for a lineage; and (i) ecological causes, namely shifts in the abiotic and/or biotic condi-
tions that a lineage experiences. These two causes may act in isolation or jointly. The most
paradigmatic examples of reductions in dispersal ability have been associated with the colonisa-
tion of islands [15,45], and dispersal reduction is indeed one of the most frequently invoked insu-
lar syndromes. Owing to the isolated nature of islands and other patchy ecosystems
(e.g., calcrete aquifers [32]), spatial isolation has often been inferred to play a primary role in
such dispersal reduction by acting via direct negative selection against dispersive individuals
(given their reduced probability of finding a suitable habitat relative to non-dispersers) [46,47].
However, several authors have also highlighted a role for ecological causes of island dispersal re-
ductions, citing changes in biotic and/or abiotic conditions (even without habitat shifts) that are
frequently associated with the colonisation of insular settings. It has been demonstrated, for ex-
ample in the case of island birds, that reductions in dispersal are not only significantly associated
with island size but also with decreased predation pressure [15] (Figure 2A). Similarly, other re-
searchers have proposed that insular flight reduction is linked to diminished resource availability
and the emergence of conflicting pressures [48], where dispersal reduction could be the
byproduct of trade-offs involving selection for other traits (e.g., juvenile survivorship or competitive
ability in the case of insects [22]). In the case of calcrete-aquifer insects, reduced dispersal may
also reflect a combination of spatial and ecological causes, where wing reduction is partly a
side-effect of adaptation to the singular conditions of these fragmented subterranean habitats

(e.g. [32)).

Perhaps some of the clearest evidence for ecological causes of dispersal reduction comes from
associations between dispersal and habitat variation. In the case of insects, wing-reduction
events have been frequently attributed to habitat transitions that are linked to changes in habitat
features such as stability [7,49,50], abiotic stress [51], or habitat discontinuity [32]. Recent
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Glossary

Convergent evolution: the
independent evolution of analogous
traits in unrelated lineages.

Diadromy: life cycles that include
movement between freshwater and
marine ecosystems.

Dispersal reduction: decreased
spatial displacement of individuals and
reproductive propagules, resulting in
diminished gene flow among
populations.

Ecological selection: where strictly
ecological processes govern the
transmission of heritable traits.
Genomic islands of divergence:
small regions of the genome that are
tightly associated with adaptation and
that are resistant to gene flow.

Neutral evolution: random genetic
drift of alleles that are selectively neutral.
Oceanic islands: islands that do not sit
on a continental shelf and are typically
volcanic in origin.

Parallel evolution: the independent
evolution of similar traits in related
lineages.

Planktotrophic larvae: juvenile
individuals that drift in the ocean, feeding
on plankton.

Transporter hypothesis: the process
by which gene flow introduces adaptive
alleles into different regions, thus
facilitating parallel selection on the same
adaptive alleles in distinct populations.
Viviparity: brooding of early
developmental stages within the
parental body until birth.
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(A) Flight loss in island birds (B) Wing reduction in alpine insects  (C) Larger seeds in island plants
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(D) Loss of diadromy in fishes ~ (E) Loss of buoyancy in subtidal kelps ~ (F) Loss of planktonic larvae
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Figure 1. Examples of Dispersal Reduction. Reduced dispersal has evolved repeatedly across a wide range of taxa and ecosystems, often leading to genetic isolation
of dispersal-limited lineages. In the schematic examples, ancestral lineages with higher dispersal potential (connected by gene flow, arrows) are in blue, whereas their
dispersal-limited derivatives are indicated in red, orange, and brown. (A) Flight reduction in island birds (e.g., rails [13,14]). (B) Wing reduction in alpine insects
(e.9., Zelandoperia stoneflies [53,59,102)). (C) Increased seed size in island plants (e.g., Fitchia sunflowers [20,21]). (D) Loss of marine migratory ability in freshwater fishes
(e.g., Gasterosteus sticklebacks [27,28]). (E) Transitions from buoyant intertidal to non-buoyant subtidal seaweed ecotypes (e.g., Durvillaea kelps [38]). (F) Loss of plank-
tonic larval dispersal in marine invertebrates (e.g., Astrotoma brittle stars [43]).

—

examples have provided mechanistic evidence for such processes in alpine insects, where
parallel evolution of wing reduction in individual species is associated with repeated adaptation
to high-altitude habitats [52-54] (Box 2). For aquatic insect lineages, contrasting habitat stability
[e.g., standing (lentic) versus running (lotic) water; tidal versus seasonal marshes] has been sug-
gested as an ecological driver of shifts in dispersal capacity [49,50], even between closely related
species [34,35]. In the case of fish lineages, loss of a marine migratory phase seems to be pro-
moted by ecological causes such as drainage geomorphology, habitat quality, and competition
[24]. In the marine realm, reductions in larval dispersal {e.g., transitions from planktotrophic
larvae to lecithotrophic (yolk-feeding) development, and switches to viviparity [39]} are also
associated with habitat transitions that are linked to habitat features such as ocean temperature
[41,55], habitat productivity, and/or environmental predictability [40]. In buoyant seaweeds,
for which passive drifting represents an important means of coastal and trans-oceanic
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Image of Figure 1

Box 1. Oceanic Islands as Drivers of Dispersal Reduction

The loss or reduction of dispersal ability is often considered to be a key feature within the generalised island syndrome [22]
that describes directional differences in attributes between island taxa and their continental relatives. This trend has been
repeatedly suggested in plants, birds and — perhaps most famously — insects, where Darwin [46] speculated that the inci-
dence of flightless species on Madeira (as described by Wollaston [47]) could be explained by a selective disadvantage for
dispersing individuals that might well perish in the sea. However, comparisons of the incidence of flightless species be-
tween island and continental areas have led to the conclusion that no selective arguments are required because there is
no discernible tendency for oceanic islands to have higher frequencies of flightless species [19]. Alternatively, if islands
are more likely to be colonised by flighted species, as would seem plausible, then secondary loss of flight would be nec-
essary to explain similar proportions of flightless species compared to continental areas. There are good reasons to expect
such a trend, building on Darwin’s [46] original argument. If the trade-off relationship reported for reduced dispersal invest-
ment and higher reproductive investment in insects (e.g., [106,107]) is broadly generalisable, then we might indeed predict
an island rule for secondary flightlessness in insects, although comparative data are lacking. In the case of birds, a recent
comparative analysis does suggest a general trend toward flightlessness in island birds [15]. However, instead of the
purely spatial causes that have been suggested to explain flightlessness in insects, the results of this study argue that dis-
persal reduction evolves because of release from predators — an ecological cause. Although many studies suggest a gen-
eral trend toward reduced dispersal ability in island plants ([108] for examples), it has recently been highlighted that this
trend might simply be a passive byproduct of selection for large seeds [22] (see Outstanding Questions). There are thus
parallels across all three taxonomic groups, and there is an emerging consensus that, when dispersal loss does occur,
it is likely to be helped along — or wholly driven — by indirect benefits to the organism. Particularly with regard to insects
and plants, however, more comparative data will be necessary for a more complete understanding of the relative incidence
of dispersal reduction on islands, the selective agents at play, and their relative roles (see Outstanding Questions).

dispersal [37,56], secondary loss of buoyancy may stem from ecological transitions to exploit
subtidal niches [38], and where dispersal reduction is thus an incidental effect of these ecotypic
shifts.

Some particular clades appear to be especially prone to dispersal reduction [57]. For instance,
diadromous fish that readily colonise lakes can repeatedly lose their marine migratory larval
phases [27], and this may be particularly the case for strong-climbing species that penetrate far
inland to reach alpine tarns [58]. Similarly, asterinid sea stars may be predisposed to repeated
loss of planktotrophic larval development under environmental gradients [44]. Weak-flying insects
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Figure 2. Dispersal Reduction is a Nexus between Ecological Selection and Geographical Speciation. In both
schematic examples, selection along environmental gradients reduces dispersal potential, which in turn increases the
probability of population structuring and geographical speciation. (A) Flight reduction in island birds. (B) Flight loss in alpine
insects. Flighted lineages are indicated in blue, flightless in red. In (A), flight ability may diminish gradually and predictably in
volant birds before being lost completely (e.g., [11,12,15]). In (B), dispersal ability can be highly bimodal in insect populations —
being essentially ‘all or nothing’ (e.g., by being constrained by a simple wing polymorphism; e.g., [51,53,74]).
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Image of Figure 2

Box 2. Repeated Dispersal Reduction in High-Altitude Ecosystems

Loss of dispersal potential is a repeated and distinctive feature of high-altitude assemblages, and this phenomenon has been
particularly well characterised for montane insect taxa that have lost their ability to fly [19,52-54,57,59]. Darlington [109], for
instance, compared diverse beetle assemblages at different altitudes in New Guinea, noting ‘Wing atrophy is insignificant
among the lowland forms ... [whereas] 95 percent of the carabids on the highest mountain-tops have atrophied wings’.
Recent altitudinal transect analyses from New Zealand mountains have similarly revealed striking contrasts — even at the in-
traspecific level — where wing-polymorphic insects show marked increases in wing reduction over small spatial scales linked
to the alpine treeline [53,59]. These findings are mirrored by analyses from the mountains of Japan [54] and the Galapagos
[62] which similarly reveal parallel evolution of wing-reduced high-altitude insect ecotypes. Together, these compelling data
imply that exposure to high-altitude conditions (e.g., winds) explains the increasing prevalence of insect dispersal reduction in
montane ecosystems at the species and population levels (see Figures 1B, 2B, and 3 in main text). Comparable trends are
now also emerging for botanical assemblages, where the majority of plant species in Australia’s alpine flora [110] exhibit sub-
stantially lower seed-dispersal capacity than predicted for terrestrial plants more generally [111]. Although these
macroecological trends might simply stem from the relatively small stature of alpine plants (with lower release height for dis-
persive propagules), Morgan and Venn [110] noted that an unusually high proportion of alpine plants also lacked alternative
means of long-distance dispersal, contrasting with adaptations that are relatively common in lowland plant communities. Some
of the earlier phenomena suggest that purely spatial causes can reinforce dispersal reduction for taxa occupying highly
fragmented (effectively ‘insular’) alpine habitats. The possibility that isolated montane habitats can function as ‘islands’ for
dispersal-imited upland taxa has also been suggested for flight-reduced alpine birds — which similarly show unexpected phylo-
geographic diversity [112]. Aithough non-dispersive alpine populations experience rapid rates of genomic evolution [102] (see
Figure 2B in main text), this diversification may be somewhat offset by increased rates of extinction, especially under rapid global
change [113].
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Figure 3. Evolutionary Hypotheses for the Widespread Occurrence of Dispersal Reduction. (A) An example of the
distributions of dispersive versus non-dispersive lineages within wing-polymorphic insect taxa. (B) Alternative evolutionary
scenarios for single loss versus multiple losses of dispersal ability (indicated by red stars). (C) Distinct evolutionary
predictions for dispersal-reduction loci under the ‘standing variation” hypothesis (e.g., transporter hypothesis, ancestral
variation) versus the ‘independent mutations’ hypothesis. Blue circles represent dominant alleles coding for dispersal,
whereas red and orange circles represent independently evolved recessive flight-loss alleles.
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Image of Figure 3

such as stoneflies (Plecoptera) similarly seem predisposed to flight loss in harsh environments
[59]. The apparent propensity of some taxa for such parallel switches may also be partly
explained by the transporter hypothesis [60] (later and Figure 3). Regardless, although the spe-
cific drivers and mechanisms of dispersal reduction may be highly variable among taxa
and ecosystems, the similarities that arise from these cases highlight the importance of the
interplay between isolation and ecological selection in promoting reductions in dispersal
capacity (Figure 2).

Genomic Mechanisms of Dispersal Reduction

High-throughput genomic sequencing is starting to provide crucial new insights into the drivers
and mechanisms of dispersal reduction. In particular, there is a growing literature addressing
the genomic and epigenomic bases of animal migratory phenotypes [61]. Although dispersal-
related phenotypic variation has been suggested to have complex genetic bases (e.g., [62]),
several recent genomic studies conclude that dispersal ability and timing can be heavily
influenced by small numbers of major-effect genes (e.g., [63-66]). Furthermore, emerging data
imply that reductions in dispersal can potentially evolve rapidly via genetic changes in both coding
and regulatory regions [11,67,68]. In assessing genomic shifts in the unique flightless Galapagos
cormorant (Phalacrocorax harrisi), for example, Burga et al. [67] detected mutations that may
underpin phenotypic shifts in cilia function and skeletal development. The genomic comparisons
of several flight-degenerate bird lineages by Pan et al. [68] revealed convergent evolution of
mutations in key genes regulating carbohydrate and lipid metabolism. These authors suggested
that metabolic switches related to primary energy sources may be important drivers of avian
dispersal reduction. Similarly, Sackton et al. [11] detected apparently convergent regulatory shifts
(involving different genes) across independent flight-loss events in ratites. By contrast, Campagna
et al. [12] identified parallel changes in two loci that were associated with multiple flight-reduction
events in steamer ducks (Tachyeres), and one of these markers had previously been linked to
vertebrate skeletal development. In most of the earlier cases, it seems likely that avian flight
diminished gradually over evolutionary time [12,15] (Figure 2A).

Genomic data are similarly increasing our understanding of the genetic basis of variation in fish
dispersal ability, including the loss of salinity tolerance. Hess et al. [63], for instance, detected ge-
netic loci in salmonid fishes, including single loci of major effect, that were associated with differ-
ential timing of marine migration. In addition, genomic analyses of migratory versus resident
freshwater fishes are revealing both coding and regulatory loci that are associated with repeated
ecological transitions between convergently evolved fish ecotypes [27,31,69-71]. In genomic
comparisons of freshwater versus diadromous stickleback (Gasterosteus) fish ecotypes,
Terekhanova et al. [28] detected 18 genomic islands of divergence, thus providing a frame-
work for 'rapid assembly of G. aculeatus genotypes from pre-existing genomic regions of
adaptive variation'. Such genetic shifts probably underpin a broad array of rapid freshwater adap-
tations, including changes specifically associated with loss of diadromy. In contrast to birds, it
would seem that the potential for rapid dispersal reductions may be higher in fish, consistent
with the sharp selection gradients between marine and freshwater habitats.

Numerous insect taxa exhibit bimodal intraspecific dispersal polymorphisms, and selection
operating on this standing variation provides a potential pathway to complete loss of dispersal
ability [57]. There are also many examples where strictly flighted species have undergone multiple
flight-loss transitions (e.g., [72]). When selection is strong, such dispersal reduction may be both
rapid and complete (Figure 2B). The developmental/genomic bases of dispersal polymorphisms,
however, are only starting to become clear (e.g., [73,74]). Wing length in some wing-polymorphic
insect taxa may be mediated by the expression of the versatile arthropod sesquiterpenoid juvenile
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hormone (JH) at key stages of development [75-77]. Indeed, recent transcriptomic comparisons
of sympatric full-winged and wing-reduced stonefly lineages suggest that JH expression may
underpin wing reduction in these alpine insect lineages [78]. In other systems, however, wing
polymorphisms appear to be mediated by the steroid prohormone ecdysone (aphids [79]) or
by insulin signalling (planthoppers [73,80]), suggesting that the mechanistic routes for wing loss
may differ substantially across insect taxa. The bimodal dispersal states recurrently observed in
many insect species enable rapid responses to fine-scale spatial and temporal environmental het-
erogeneity [19]. In addition, these extreme phenotypes may suggest the existence of relatively
simple developmental/genetic ‘switches’, and that the transition toward insect flightlessness
may occur over shorter timescales than for avian systems.

Some clades are seemingly genomically predisposed to dispersal reduction (e.g., [60]), but
explaining why (see Outstanding Questions) requires an understanding of the extent to which re-
peated dispersal-reduction events have common versus convergent (e.g., [11]) genomic origins
(Figure 3). Under the ‘transporter hypothesis’ [28,60] (Figure 3), local adaptation is enhanced by
the spread of dispersal-reduction alleles among regions via dispersive individuals, with selection
acting repeatedly on this standing variation (e.g., as suggested in [44]). Increasing support for the
transporter hypothesis is emerging from several systems (e.g., [12,51]) where standing variation facil-
itates rapid, repeated evolution of dispersal-limited ecotypes in a range of taxa. Alternatively, de novo
dispersal-reduction mutations may arise completely independently in different regions (e.g., [11])
(Figure 3), although such novel mutations may imply relatively long evolutionary timeframes.

Evolutionary Consequences of Dispersal Reduction

Dispersal capacity is a key factor that constrains both the geographical range size and the genetic
substructuring of species [81], and thus influences the spatial scale of speciation [82]. Hence,
dispersal reduction may increase the sensitivity of lineages to landscape/environmental variation,
manifested by reduced gene flow among populations, and potentially driving neutral evolution
and speciation [83,84]. Similarly, dispersal reduction can increase extinction risk when a habitat is
temporally transient and/or spatially disjunct, such that colonization of new habitat patches may be
relatively infrequent compared to local population extinction [85]. Along these lines, diverse analyses
have linked reduced dispersal to dramatically increased rates of speciation (e.g., [60,36]), as well as to
increased rates of molecular evolution [87,88], reduced range sizes [89,90], and increased suscepti-
bility to extinction (e.g., [29,91]).

Loss of dispersal ability among populations can have drastic consequences over rapid
timeframes when strongly reduced gene flow, accelerated genetic drift, and loss of heterozygos-
ity lead to rapid geographical speciation [44]. Loss of marine migration, for instance, is considered
to be a key initiator of freshwater fish speciation in many regions of the globe [24,25,31,92]. Such
effects are observable both within and among species, and meta-analyses reveal consistently
higher levels of intraspecific diversification among freshwater fish populations relative to their ma-
rine and diadromous counterparts [93]. Also in the aquatic realm, the higher diversification rates,
genetic structure, endemicity, disequilibrium with current climate, and vulnerability of lotic insect
lineages have been attributed to their reduced dispersal capacities compared to their lentic rela-
tives (e.g., [33,94,95)).

As noted earlier, numerous examples of biological speciation involve splits between dispersive
and non-dispersive lineages (e.g., [12,28,31,42,50,583,70,92]), and strong reductions in gene
flow seem to be a key driver of such divergence. In some cases speciation occurs despite
range overlap and potential for ongoing gene flow among ecotypes, and dispersal reduction per-
haps plays a role in the incipient stages of ‘divergence with gene flow’. For instance, differential
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dispersive behaviour of ecotypes may result in spatial sorting and reproductive isolation
(e.g., [50]). Genomic shifts (e.g., islands of divergence [28,96]) may also play important roles in
such sympatric diversification scenarios.

Recent genetic analyses highlight that speciation events linked to dispersal reduction can occur
extremely rapidly [44,583]. In cases where dispersal shifts initiate divergence, loci controlling dis-
persal ability could potentially be considered as ‘speciation genes’ [97]. In some cases, dispersal
reduction may be associated with singular (isolated) speciation events (e.g., [44,67]), whereas
other dispersal reductions can initiate substantial downstream cladogenesis {e.g., dispersal-
limited lineages may be relatively prone to vicariance; e.g., moa (Dinornithiformes) [98] and the
Galaxias vulgaris fish complex [92]}.

Broadly, widespread evidence suggests that reductions in dispersal can be key drivers of
diversification, where rapid divergence is initiated by dispersal reduction [86,92]. However, it
should be noted that, in some cases (e.g., in isolated cases when divergence dates are relatively
old), establishing causal links between dispersal reduction and speciation can be complex. As an
example, Vogler and Timmermans [99] emphasise that reductions in flight could be the effects
(rather than the causes) of physical isolation. The Galapagos cormorant, for instance, could
have lost flight either before or after its initial divergence from sister taxa. It is increasingly clear
that unravelling the precise causes and timeframes of dispersal reduction and divergence
requires dispersal-polymorphic systems that are evolutionarily young (e.g., incipient species
complexes). Systems exhibiting replicated dispersal reduction have potential as particularly
powerful models [51,53].

The ability of dispersal-reduced lineages to reacquire their former dispersal capacity has long
been controversial [8,100]. Under Dollo’s Law [101], loss of dispersal ability should be irreversible,
but questions remain about the potential of recently evolved non-dispersive lineages to reacquire
their ancestral dispersal ability. One potential pathway could be via hybridization and introgres-
sion of dispersal alleles [12,51,102] (see Outstanding Questions). Future studies of the genomic
bases of migration and dispersal promise to shed increasing light on the evolutionary lability
of dispersal ability [61].

Concluding Remarks and Future Perspectives

This synthesis highlights that dispersal reduction is both a cause and consequence of ecological
and geographical diversification, and can be an important nexus between adaptive and neutral
speciation processes. Specifically, reductions in dispersal ability can stem from an array of eco-
logical causes, including immediate ecological conditions (e.g., as evidenced by differential selec-
tion across environmental gradients). The consequences of these shifts, however, are substantial
because diminished dispersal can be a key driver of subsequent neutral genetic divergence
among isolated lineages (Figure 2). In this way, dispersal shifts may even contribute to large-
scale patterns of biological diversification and macroevolutionary biogeographic phenomena
(e.g., [89,90]) (see Outstanding Questions). In some cases, even fine-scale microhabitat prefer-
ences may substantially influence both dispersal ability and the rate of neutral genetic differentia-
tion [103]. Broadly, the detection of these inter-related patterns (Figure 1), across a variety of
ecosystems and spatial scales, emphasises their overarching similarities. This model, whereby
the rates and patterns of neutral divergence are constrained by adaptive processes, contrasts
with Hubbell’s [83] strictly ‘neutral’ theory, but echoes Vrba's [104] ‘effect’ hypothesis, whereby
immediate adaptation to local ecological conditions (e.g., [105]) can carry incidental but
substantial long-term evolutionary consequences. These data emphasise the general importance
of dispersal reduction for explaining macroecological and macroevolutionary patterns (e.g., niche-
based latitudinal and altitudinal diversity gradients, changes in neutral diversification rates between
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Outstanding Questions

Does selection act on dispersal for its
own sake, as proposed by Darwin, or
is dispersal reduction an indirect
consequence of selection for other
traits? This issue remains contentious,
and may potentially vary across both
taxa and ecosystems.

The extent to which dispersal
reduction has evolved repeatedly from
standing variation (either ancestral or
transported) — as opposed to conver-
gent genomic mechanisms (independent
mutations) — remains to be revealed for
many dispersal-polymorphic  groups.
Although the former mechanisms are re-
ceiving increasing support from emerging
genomic analyses, further studies from a
diversity of systems are required.

Are insect lineages more likely to lose
dispersal ability on islands compared
to continental areas? Although studies
have compared the relative incidence
of flightlessness between ecosystems,
the question of whether the rate of
dispersal reduction is higher on islands
remains unanswered.

To what extent does the evolution of
dispersal reduction per se drive higher
diversification or speciation rates?
There is a need for studies that
control for other variables that may
also explain such differences.

Can dispersal-reduced lineages reac-
quire their former dispersal ability? Al-
though re-evolution of such complex
traits has been considered to be es-
sentially impossible under Dollo’s law,
recent studies hint at the potential for
reacquisition of dispersal ability via hy-
bridization and introgression of dis-
persal alleles. Future genomic studies
of migration promise to shed important
new light on the evolution of dispersal
ability.

Can macroecological patterns of
biodiversity be explained by a niche-
based model of dispersal reduction,
whereby ecological selection acceler-
ates neutral diversification?
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closely related lineages, or contrasting vulnerabilities under environmental change; Figure 2). Future
ecological genomic analyses of dispersal-polymorphic lineages and complexes promise to further
elucidate the fascinating role of dispersal reduction in the formation of biodiversity.

Acknowledgements

J.M.W. and G.A.M. were supported by Marsden Fund contract UOO1412 (Royal Society of New Zealand). B.C.E. and P.A.B.
were supported by Ministerio de Ciencia, Innovacion, y Universidades (MICIU) grant CGL2017-85718-P (Agencia Estatal de
Investigacion/European Regional Development Fund). We thank the Editor and three anonymous reviewers for providing

numerous constructive comments which substantially improved the manuscript.

References
1. Winker, K. (2000) Evolution: migration and speciation. Nature 24.  McDowall, R.M. (2001) Diadromy, diversity and divergence:
404, 36 implications for speciation processes in fishes. Fish Fish. 2,
2. Heers, A.M. and Dial, K.P. (2012) From extant to extinct: 278-285
locomotor ontogeny and the evolution of avian flight. Trends 25.  Corush, J.B. (2019) Evolutionary patterns of diadromy in fishes:
Ecol. Evol. 27, 296-305 more than a transitional state between marine and freshwater.
3. Benson, R.B.J. and Choiniere, J.N. (2013) Rates of dinosaur BMC Evol. Ecol. 19, 168
limb evolution provide evidence for exceptional radiation in 26. Taylor, E.B. et al. (1996) Molecular genetic evidence for parallel
Mesozoic birds. Proc. R. Soc. B 280, 20131780 life-history evolution within a Pacific salmon (Sockeye salmon
4. Misof, B. et al. (2014) Phylogenomics resolves the timing and and Kokanee, Oncorhynchus nerka). Evolution 50, 401-416
pattern of insect evolution. Science 346, 763-767 27. Jones, F.C. et al. (2012) The genomic basis of adaptive evolu-
5. Bonte, D. et al. (2014) Fitness maximization by dispersal: tion in threespine sticklebacks. Nature 484, 55-61
evidence from an invasion experiment. Ecology 95, 3104-3111 28. Terekhanova, N.V. et al. (2014) Fast evolution from precast
6. Bonte, D. et al. (2012) Costs of dispersal. Biol. Rev. 87,290-312 bricks: genomics of young freshwater populations of threespine
7. Wagner, D.L. and Liebherr, J.K. (1992) Flightlessness in stickleback Gasterosteus aculeatus. PLoS Genet. 10, 1004696
insects. Trends Ecol. Evol. 7, 216-220 29. Allibone, R.M. and Wallis, G.P. (1993) Genetic variation and
8. Whiting, M.F. et al. (2003) Loss and recovery of wings in stick diadromy in some native New Zealand galaxiids (Teleostei:
insects. Nature 421, 264-267 Galaxiidae). Biol. J. Linn. Soc. 50, 19-33
9. Baker, A.J. et al. (2014) Genomic support for a Moa-Tinamou 30. Zemlak, T.S. et al. (2010) Surviving historical Patagonian land-
clade and adaptive morphological convergence in flightless scapes and climate: molecular insights from Galaxias
ratites. Mol. Biol. Evol. 31, 1686-1696 maculatus. BMC Evol. Ecol. 10, 67
10. Yonezawa, T. et al. (2017) Phylogenomics and morphology of 31. Delgado, M.L. et al. (2019) The effects of diadromy and its loss
extinct paleognaths reveal the origin and evolution of the on genomic divergence: the case of amphidromous Galaxias
ratites. Curr. Biol. 27, 68-77 maculatus populations. Mol. Ecol. 28, 5217-5231
11.  Sackton, T.B. et al. (2019) Convergent regulatory evolution and 32. Leys, R. et al. (2003) Evolution of subterranean diving beetles
loss of flight in paleognathous birds. Science 364, 74-78 (Coleoptera: Dytiscidae Hydroporini, Bidessini) in the arid
12.  Campagna, L. et al. (2019) Gradual evolution towards zone of Australia. Evolution 57, 2819-2834
flightlessness in steamer ducks. Evolution 73, 1916-1926 33. Hof, C. et al. (2006) Lentic odonates have larger and more
18.  Garcia-R, J.C. and Trewick, S.A. (2014) Dispersal and specia- northern ranges than lotic species. J. Biogeogr. 33, 63-70
tion in purple swamphens (Rallidae: Porphyrio). Auk 132, 34. Abellén, P. et al. (2009) Parallel habitat-driven differences in the
140-155 phylogeographical structure of two independent lineages of
14.  Hume, J.P. and Martill, D. (2019) Repeated evolution of Mediterranean saline water beetles. Mol. Ecol. 18, 3885-3902
flightlessness in Dryolimnas rails (Aves: Rallidae) after extinction 35. Arribas, P. et al. (2012) Dispersal ability rather than ecological
and recolonization on Aldabra. Zool. J. Linnean Soc. 186, tolerance drives differences in range size between lentic and
666-672 lotic water beetles (Coleoptera: Hydrophilidae). J. Biogeogr.
15.  Wright, N.A. et al. (2016) Predictable evolution toward 39, 984-994
flightlessness in volant island birds. Proc. Natl. Acad. Sci. U. S. A. 36. Burgess, S.C. et al. (2016) When is dispersal for dispersal?
118, 4765-4770 Unifying marine and terrestrial perspectives. Biol. Rev. 91,
16. Eisenbeis, G. and Wichard, W. (2012) Atlas on the Biology of 867-882
Soil Arthropods, Springer Science & Business Media 37. Fraser, C.l. et al. (2018) Antarctica’s ecological isolation will be
17.  Giachino, P.M. and Vailati, D. (2010) The subterranean environ- broken by storm-driven dispersal and warming. Nat. Clim.
ment. In Hypogean life, Concepts and Collecting Techniques Chang. 8, 704-708
(Onlus, W.B.A., ed.), World Biodiversity Association 38. Fraser, C.l. et al. (2019) The biogeographic importance of
18.  Medeiros, M.J. and Gillespie, R.G. (2011) Biogeography and buoyancy in macroalgae: a case study of the southern bull
the evolution of flightlessness in a radiation of Hawaiian kelp genus Durvillaea (Phaeophyceae), including descriptions
moths (Xyloryctidae: Thyrocopa). J. Biogeogr. 38, 101-111 of two new species. J. Phycol. Published online October 23,
19.  Roff, D.A. (1990) The evolution of flightlessness in insects. Ecol. 2019. https://doi.org/10.1111/jpy.12939
Monogr. 60, 389-421 39. Hart, M\W. et al. (1997) Molecular phylogenetic analysis of life-
20. Kavanagh, P.H. and Burns, K.C. (2014) The repeated evolution history evolution in asterinid starfish. Evolution 51, 1848-1861
of large seeds on islands. Proc. R. Soc. B 281, 20140675 40.  Marshall, D.J. and Burgess, S.C. (2015) Deconstructing environ-
21.  Carlquist, S. (1966) The biota of long-distance dispersal. II. Loss mental predictability: seasonality, environmental colour and the
of dispersibility in Pacific Compositae. Evolution 20, 30-48 biogeography of marine life histories. Ecol. Lett. 18, 174-181
22.  Burns, K.C. (2018) Time to abandon the loss of dispersal ability 41.  Marshall, D.J. et al. (2012) The biogeography of marine inverte-
hypothesis in island plants: a comment on Garcia-Verdugo, brate life histories. Annu. Rev. Ecol. Evol. Syst. 43, 97-114
Mairal, Monroy, Sajeva and Caujapé-Castells (2017). 42.  Puritz, J.B. et al. (2017) Life-history predicts past and present
J. Biogeogr. 45, 1219-1222 population connectivity in two sympatric sea stars. Ecol. Evol.
23. Lee, C.E. and Bell, M.A. (1999) Causes and consequences of 7, 3916-3930
recent freshwater invasions by saltwater animals. Trends 43. Jossart, Q. et al. (2019) Dwarf brooder versus giant broad-

Ecol. Evol. 14, 284-288

520 Trends in Ecology & Evolution, June 2020, Vol. 35, No. 6

caster: combining genetic and reproductive data to unravel


http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0005
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0005
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0010
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0010
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0010
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0015
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0015
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0015
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0020
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0020
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0025
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0025
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0030
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0035
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0035
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0040
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0040
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0045
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0045
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0045
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0050
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0050
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0050
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0055
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0055
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0060
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0060
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0065
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0065
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0065
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0070
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0070
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0070
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0070
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0075
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0075
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0075
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0080
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0080
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0085
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0085
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0085
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0090
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0090
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0090
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0095
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0095
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0100
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0100
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0105
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0105
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0110
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0110
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0110
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0110
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0115
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0115
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0115
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0120
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0120
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0120
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0125
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0125
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0125
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0130
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0130
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0130
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0135
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0135
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0140
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0140
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0140
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0145
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0145
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0145
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0150
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0150
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0150
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0155
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0155
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0155
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0160
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0160
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0160
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0165
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0165
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0170
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0170
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0170
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0175
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0175
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0175
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0175
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0180
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0180
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0180
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0185
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0185
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0185
https://doi.org/10.1111/jpy.12939
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0195
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0195
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0200
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0200
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0200
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0205
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0205
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0210
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0210
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0210
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0215
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0215

Trends in Ecology & Evolution Ce“
REVIEWS

cryptic diversity in an Antarctic brittle star. Heredity 123, 70. Veale, A.J. and Russello, M.A. (2017) Genomic changes asso-
622-633 ciated with reproductive and migratory ecotypes in sockeye
44.  Puritz, J.B. et al. (2012) Extraordinarily rapid life-history diver- salmon (Oncorhynchus nerka). Genome Biol. Evol. 9,
gence between Cryptasterina sea star species. Proc. R. Soc. 2921-2939
B 279, 3914-3922 71.  Lemopoulos, A. et al. (2018) Comparison of migratory and
45.  Alvial, L.E. et al. (2019) Isolation on a remote island: genetic resident populations of brown trout reveals candidate
and morphological differentiation of a cosmopolitan odonate. genes for migration tendency. Genome Biol. Evol. 10,
Herediity 122, 893-905 1493-1503
46. Darwin, C. (1859) On the Origin of the Species by Natural 72. Kitson, J.J.N. et al. (2018) Community assembly and diversifi-
Selection, John Murray cation in a species-rich radiation of island weevils (Coleoptera:
47.  Wollaston, T.V. (1854) Insecta Maderensia; Being an Account Cratopini). J. Biogeogr. 45, 2016-2026
of the Insects of the Islands of the Madeiran Group, John 73.  Xu, H.-d. et al. (2015) Two insulin receptors determine alterna-
Van Voorst tive wing morphs in planthoppers. Nature 519, 464
48. McNab, B.K. (1994) Energy conservation and the evolution of 74. Veale, A.J. et al. (2018) Genotyping-by-sequencing supports a
flightlessness in birds. Am. Nat. 144, 628-642 genetic basis for wing reduction in an alpine New Zealand
49. Ribera, |. (2008) Habitat constraints and the generation of di- stonefly. Sci. Rep. 8, 16275
versity in freshwater macroinvertebrates. In Aquatic Insects: 75. lIshikawa, A. et al. (2013) Juvenile hormone titer and wing-
Challenges to Populations (Lancaster, J. and Briers, R., eds), morph differentiation in the vetch aphid Megoura crassicauda.
pp. 289-311, Cromwell Press J. Insect Physiol. 59, 444-449
50. Van Belleghem, S.M. et al. (2016) Behavioral adaptations imply 76. Zera, A.J. (2016) Juvenile Hormone and the endocrine regula-
a direct link between ecological specialization and reproductive tion of wing polymorphism in insects: new insights from circa-
isolation in a sympatrically diverging ground beetle. Evolution dian and functional-genomic studies in Gryllus crickets.
70, 1904-1912 Physiol. Entomol. 41, 313-326
51.  Van Belleghem, S.M. et al. (2018) Evolution at two time frames: 77.  Zhang, C.-X. et al. (2019) Molecular mechanisms of wing poly-
polymorphisms from an ancient singular divergence event fuel morphism in insects. Annu. Rev. Entomol. 64, 297-314
contemporary parallel evolution. PLoS Genet. 14, e1007796 78.  McCulloch, G.A. et al. (2019) Comparative transcriptomic anal-
52. Hendrickx, F. et al. (2015) Persistent inter- and intraspecific ysis of a wing-dimorphic stonefly reveals candidate wing loss
gene exchange within a parallel radiation of caterpillar hunter genes. EvoDevo 10, 21
beetles (Calosoma sp.) from the Galapagos. Mol. Ecol. 24, 79.  Vellichirammal, N.N. et al. (2017) Ecdysone signaling underlies
3107-3121 the pea aphid transgenerational wing polyphenism. Proc. Natl.
53.  McCulloch, G.A. et al. (2019) Ecological gradients drive insect Acad. Sci. U. S. A. 114, 1419-1423
wing loss and speciation: the role of the alpine treeline. Mol. 80. Xu, H.-J. and Zhang, C.-X. (2017) Insulin receptors and wing
Ecol. 28, 3141-3150 dimorphism in rice planthoppers. Phil. Trans. Royal Soc. B
54. Suzuki, T. et al. (2019) Parallel evolution of an alpine type 372, 20150489
ecomorph in a scorpionfly: independent adaptation to high- 81. Gaston, K.J. (2003) The Structure and Dynamics of
altitude environments in multiple mountain locations. Mol. Geographic Ranges, Oxford University Press
Ecol. 28, 3225-3240 82. Kisel, Y. and Barraclough, T.G. (2010) Speciation has a spatial
55.  O'Connor, M.I. et al. (2007) Temperature control of larval dis- scale that depends on levels of gene flow. Am. Nat. 175,
persal and the implications for marine ecology, evolution, and 316-334
conservation. Proc. Natl. Acad. Sci. U.S.A. 104, 1266-1271 83. Hubbell, S.P. (2001) The Unified Neutral Theory of Biodiversity
56. Gillespie, R.G. et al. (2012) Long-distance dispersal: a frame- and Biogeography, Princeton University Press
work for hypothesis testing. Trends Ecol. Evol. 27, 47-56 84. Gavrilets, S. (2014) Models of speciation: where are we now?
57. Roff, D.A. (1994) The evolution of flightlessness: is history J. Hered. 105, 743-755
important? Evol. Ecol. 8, 639-657 85. Hanski, |. and Gyllenberg, M. (1997) Uniting two general pat-
58. Ingram, T. and Bennington, S.M. (2018) Weak but parallel di- terns in the distribution of species. Science 275, 397-400
vergence between koaro (Galaxias brevipinnis) from adjacent 86. Ikeda, H. et al. (2012) Loss of fight promotes beetle diversification.
lake and stream habitats. Evol. Ecol. Res. 19, 29-41 Nat. Commun. 3, 648
59.  McCulloch, G.A. et al. (2019) Insect wing loss is tightly linked to 87. Mitterboeck, T.F. and Adamowicz, S.J. (2013) Flight loss linked
the treeline: evidence from a diverse stonefly assemblage. to faster molecular evolution in insects. Proc. R. Soc. B 280,
Ecography 42, 811-813 20131128
60. Schluter, D. and Conte, G.L. (2009) Genetics and ecological 88. Mitterboeck, T.F. et al. (2017) Positive and relaxed selection
speciation. Proc. Natl. Acad. Sci. U. S. A. 106, 9955-9962 associated with flight evolution and loss in insect
61.  Merlin, C. and Liedvogel, M. (2019) The genetics and epige- transcriptomes. GigaScience 6, 1-14
netics of animal migration and orientation: birds, butterflies 89. Outomuro, D. and Johansson, F. (2019) Wing morphology and
and beyond. J. Exp. Biol. 222, jeb191890 migration status, but not body size, habitat or Rapoport's rule
62. Saastamoinen, M. et al. (2018) Genetics of dispersal. Biol. Rev. predict range size in North-American dragonflies (Odonata:
983, 574-599 Libellulidae). Ecography 42, 309-320
63. Hess, J.E. et al. (2016) Genetic basis of adult migration timing 90. McCulloch, G.A. et al. (2017) Does wing size shape insect
in anadromous steelhead discovered through multivariate as- biogeography? Evidence from a diverse regional stonefly
sociation testing. Proc. R. Soc. B 283, 20153064 assemblage. Glob. Ecol. Biogeogr. 26, 93-101
64. Delmore, K.E. et al. (2016) The genetics of seasonal migration 91.  Heinen, J.H. et al. (2018) Extinction-driven changes in frugivore
and plumage color. Curr. Biol. 26, 2167-2173 communities on oceanic islands. Ecography 41, 1245-1255
65. Lundberg, M. et al. (2017) Genetic differences between willow 92. Waters, J.M. et al. (2010) Gene trees versus species trees:
warbler migratory phenotypes are few and cluster in large hap- reassessing life-history evolution in a freshwater fish radiation.
lotype blocks. Evol. Lett. 1, 155-168 Syst. Biol. 59, 504-517
66. Toews, D.P.etal (2019) Selection on VPS13A linked to migration in 93. Ward, R. et al. (1994) A comparison of genetic diversity levels in
a songbird. Proc. Natl. Acad. Sci. U. S. A. 116, 18272-18274 marine, freshwater, and anadromous fishes. J. Fish Biol. 44,
67. Burga, A. etal. (2017) A genetic signature of the evolution of loss 213-232
of flight in the Galapagos cormorant. Science 356, eaal3345 94. Séanchez-Fernandez, D. et al. (2012) Habitat type mediates
68. Pan, S. et al. (2019) Convergent genomic signatures of flight equilibrium with climatic conditions in the distribution of lberian
loss in birds suggest a switch of main fuel. Nat. Commun. diving beetles. Glob. Ecol. Biogeogr. 21, 988-997
10, 2756 95. Hof, C. et al. (2012) Habitat stability affects dispersal and the
69. Marques, D.A. et al. (2016) Genomics of rapid incipient speci- ability to track climate change. Biol. Lett. 8, 639-643
ation in sympatric threespine stickleback. PLoS Genet. 12, 96. Feder, J.L. et al. (2012) The genomics of speciation-with-gene-

1005887

flow. Trends Genet. 28, 342-350

Trends in Ecology & Evolution, June 2020, Vol. 35, No. 6

521



http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0215
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0215
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0220
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0220
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0220
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0225
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0225
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0225
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0230
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0230
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0235
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0235
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0235
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0240
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0240
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0245
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0245
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0245
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0245
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0250
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0250
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0250
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0250
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0255
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0255
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0255
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0260
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0260
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0260
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0260
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0265
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0265
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0265
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0270
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0270
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0270
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0270
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0275
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0275
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0275
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0280
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0280
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0285
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0285
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0290
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0290
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0290
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0295
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0295
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0295
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0300
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0300
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0305
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0305
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0305
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0310
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0310
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0315
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0315
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0315
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0320
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0320
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0325
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0325
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0325
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0330
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0330
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0335
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0335
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0340
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0340
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0340
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0345
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0345
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0345
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0350
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0350
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0350
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0350
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0355
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0355
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0355
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0355
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0360
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0360
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0360
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0365
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0365
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0370
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0370
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0370
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0375
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0375
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0375
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0380
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0380
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0380
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0380
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0385
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0385
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0390
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0390
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0390
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0395
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0395
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0395
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0400
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0400
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0400
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0405
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0405
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0410
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0410
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0410
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0415
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0415
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0420
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0420
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0425
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0425
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0430
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0430
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0435
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0435
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0435
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0440
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0440
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0440
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0445
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0445
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0445
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0445
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0450
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0450
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0450
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0455
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0455
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0460
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0460
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0460
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0465
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0465
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0465
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0470
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0470
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0470
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0475
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0475
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0480
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0480

Trends in Ecology & Evolution

Cell

REVIEWS

97.  Nosil, P. and Schluter, D. (2011) The genes underlying the pro- 106. Braendle, C. et al. (2006) Wing dimorphism in aphids. Heredity
cess of speciation. Trends Ecol. Evol. 26, 160-167 97, 192-199

98. Bunce, M. et al. (2009) The evolutionary history of the extinct 107. Gu, H. et al. (2006) Trade-off between mobility and fitness in
ratite moa and New Zealand Neogene paleogeography. Proc. Cydlia pomonella L. (Lepidoptera: Tortricidae). Ecol. Entomol.
Natl. Acad. Sci. U. S. A. 106, 20646-20651 31, 68-74

99. Vogler, A.P. and Timmermans, M.J. (2012) Speciation: don't fly 108. Garcfa-Verdugo, C. et al. (2017) The loss of dispersal on islands
and diversify? Curr. Biol. 22, R284-R286 hypothesis revisited: implementing phylogeography to investi-

100. Trueman, J.W.H. et al. (2004) Did stick insects really regain gate evolution of dispersal traits in Periploca (Apocynaceae).
their wings? Syst. Entomol. 29, 138-139 J. Biogeogr. 44, 2595-2606

101. Dollo, L. (1893) The laws of evolution. Bulletin de la Société 109. Darlington, P.J. (1971) The carabid beetles of New Guinea. Part IV.
belge de géologie, de paléontologie et d'hydrologie 7, General considerations; analysis and history of fauna; taxonomic
164-166 supplement. Bull. Mus. Comp. Zool. 142, 129-339

102. Dussex, N. et al. (2016) Genome-wide SNPs reveal fine-scale 110. Morgan, J. and Venn, S. (2017) Alpine plant species have limited ca-
differentiation among wingless alpine stonefly populations and pacity for long-distance seed dispersal. Plant Ecol. 218, 813-819
introgression between winged and wingless forms. Evolution 111. Kinlan, B.P. and Gaines, S.D. (2003) Propagule dispersal in
70, 38-47 marine and terrestrial environments: a community perspective.

108. Nikula, R. et al. (2011) Evolutionary consequences of micro- Ecology 84, 2007-2020
habitat: population-genetic structuring in kelp- vs. rock- 112. Weston, K. and Robertson, B. (2015) Population structure
associated chitons. Mol. Ecol. 20, 4915-4924 within an alpine archipelago: strong signature of past climate

104. Vrba, E.S. (1983) Macroevolutionary trends: new perspectives change in the New Zealand rock wren (Xenicus gilviventris).
on the roles of adaptation and incidental effect. Science 221, Mol. Ecol. 24, 4778-4794
387-389 113. Elsen, P.R. and Tingley, M.W. (2015) Global mountain topogra-

105. Southwood, T.R. (1977) Habitat, the templet for ecological phy and the fate of montane species under climate change.

strategies? J. Animal Ecol. 46, 337-365

522  Trends in Ecology & Evolution, June 2020, Vol. 35, No. 6

Nat. Clim. Chang. 5, 772


http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0485
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0485
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0490
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0490
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0490
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0495
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0495
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0500
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0500
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0505
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0505
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0505
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0510
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0510
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0510
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0510
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0515
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0515
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0515
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0520
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0520
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0520
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0525
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0525
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0530
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0530
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0535
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0535
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0535
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0540
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0540
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0540
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0540
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0545
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0545
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0545
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0550
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0550
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0555
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0555
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0555
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0560
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0560
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0560
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0560
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0565
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0565
http://refhub.elsevier.com/S0169-5347(20)30027-6/rf0565

	Dispersal Reduction: Causes, Genomic Mechanisms, and Evolutionary Consequences
	Reductions in Dispersal Ability
	Terrestrial Ecosystems
	Freshwater Ecosystems
	Marine Ecosystems

	Causes of Dispersal Reduction
	Genomic Mechanisms of Dispersal Reduction
	Evolutionary Consequences of Dispersal Reduction
	Concluding Remarks and Future Perspectives
	Acknowledgements
	References


