












Table 1. Summaryof avian evolutionary radiations on oceanic islands and their distribution across avian orders
and major oceans

Order Atlantic Ocean

Struthioniformes 2 2
Rheiformes 2 2
Apterygiformes 5 5
Casuariiformes 4 4
Tinamiformes 46 46
Anseriformes 178 178 4 4 11 11 2 4 2 7
Galliformes 302 302 2 2 4 4 1 2 1 2
Caprimulgiformes 97 97
Steatornithiformes 1 1
Nyctibiiformes 7 7
Podargiformes 16 16
Aegotheliformes 9 9
Apodiformes 479 479 2 2 4 4 1 2 1 2
Musophagiformes 23 23
Otidiformes 26 26
Cuculiformes 150 150
Mesitornithiformes 3 3
Pterocliformes 16 16
Columbiformes 351 351 8 8 37 37 1 2 7 35
Gruiformes 189 189
Podicipediformes 23 23
Phoenicopteriformes 6 6
Charadriiformes 390 390 3 3 12 12 3 12
Eurypygiformes 2 2 1 1 2 2 1 2
Phaethontiformes 3 3
Gaviiformes 5 5
Sphenisciformes 18 18
Procellariiformes 149 149
Ciconiiformes 19 19
Suliformes 61 61
Pelecaniformes 118 118 2 2 4 4 1 2 1 2
Opisthocomiformes 1 1
Accipitriformes 264 264
Strigiformes 254 254 3 3 10 10 1 2 2 8
Coliiformes 6 6
Leptosomiformes 1 1
Trogoniformes 43 43
Bucerotiformes 74 74
Coraciiformes 184 184 3 3 11 11 3 11
Piciformes 449 449
Cariamiformes 2 2
Falconiformes 65 65
Psittaciformes 403 403 3 3 17 17 1 2 2 15
Passeriformes 66476647 45 44 230 230 12 33 4 15 29 182
Total 11093 #### 76 #### 342 #### 15 39 9 25 52 278

N species
worldwide

Radiations (N radiations,N species)

Total Indian Ocean Pacific Ocean

The full list at the level of species is provided in Supplemental Table S1. Taxonomy and the number of extant and recently
extinct bird species worldwide follow Gill et al. (2022); blue bars show the number of species. The list excludes cases for which
repeated colonizations rather than in situ divergence is presumed; all details are available in Supplemental Table S1. The number
of evolutionary radiations and species within them are shown by green bars. All evolutionary radiations are presumed
nonadaptive, except three within the order Passeriformes and two possibly adaptive within the orders Eurypygiformes and
Passeriformes (Fig. 2); details on this and on allopatric/sympatric distribution are provided in Supplemental Table S1. For a
similar breakdown across families within the order Passeriformes, see Supplemental Table S2. For corresponding summaries,
when requiring a minimum of three rather than two species to constitute a radiation, see Supplemental Tables S3 and S4.
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Gweeet al. 2020;Rubin et al. 2022). Inaddition to
this dynamic genomic architecture, adaptive ra-
diation (as opposed to nonadaptive radiation)
requires the availability of a high diversity of eco-
logical niches in which individuals may experi-
ence different selective pressures (Lamichhaney
et al. 2015; Lapiedra et al. 2021).

We identified a total of 76 putative insular
radiations, and most of them can be grouped in
the nonadaptive radiation category (see the sec-
tion Avian Radiations on Oceanic Islands). The
fact that many of these radiations are character-
ized by harboring a limited number of closely
related species that are morphologically similar
or undistinguishable supports the niche conser-
vatism hypothesis (Wiens and Graham 2005). If
allopatric species within a single clade and sim-
ilar phenotypes occupy similar habitats, it is rea-
sonable to assume they also share similar trophic
resources. Consequently, it is plausible to con-
clude that thedivergence observedmaybedriven
by neutral evolutionary forces (Kimura 1968;

Ohta 1973; Leroy et al. 2021a) and/or sexual se-
lection (Irestedt et al. 2009; Kearns et al. 2020;
Stelbrink et al. 2022) rather than by natural se-
lection, althoughmutation-order speciation and
hybridization cannot be disregarded (Nosil and
Flaxman 2011). Under this scenario, the emer-
gence of new species in oceanic archipelagos
would occur in a two-step process: first, after ini-
tial island colonization, individuals inhabiting
one or several islands experience differentiation
in allopatry or parapatry; second, after a variable
time span, the new taxa would invade other is-
lands or archipelagos, establishing new popula-
tions and accumulating neutral divergence in al-
lopatry, with a limited role for natural selection.
In the eventuality that divergent populations
meet again, the accumulated molecular differ-
ences between populations have the potential to
cause genetic incompatibilities (see Coyne and
Orr 2004) and hence can constitute either a par-
tial or complete reproductive barrier. At this
stage, the new taxa may colonize nearby islands
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Figure 3. Relationship between global avian species diversity (number of species not in oceanic island radiations)
andnumberof specieswithinoceanic islandradiations (the latterexcludingcaseswith loworunresolvedsupportor
reflecting likely repeated colonizationevents; see SupplementalTable S1).The size of circles represents thenumber
of evolutionary radiations. Pink circles signify avian orders, while turquoise circles represent families within the
species-rich order Passeriformes. Note that the y-axis is drawn on a log2-scale and the x-axis is truncated. Some
prominent clades are labeled. (Illustrations by Juan Varela.)
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harboring species with some degree of ecological
similarity. In such a new setting, species from
similar or different lineages could compete for
resources, and natural divergent selection would
favor ecological adaptations (e.g.,morphological
divergence) to avoid niche overlap (Grant and
Grant 2008; see the section Character Displace-
ment).

Importantly, extant avian distributions may
confound our interpretations of relationships
within island avian clades. Indeed, the occur-
rence of multiple closely related species within
archipelagos is not necessarily the result of adap-
tive or nonadaptive radiation but may represent
either independent waves of colonization (e.g.,
Valente et al. 2020; Melo et al. 2022a; Sangster
et al. 2022; Stervander et al. 2022) and/or differ-
ent levelsof introgression if there is breakdownof
lineage wholeness (Singhal et al. 2021). Distin-
guishing between independent arrivals and radi-
ation resulting from a common ancestor can be
particularly challenging when both extinct and
extant taxa are involved (e.g., Rando et al. 2020).
These examples demand the use of genomic ap-
proaches to unravel the nature of such coloniza-
tions (see the section Evolution of Molecular
Techniques for Studying Diversification in Is-
land Birds).

Evolution of Molecular Techniques for
Studying Diversification in Island Birds

Deciphering the processes operating in island
aviandiversification is key to allowing evolution-
arybiologiststounderstandhowspeciesmultiply
and vanish. Examining evolution at the popula-
tion level offers a way of identifying and quanti-
fying the role of each evolutionary and ecological
pressure from the incipient differentiation phase
until the speciation process is completed (Ryan
et al. 2007; Grant and Grant 2008; Warren et al.
2012; Tobias et al. 2020). The use of Sanger se-
quencing technology since the late 1970s has fa-
cilitated remarkable advances in the reconstruc-
tion of evolutionary histories of island birds
including pathways of colonization, periods of
differentiation, demographic scenarios, founder
effects, genetic drift, selection, allochronic spe-
ciation, immigration, and gene flow (Clegg et

al. 2002; Friesen et al. 2007; Milá et al. 2010;
Melo et al. 2011; Spurgin et al. 2011, 2014a,b;
Illera et al. 2014; Pepke et al. 2019; Morinha
et al. 2020). However, the limited genetic cover-
age of Sanger sequencing has constrained our
comprehension of the specific roles of different
evolutionary forces operating during the specia-
tion process. The development of massively par-
allel sequencing (or next-generation sequencing
[NGS]) technologies in the early 2000s has en-
abled a detailed investigation of much larger
parts of the target species genome, allowing for
considerably increased understanding of the
evolutionary processes. Technologies such as re-
strictionsite-associatedDNAsequencing(RAD-
seq), double digest RAD sequencing (ddRAD-
seq), genotype-by-sequencing (GBS), and target
capture of ultraconserved elements (UCEs) have
produced data on thousands of anonymous re-
gions in many avian genomes. These genomic
data sets have informed us about complex evolu-
tionary histories (Stervander et al. 2015;Oliveros
et al. 2021; Brady et al. 2022; McCullough et al.
2022), introgressive hybridization (Andersen et
al. 2021; Stervander et al. 2022), and dynamics
of population structure and gene flow (Mapel
et al. 2021). In addition, they have been used in
genome-wide association studies (GWAS) to
identify genes under selection (Chaves et al.
2016; Armstrong et al. 2018; Bourgeois et al.
2020; Gabrielli et al. 2020; Martin et al. 2021).
The sequencing of whole avian genomes is fur-
ther revolutionizing our understanding of evolu-
tionary processes (Feng et al. 2020; Bravo et al.
2021) by providing unique opportunities to de-
termine and quantify the role of each ecological
andevolutionarymechanismdrivingpopulation
differentiation and the evolution of reproduc-
tive isolation. Remarkable advances have been
achieved in identifying the genetic basis of the
evolution of adaptive traits such as the color
polymorphisms in island birds (Bourgeois et
al. 2017), including the evolution of melanic
morphs (Campagna et al. 2022); morphological
traits under ecological character displacement in
Darwin’s finches (Lamichhaney et al. 2016); new
species rapidly arising after hybridization events
(Lamichhaney et al. 2018); adaptations to altitu-
dinal gradients (Cumer et al. 2022); propensity
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for sedentarism versusmigratory behavior (Del-
more et al. 2020); and cryptic episodes ofmassive
extinctionswithin songbird radiations (Wu et al.
2022). Future studies on avian radiations should
enrich our understanding of the regulatory ele-
ments controlling gene expression, their func-
tions and modes (cis- or trans-regulatory), and
how interactions between themmaydrive differ-
entiation processes.

HowDoes the Loss ofGenetic Diversity Affect
Island Bird Species?

Following a colonization event, avian species are
likely facedwith the loss of genetic diversity. This
is a consequence of the limited number of foun-
ders arriving on the islands in relation to the
higherpopulationsizesandgeneticdiversityhar-
bored by their mainland ancestors (Clegg 2010).
Themagnitude of the decline in genetic diversity
depends on the size of the founder flock, the
number of consecutive colonization episodes,
genetic drift, potential introgression, mutation
rates, selection, and time of reproductive isola-
tion of each population over evolutionary time-
scales (Estoup and Clegg 2003; Grant and Grant
2008; Spurgin et al. 2014a; Armstrong et al. 2018;
Morinha et al. 2020; Sendell-Price et al. 2021).
Severe bottlenecks and founder effects can result
in a significant reduction in genetic diversity and
high levels of inbreeding among some island spe-
cies (Barrientos et al. 2014; Spurgin et al. 2014a;
van Doren et al. 2017; Stervander et al. 2020;
Sendell-Price et al. 2021; Martin et al. 2023),
leading to reduced survival, fertility, and limited
ability to respond to environmental changes
(Charlesworth and Willis 2009; Agudo et al.
2012). However, it is intriguing thatmany native
and endemic species are able to survive during
thousands, hundredsof thousands, ormillionsof
years on small islands (Richardson et al. 2004;
Clegg 2010). It is possible that the small, bottle-
necked populations have undergone stronger
purging of harmful mutations than their main-
landcounterparts (Dussexetal. 2021).After such
episodes, subsequent rapid demographic expan-
sions may then guarantee species persistence in
islandecosystemsover time(Spurginet al. 2014b;
van Doren et al. 2017; Martin et al. 2021). The

breakdown of reproductive isolation between re-
lated lineageshasbeen identified tobearecurrent
mechanism occurring in Darwin’s finches (En-
body et al. 2023), and the genetic variation ob-
tained during introgression events could explain
their success on the Galápagos Islands.

Other than introgression, multiple genetic
mechanisms could also explain the persistence of
island birds. Innate and adaptive immune systems
are key toprotecting avian species against parasites
and diseases. Recent results have provided insights
onhowbirds can increasegeneticdiversity, includ-
ing gene conversion. This micro-recombination
process, combined with natural selection, has
been identified as themain driverof genetic regen-
eration in the major histocompatibility complex
(MHC) haplotypes of bottlenecked island popula-
tions (Spurgin et al. 2011). Gene duplications and
cosegregation of linked genes within theMHC are
alsoknowntomaintaingeneticvariationandmax-
imize antigen recognition in island populations.
These processes counteract the loss of genetic di-
versity experienced in other genomic regions and
provide a mechanism for inbred island birds to
cope with current and future parasites (Agudo
etal. 2011;Stervanderetal. 2020).Finally, thehigh-
er prevalence of weakly deleterious mutations
found in island birds compared to their mainland
counterparts is interpreted in terms of the limited
scope fornatural selection to erase thesemutations
inpopulationswith lowereffectivepopulationsizes
(Kutschera et al. 2020; Leroy et al. 2021a).

What Genomic and Ecological Data
Are Needed to Understand Avian
Island Radiations?

The increasingly common use of genomic tech-
nologies, particularly whole-genome techniques,
has revolutionizedourunderstandingof thegeno-
mic regions and genes involved inpopulation and
species divergence (see the section Evolution of
Molecular Techniques for Studying Diversifica-
tion in Island Birds). Yet, we still need to increase
our understanding about genomic regions and
specific genes associated with the ecological traits
that are under selection, with the objective of es-
tablishing the much-sought link between the en-
vironment and the genotype via the phenotype.

J.C. Illera et al.
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Some genes may encode proteins and RNAs in-
volved in the expression of a phenotype, and oth-
ers may be regulatory, driving the expression of
other genes. For the latter, technologies such as
ChIP-Seq will help to identify the binding sites
forspecificproteins.Thesefindingswill illuminate
how the transcription factor motifs work in the
differentiation of populations and species (Del-
more et al. 2020). However, it will be crucial to
combine the genomic informationwithecological
data. Here, Darwin’s finches can again provide an
exampleofaperfectmatchbetweenecologicaland
genomic data to unravel the evolutionary conse-
quences of environmental changes. After an ex-
treme drought caused by the “El Niño” climatic
pattern in the Galápagos during 2004–2005, the
seed size distribution changed and fueled compe-
tition between finches. Grant and Grant (2006)
documentedhow thebeak sizesofmedianground
finches (Geospiza fortis) living on DaphneMayor
diverged toward smaller beaks due to the compe-
titionwith large ground finches (Geospizamagni-
rostris). This result is fascinating because it shows
how natural selection works in real time, favoring
the individuals best adapted to exploit available
trophic resources while avoiding competition
with ecologically related species (i.e., ecological
character displacement; see the section Character
Displacement). However, we have only recently
learned about the genes involved in this process.
Lamichhaney et al. (2016) sequenced the genome
of individuals that survived and died after the El
Niño episode. Their results showed that despite
several genes being associated with beak size, a
locus named HMGA2 was most strongly associ-
ated with beak size variation. After genotyping a
key single-nucleotide polymorphism (SNP) at the
HMGA2 locus in 71 birds (37 surviving and 34
deceased individuals), their results showed that
most of the surviving individuals, those with
smaller beaks, were homozygous for the “small
beak allele,”while the “large beak allele” homozy-
gotesdied.Importantly, thisstudyechoesprevious
ecologicalfindingssupportingthatvariationinthe
beakmorphology of Darwin’s finches is themain
trait driving the adaptive radiation within this
group (Grant and Grant 2008). Overall, this case
exemplifies the need for long-term ecological
studies incombinationwithgenomic information

gathered via massively parallel sequencing tech-
nologies to determine the role of different evolu-
tionary forces underlying each avian radiation.

What Are Extinct Species Telling Us about
Avian Radiations on Islands?

Avian species have colonized themajorityof archi-
pelagos worldwide, including the most remote is-
lands, giving rise to the most diverse group of tet-
rapods inhabiting these ecosystems. According to
the fossil, archaeological, and molecular records,
we know that during the Holocene no vertebrate
grouphas sufferedmoreextinctionsthanbirdsdue
to human arrival and subsequent actions (Hume
andWalters 2012;Valente et al. 2019;Ceballos and
Ehrlich 2023). Determining the number and the
ecological role of extinct species can provide infor-
mation on the magnitude of the diversity that has
vanished(Illeraetal.2012,2016;Cookeetal.2023),
the specific adaptations that have developed on
islands, such as dwarfism, gigantism, and flight-
lessness (Covas 2016; Baeckens and Van Damme
2020;Sayoletal.2020;Benítez-Lópezetal.2021),as
well as the ecological interactions that may have
been disrupted as a result of species loss (Rogers
et al. 2017). Ultimately, this information can in-
form us on how island birds may respond to up-
coming threats suchas global climatic change (Ak-
resh et al. 2021; Olsen and Cunningham 2022).

Some of these episodes of extinction on is-
lands have been recorded in detail. For instance,
since aboriginal settlement the Pacific islands
alone have seen the extinction of at least 983
(95% CI: 731–1332) nonpasserine land birds
(Duncan et al. 2013), including at least 442 rail
species (Steadman 2006). In addition, multiple
extinctioneventsof seabird andpasserine groups
have been documented in the Pacific.Most of the
Holocene species extinctions documented in
oceanic archipelagos worldwide appear not to
be by happenstance, and in most cases involved
somedirect or indirecthumanparticipation (van
Riper et al. 1986; Hume 2011, 2014; Illera et al.
2012; Louchart et al. 2018). A recent estimation
of lost species richness suggests that recently ex-
tinct insularbirdsmakeup10%–20%of theglob-
al original avian diversity known (Fromm and
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Meiri 2021).This is remarkablegiven that islands
represent<7%of the emerged landareaonEarth.

Themagnitude of avian extinctions has been
so dramatic in some archipelagos that they en-
tirely mask evolutionary radiations of endemic
taxa (Table 1). Such is the case of the four extinct
species of stilt owls belonging to the genus
Grallistrix, endemic to theHawaiian archipelago
(Olson and James 1991), or the Macaronesian
quails (Coturnix spp.), where a minimum of
four extinct endemic species have been recog-
nized (Rando et al. 2020). The extinction of these
radiations is concordant with the human arrival
to each archipelago. Extinction of some insular
clades is sometimes incomplete but still dra-
matic. For instance, the diversity of theHawaiian
honeycreepers is now severely pauperized due to
themanyspecies extinctionsthat tookplace since
human arrival. Thirty out of 50 recognized Ha-
waiian honeycreeper species are classified as ex-
tinct (26 during the aboriginal period, Boyer
2008), and 18 of the remaining extant species
are classified as Critically Endangered, Endan-
gered, or Vulnerable by the IUCN Red List
(James and Olson 1991; Pratt 2005; Boyer 2008;
Ricklefs 2017).One of the direct consequences of
these extinctions is the loss of ecological func-
tions, such as seed dispersal and pollination,
with subsequent cascading effects. Avian extinc-
tions have led to the loss of up to 80% of original
ecological functional diversity on some Pacific
Islands (Boyer and Jetz 2014). In Hawaii, for in-
stance, the extinction of avian pollinators has
likely triggered the extinction of more than 30
plant species (Cox and Elmqvist 2000). Thus,
identifying avian extinctions is also key tounder-
standing the loss of functional diversity, which
constitutes a baseline for recovering depauperate
ecosystems through the restoration of disrupted
ecological interactions (Svenning et al. 2016;
Barnosky et al. 2017; Wood et al. 2017).

The lack of knowledge about insular extinct
birdsmayalso limitourunderstandingof thecon-
vergent evolution of traits (referred to as the “is-
landsyndrome”), suchasflightlessness.Thenum-
ber of insular extinct flightless bird species is four
times higher than the number of extant flightless
species,due to theintrinsicvulnerability tohuman
activities that this trait confers. Recent insights

provided by paleontological studies suggest that
flightlessness is a widespread phenomenon that
has evolved independently at least 150 times in
more than half of the avian orders (Sayol et al.
2020).The studyof extinct species canalso inform
aboutpast species interactions andhelp usuncov-
er themechanisms promoting island avian differ-
entiation. The beak morphology (shape and size)
of sympatric extant chaffinches and extinct green-
finches in Macaronesian forests suggests ancient
lost interactions among these species, providing
evidence for a process of ecological character dis-
placement driving diversification within this
groupofbirds (see the sectionCharacterDisplace-
ment). The effects of such past biotic interactions
are still present in the beak morphology of extant
finches, thus highlighting that a correct inference
of phenotypic evolution in this group was depen-
denton includingrecentlyextinctrelatives (Rando
et al. 2010; Illera et al. 2018).

Future analyses of extinct birds would greatly
benefit from an integrative approach. In addition
to classical morphological, chronological, and
palaeoecological perspectives (e.g., Cooper et al.
1996; Tokita et al. 2017; Oswald et al. 2021), they
should include genomic, epigenomic, and/or pro-
teomic analyses of fossil and subfossil remains.
Such approaches may in the future allow (1) re-
constructing phylogenetic relationships and ori-
ginsof extinct lineages, (2)distinguishingbetween
true island-restricted radiations and independent
waves of colonization, (3) estimating times of col-
onization and informing us of diversification pro-
cesses, (4) determining the genetic diversity lost
over time, and (5) uncovering genomic regions
involved in the evolution of conspicuous and hid-
den“islandsyndrome” traits, suchasflightlessness
and sedentarism, which could explain the effects
of lowering or erasing gene flow among nearby
populations favoring avian radiations (Burga
et al. 2017; Horn et al. 2019).

HOW ECOLOGICAL AND EVOLUTIONARY
THEORY HAS PROVIDED A FRAMEWORK
FOR UNDERSTANDING ADAPTIVE AND
NONADAPTIVE RADIATIONS

In this section, we review key recent theoretical
advances that have shaped theway we view insu-

J.C. Illera et al.

12 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a041451

Spring Harbor Laboratory Press 
 at Cold Spring Harbor Laboratory Library on April 15, 2024 - Published by Coldhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


lar radiations and how new theory is being ap-
plied toempiricaldataacrossabroadspectrumof
bird taxa and insular systems.Research in the last
decades allows us to get closer to addressing
questions such as why some islands and archi-
pelagos host more avian radiations than others
and whether we can predict global patterns of in
situ radiation on islands.

Theory of Island Biogeography

The isolation andwell-defined borders of islands
provide the setting for evolutionary radiation to
occur in a discrete environment, away from the
mainland.But this is just oneof theways inwhich
geographical context is crucial forunderstanding
the process of evolutionary radiation (Borre-
gaard et al. 2017). Area, geographical distance
from the continent or other landmasses, island
and archipelago age, island configuration within
an archipelago, elevation, topographical hetero-
geneity, geological dynamics, and sea-level fluc-
tuations can all play a role in driving, triggering,
or modulating radiations (Gillespie and Rode-
rick 2014; Fernández-Palacios et al. 2016; Ávila
et al. 2019; Barajas-Barbosa et al. 2020; Neves
et al. 2022). Modern island biogeography theory
increasingly incorporates all these factors, but
this has been a decades-long process (Whittaker
et al. 2017).

The original theory of island biogeography
(MacArthur andWilson 1963, 1967) focused on
island area and isolation in a static context and
only briefly touched upon the subject of in situ
speciation and adaptive radiation. However,
MacArthur and Wilson (1963, 1967) were vi-
sionary in proposing the existence of a “radiation
zone,” that is, islands that are sufficiently isolated
and large to be able to host species radiations.
Several decades later, their idea was proved to
becorrect followingstudiesusingmolecularphy-
logenies (Rosindell andPhillimore2011;Valente
et al. 2020), which confirmed that cladogenetic
speciation in birds is more common on large,
isolated islands, such as the Galápagos and Ha-
waii. A temporal aspect was also added to the
theoryof islandbiogeography following thepub-
lication of the general dynamic model of island
biogeography (Whittakeret al. 2008),whichpro-

posed that radiation should bemore commonon
islands at the middle of their geological life span
because it is at this stage that volcanic islands are
larger and host a higher diversity of habitats and
niches, and thus have a higher carrying capacity
facilitating evolution of new species via in situ
speciation. However, evolutionary radiations
maypersist for longperiods afteran islandbegins
to losekeyvegetationtypesandnichesviaerosion
and subsidence. On very old islands, the “relicts”
of past diversificationmay survive in the form of
just a few species or even just a single endemic
species (e.g., Stuessy et al. 2022), which can often
be incorrectly interpreted as anagenetic species,
eventhoughtheyaroseviacladogenesis (Fig.4) in
a past geological period in which the island or
archipelagowas larger and hosted higher habitat
diversity.Other recent extensionsof the theoryof
island biogeography have recognized the role of
paleogeographic changes and sea level fluctua-
tions in determining the number of islands and
the levels of connectivity between islands within
anarchipelago,providingadynamicever-chang-
ing geographical setting for allopatric speciation
(Fernández-Palacios et al. 2016; Weigelt et al.
2016; Aguilée et al. 2021).

Figure4.TheNesospizafinches ofTristandaCunha in
the South Atlantic Ocean are an example of cladogen-
esis (i.e., of an ancestral species giving rise to two or
more descendant species). This photo features the
large- and small-billed finches that occur sympatri-
callyon Inaccessible Island, currently classified as sub-
species (N. acunhae dunnei, left;N. a. acunhae, right).
The cladogenetic speciation has, in this evolutionary
radiation, also resulted in a large-billed (N. wilkinsi)
and a small-billed (N. questi) species on the neighbor-
ing Nightingale Island (Ryan et al. 2007). The Neso-
spiza finches also constitute one of the few cases of
adaptive radiation in birds (Supplemental Table S1).
(Photo: M. Melo.)
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A key proposal of MacArthur and Wilson’s
theory of island biogeography is that islands
should tend toward a dynamic equilibrium in
which the number of species remains constant
even though the identity of the species can vary
(turnover) (MacArthur and Wilson 1963, 1967).
Therefore, whether avian radiations on islands
tend toward a diversity equilibrium has been a
subject of particular interest. For example, phylo-
genetic studies of the adaptive radiation of Mala-
gasyvangas (Jønssonetal. 2012;Reddyetal. 2012)
identified a pattern of an initial burst of speciation
followedbyslowdownsindiversificationrate, con-
sistent with the idea of an equilibrium diversity
being reached. Indeed, phylogenetic analyses are
providing new insights into the role of ecological
limits and diversity dependence in regulating avi-
an radiations on islandsandare allowing the iden-
tification of exceptional evolutionary radiations
such as Darwin’s finches (Valente et al. 2015). Fi-
nally, the combination of dynamic stochastic
modelswith the increasingavailabilityofphyloge-
netic data are allowing tests of the equilibrium
diversity dynamics over evolutionary timescales
(Valente et al. 2017) including both radiating
and nonradiating bird lineages.

Nearly Neutral Theory

The neutral theory of molecular evolution has
changed the paradigm of our understanding of
molecular evolution by highlighting an impor-
tant role of the fixation of neutral mutations in
explaining genetic differentiation among spe-
cies. While the neutral theory was originally
viewed in opposition to the theory of natural se-
lection, we now know that both are compatible
when explaining the origin of genetic polymor-
phisms within and among species. In addition,
the neutral theory predicted that randomgenetic
drift should lead genes to evolve uniformly, that
is, at constant rates (Kimura1968,1983).Because
much of the genetic variation observed in island
birds cannot be associated with the exploitation
of new ecological niches (i.e., ecological specia-
tion) or be the result of ecological interaction
among species (i.e., competition and predation),
neutral processes shaping genetic divergence are
likely to be important, although parallel natural

selection (i.e., mutation-order speciation) and
sexual selection could lead to similar outcomes.
The potential role of parallel natural selection
and sexual selection in promoting genetic differ-
entiation is very promising, but we are far from
fullyunderstandingbothprocesses,whichcanbe
difficult to identify and tell apart from neutral
processes. Sexual selection could be the mecha-
nism fixing the advantageous mutations arising
from parallel natural selection through changes
in mate preference or sexual conflict (Schluter
2009; Mendelson and Safran 2021). However,
evidence supporting these processes remains
scarce. The nearly neutral theory enriched the
neutral theory by designating a significant role
for slightly deleterious and scarcely advanta-
geous mutations (Ohta 1973, 2013). This theory
is particularly relevant for island organisms be-
cause their effective population sizes are much
lowercompared to thoseof theirmainland coun-
terparts. It could explain the presence of rare al-
leles and higher evolutionary rates in island taxa
and, eventually, their persistence over time. In a
recent study, Leroy and colleagues (2021a) ana-
lyzed the whole genomes of 14 island and 11
mainland passerine taxa, and demonstrated
that slightly deleterious mutations found in is-
land birds are not systematically removedby nat-
ural selection. Interestingly, most of these muta-
tions are located in genomic chunks that rarely
recombine, supporting the importance of re-
combination forpurgingharmfulmutations (Le-
roy et al. 2021a). Overall, these findings unam-
biguously support the nearly neutral theory and
suggest a pathway to understanding the persis-
tence of island birds over time in the face of new
environmental challenges (Burri 2021).

Bird–Parasite Interactions Shaping
Genomic Variation

Parasites playacentral role in ecological commu-
nities, regulatingspecies interactions, population
sizes, and shaping genomic variation in their
hosts (McCallum and Dobson 1995; Spurgin
and Richardson 2010; O’Hanlon et al. 2018).
One possible outcome of a host–parasite rela-
tionship is the extinction of the host species,
which can have direct implications for biological
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processes and the functioning of ecosystems,
particularly on islands. Island bird species are
prone to experience higher disease susceptibility
than their mainland counterparts due to their
higher inbreeding levels, lower effective popula-
tion sizes, and reduction of immune function
becauseofa lowerpathogenpressure (Whiteman
et al. 2006; Lobato et al. 2017; Barthe et al. 2022).
In fact, the Hawaiian honeycreepers are, again,
sadly symbolic of the devastating effects of emer-
gent diseases on island birds. At least nine of
these endemic species experienced rapid extinc-
tion episodes following the introduction of avian
malaria parasites along with their vector species,
the southernhousemosquito (Culexquinquefas-
ciatus; van Riper et al. 1986).

Ricklefs and Bermingham (1999, 2002),
looking at the Lesser Antillean avifauna, specu-
lated that taxon cycles on islands, that is, sequen-
tial episodesof expansionandcontractionof spe-
cies ranges, might be a result of coevolutionary
dynamics between hosts and their parasites. Un-
der this scenario, specificallelesofgenes involved
in the immune system of island birds could be
selected to resist pathogen virulence. If so, bird–
parasite interactions could be shaping genomic
variation, which could spread by geographical
expansion phases determined by taxon cycles
(Ricklefs andBermingham1999, 2002). Patterns
of host and parasite richness and endemism in
the bird communities of the Gulf of Guinea is-
lands has provided further empirical support for
thishypothesis (Loiseauatal. 2017).Geneticdrift
and demographic dynamics play an important
role in the evolution of immune functions in is-
landbirds (Agudo et al. 2011;Grueberet al. 2013;
Gonzalez-Quevedo et al. 2015). However, the
role of pathogens in shaping genomic variation
and promoting population differentiation over
time remains disputed. While some studies
have shown a limited effect of parasite pressure
driving variation of immune genes (Barthe et al.
2022), others have found evidence for significant
associations between the presence and preva-
lence of pathogens and the levels of genetic var-
iationof genes involved in the immune responses
(Gonzalez-Quevedo et al. 2016; Armstrong et al.
2018, 2019; Sheppard et al. 2022). Nevertheless,
most information available so far points to a sce-

nario in which novel parasites are more likely to
lead to a decreased species richness by killing
their hosts (van Riper et al. 1986) than to stim-
ulate evolutionary radiation by increasing geno-
mic differentiation and reproductive isolation
among host populations over time.

Species Interactions and Speciation
in Island Birds

Ecological Release

Oceanic island communities have fewer species
than their mainland counterparts (MacArthur
and Wilson 1967). Thus, species on islands are
exposed to lower levels of antagonistic and mu-
tualistic interactions than on themainland. This,
in turn, allows island taxa to occur at higher den-
sities—resulting in increased levels of intraspe-
cific competition (MacArthur et al. 1972). This
interplay between low levels of interspecific in-
teractions and high intraspecific competition is
one of the key drivers of the evolution of island
species. It is at the base of most hypotheses put
forward to explain the convergent evolution of
many of the traits referred to together under the
“island syndrome” umbrella (Blondel 2000; Co-
vas 2012, 2016; Baeckens andVanDamme 2020;
Melo et al. 2022b).The “island syndrome” affects
all island organisms, independently of whether
they arose from independent colonizations from
the mainland or from island radiations. Addi-
tionally, the species-poor island environment
has other direct implications for radiations:

1. In nonadaptive radiations, dependent on
multiple instances of isolation, interspecific
interactions condition the size of the radia-
tion. This is because in nonadaptive radiation
communities are assembled via ecological as-
sortment (Case and Sidell 1983; Dayan and
Simberloff 2005)—where the success of a new
colonizer is dependent on encountering its
ecological niche free from competitors.

2. Reduced levels of interspecific interactions,
and of interspecific competition in particular,
mean that there is available ecological space
on islands, the first condition for adaptive ra-
diations to take place (Schluter 2000; Myers
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and Burbrink 2012; Stroud and Losos 2016).
In adaptive radiations, reduced levels of
species interactions in species-poor oceanic
islands facilitate the rapid expansion of a
newly arrived colonizer. Such fast population
growth, together with the appearance and ac-
cumulation of new mutations and/or gene
flow fromsubsequent colonizations orclosely
related species, provides a rapid escape from
the colonization bottleneck, leading to the
build-up of genetic variation on which selec-
tioncanact (Herrmannet al. 2021).Theavail-
abilityof standinggenetic variationcombined
with the reduction of the constraints imposed
by species interactions allow for the new ar-
rival to expand and/or shift its niche (Herr-
mann et al. 2021). This eco-evolutionary re-
sponsewas described first inDarwin’sfinches
(Lack 1944) and named “ecological release”
byWilson (1961). It has been extensively de-
scribed in oceanic island birds, regarding not
only the dietary niche (Van Valen 1965; Dia-
mond1970;Cox andRicklefs 1977;Clegg and
Owens 2002) but also the acoustic niche (Ro-
bert et al. 2021). The expansion of the niche
breadth together with niche shifts creates the
conditions for one species to branch into dif-
ferent species occupying different niches
(Schluter 2000; Gillespie 2009; Grant 2014).

Character Displacement

Although low interspecific competition is essen-
tial for the initiation of adaptive radiation, later
events of interspecific competition play a crucial
role inmoving the radiation forward and, in par-
ticular, in driving the evolution of phenotypic
differentiationand, often, reproductive isolation.
This occurs when populations that started to di-
verge in neighboring islands meet on the same
island(Grant2001;GrantandGrant2008,2009).
When closely related taxa occur in sympatry,
their coexistence is only possible if neither out-
competes the other. If we exclude cases of non-
adaptive spatial or temporal segregation, this can
only be achieved if the two taxa are able to evolve
adaptations to exploit different niches in the
same place and time (Lack 1971; Diamond
1973). This is the case in 26% out of the 66 doc-

umentedavianevolutionary radiations (Table1).
That ecological differentiation is necessary for
coexistence has long been well established by ev-
idence that congeneric species occurring in the
same habitat aremore distinct in relation to each
other than they are in relation to congeners in
different habitats (Mayr 1942; Lack 1947; Grant
1966, 1968; Williamson 1981). Upon secondary
contact, competition can drive the evolution of
phenotypic divergence between species so that
each specializes on different resources, escaping
the competition zone, in what is designated
“character displacement” (Brown and Wilson
1956). Character displacement is one of the cen-
tral tenets of the ecological theory of adaptive
radiation (Schluter and McPhail 1993; Schluter
2000) but can be difficult to demonstrate directly
(Grant 1972; Pfennig and Pfennig 2010; Stuart
and Losos 2013). In fact, Darwin considered this
process, which he called the “principle of diver-
gence of characters” (Darwin 1859), as the main
path tospeciationandasadiscoveryas important
as theprincipleofnatural selection (CharlesDar-
win in Barlow 1958).

In island birds, besides the compelling indi-
rect evidence provided by the comparison of
sympatric andallopatric species pairsmentioned
earlier, there are studies strongly supporting
competition in sympatryas a driverof phenotyp-
ic evolution (Moulton 1985; Schluter et al. 1985,
1988; Diamond et al. 1989; Grant and Grant
2006; Rando et al. 2010; Melo et al. 2011). Theo-
retical work suggested that when two closely re-
lated taxa meet, it is the newcomer that changes
the most (Doebeli and Dieckmann 2000). This
asymmetrical character displacement has been
confirmed in the evolutionary radiations of Dar-
win’s finches (Petren et al. 2005) and the Gulf of
Guinea white-eyes (Melo et al. 2011, 2022a).

CONCLUSIONS

Deciphering Island Radiations: Contingency
and Determinism in Evolution

Avian island radiations have played a central role
inourunderstandingof evolution, andparticular-
ly speciation (e.g., Darwin 1859; Wallace 1880).
With their overall less complex abiotic and biotic
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environment, in comparison to continental eco-
systems, oceanic islands may be rather different
fromeachother, yetdisplaymanysimilarqualities
when compared to themainland.AlreadyDarwin
and Wallace noted that these similar conditions
seemed to lead to similar island-style phenotypes
among animals and plants. This cuts acrossmany
morphological, ecological, and life-history traits,
and has later become known as the “island syn-
drome” (Carlquist 1965).

Many taxa exhibiting classic island syn-
drome traits have not radiated (e.g., the dodo of
Mauritiusor thekakapoofNewZealand).There-
fore, the island syndrome is not necessarily
linked with evolutionary radiation per se. How-
ever, some island syndrome traits may fuel pop-
ulation differentiation and subsequent specia-
tion over time, particularly those related with a
reduction in dispersal, of which flightlessness is
an extreme case. For instance, Wright et al.
(2016) investigating ca. 900 volant land bird spe-
cies found that island bird populations have a
tendency to evolve flightless forms. A direct con-
sequence of this result would be the reduction or
elimination of gene flow among nearby popula-
tions, which would drive genetic differentiation
and, ultimately, could favor evolutionary radia-
tions (Delmore et al. 2020; Estandía et al. 2023a).
Flight is energetically very costly (Schmidt-Niel-
sen 1972); hence, when the selection for flight is
relaxed due to the lack of predators in a low-
diversity insular fauna, energy allocation is shift-
ed from fore- to hindlimbs and flight ability is
often not sustained. Interestingly, the evolution
of flight loss can be evolutionarily rapid (Slikas
et al. 2002) and could be linked with other mor-
phological changes such as the increase of brain
size (Isler and Schaik 2006). Sayol and colleagues
(2020) have shown that flightlessness has been
far more common historically, especially in is-
land ecosystems, but this trait makes birds ex-
tremely vulnerable to extinction once humans
or other predators colonize the islands they in-
habit (Wright et al. 2016; Sayol et al. 2020).

Evolution is often regarded as a predomi-
nantly stochastic process with unpredictable
outcomes, contingent on the random nature of
DNA mutations and environmental perturba-
tions. Gould (1989) argued that the strong histor-

ical contingency means that if the tape of life was
replayed from the same starting point, we would
not see our world re-evolve as we know it but
instead arrive at different outcomes every time.
On the other hand, the “island syndrome” shows
howphenotypesfrequentlyevolveconvergentlyas
though following an island recipe, which begs the
question whether evolution really is random or
whether a set of similar ecological circumstances
will deterministically generate very similar out-
comes through natural selection (Grant 1998;
Grant and Grant 2002; Losos and Ricklefs 2009).
Yet,wehaveshownthatmostavianradiationsmay
be identifiedasnonadaptive (Fig. 2; Supplemental
Table S1), that is, geneticdrift could shapemost of
the genetic differentiation observed, without re-
jecting that other selective forces such as muta-
tion-order speciation, sexual selection, and hy-
bridization could be involved as well (Enbody
et al. 2023; Estandía et al. 2023b; Recuerda et al.
2023). Thus, the question of whether historical
contingency or determinism are creating insular
avian diversity and, ultimately, promoting evolu-
tionary radiations, remains.

High-throughputsequencingnowallowsusto
address whether, and to what degree, convergent
phenotypesatdifferentdegreesofsimilarityevolve
along the same genomic pathways (Sackton and
Clark 2019), with varying results from insular avi-
an systems (Lamichhaney et al. 2015; Campagna
et al. 2022; Estandía et al. 2023b) as well as other
animals (Foote et al. 2015;Huet al. 2017;Kratoch-
wil et al. 2018; Sackton et al. 2019; Winchell et al.
2023). This will also allow us to better understand
complex differentiation and speciation scenarios,
where in situ evolutionary radiationcanbehard to
distinguish from intricate scenarios of repeated
island colonization (Warren et al. 2003; Sangster
et al. 2022; Stervander et al. 2022) or where intro-
gressive hybridization can lead to the incorrect
inference of evolutionary history (Andersen et al.
2021; Stervander et al. 2022).

What Kind of Abiotic and Biotic Information
from Extant and Extinct Taxa DoWeNeed
for Moving Forward?

Climatic and environmental changes together
with human impact have shaped island biodiver-
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sityovertime(Paxtonetal. 2016;Woodetal. 2017;
Steadman and Franklin 2020). Anthropogenic
impacts such as hunting, habitat destruction,
and the introduction of invasive species (mostly
predators andparasites) have inducedmassive ex-
tinctions of islandorganisms, includingbirds (see
the section What Are Extinct Species Telling Us
about Avian Radiations on Islands?). Besides the
need to increase our efforts in documentingmore
extinction episodes, we need to add new abiotic
andbiotic informationsuchasonhowislandbirds
exploit their trophicnichesandonthenetworksof
ecological interactions with other species, includ-
ing other vertebrates, plants, andmicroorganisms
(e.g., Fleischer et al. 2020; González-Castro et al.
2022). In the case of extinct taxa, we should use
morphological data in combination with isotopic
analyses to understand the degree of trophic spe-
cialization among recently extinct and extant spe-
cies. In addition, the increasing availability of
palaeoecological data should provide a compre-
hensive ecological framework regarding when
and where extinct and extant species coexisted,
helping to uncover the effects of ancient human
settlement (Wilmshurst et al. 2011; Nogué et al.
2021).Ancient,historical,andrecentDNAshould
providekey informationon the genomic architec-
ture of traits underlying the “island syndrome” in
birds, such as flightlessness, melanism, and the
island rule (Wright et al. 2016; Sayol et al. 2020;
Benítez-López et al. 2021; Campagna et al. 2022;
Melo et al. 2022b). Information about the ecology
and genomics of extant species should shed light
on (1) the trophic differences among ecologically
similar species (Reaney et al. 2020) or within tro-
phic ecological networks, for instance, using fine-
grained diet approaches such as metabarcoding
(e.g., Lopes et al. 2019); (2) the role of competition
mechanisms shaping the ecological niche special-
ization (see the section Species Interactions and
Speciation in Island Birds); (3) hybridization; (4)
the genomic architecture ofmorphological varia-
tion; and (5) microbiome composition (Lamich-
haney et al. 2018; Michel et al. 2018; Campagna
and Toews 2022). Overall, to establish the links
between the environment, the phenotype, and
the genotype, we need to integrate archaeological
and palaeoecological data with long-term field
studies including trophic ecology, vocalization,

other behaviors, ecological interactions, and en-
vironmental variations (e.g., Grant and Grant
2008). This, combinedwith genomic approaches,
appears as the optimal strategy to go further not
only in our comprehension of island avian radia-
tions but of the speciation process itself and, im-
portantly, to predict the response of extant taxa to
environmental changes (Grant and Grant 2017).

Looking for Global Answers of How andWhy
Species Multiply

Since Charles Darwin andAlfred RusselWallace
introduced natural selection as the mechanism
governinghowspecies changeover time(Darwin
andWallace 1858),wehave greatly improvedour
understanding of the ecological and molecular
processes involved. Despite substantial ad-
vances, we are still far from completely uncover-
ing the ultimate mechanisms of every avian is-
land radiation, even for the most well-known
cases. Reproductive isolation after in situ diver-
gence seems to be themechanism explaining dif-
ferentiation over time in most of avian island
radiations (Supplemental Table S1). Neutral or
nearly neutral processes have been identified as
the dominant processes operating on island taxa
(Leroy et al. 2021a). Nevertheless, the important
role of selection (natural and sexual) cannot be
neglected in island ecosystems (Grant andGrant
2008). In fact, selection is detectable even in bot-
tlenecked or inbred populations (Spurgin et al.
2011; Uy et al. 2016; Armstrong et al. 2018;
Barthe et al. 2022).

Most evolutionary radiations documented to
datedisplayconspicuousvariation inphenotypic
traits such as feather coloration andmorpholog-
ical variation. However, long-term reproductive
isolationmayproduce similar phenotypes due to
niche conservatism (see the section Importance
of Nonadaptive Radiations in Oceanic Island
Ecosystems),whichcanhamperourunderstand-
ing of the number and magnitude of avian radi-
ations (McCullough et al. 2022; Wu et al. 2022).
This limitation can be reduced by increasing our
knowledge of the genetic structure of extant and
extinct taxa. Ecological, paleontological, and ar-
chaeological expeditions, and the subsequent
analyses of tissues collected through phenomic,
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genomic, or proteomic approaches (see the sec-
tions What Genomic and Ecological Data Are
Needed toUnderstand Avian Island Radiations?
and What Kind of Abiotic and Biotic Informa-
tion from Extant and Extinct Taxa DoWe Need
for Moving Forward?) will provide insights into
the genetic structure of the contemporary and
vanished avifauna. Alternatively, we can employ
“museomics,” that is, the use of historical DNA
frommuseum specimens. Natural historymuse-
umsstoremillionsofavianspecimensaroundthe
world, whichwere collected overmany temporal
and spatial windows. These individuals not only
inform us about past distributions, but they may
be used in genomic studies thanks to the routine
use of high-throughput sequencing (Card et al.
2021; Raxworthy and Smith 2021; Irestedt et al.
2022; Lalueza-Fox 2022), which is likely to un-
cover cryptic avian radiations (Ernst et al. 2022;
Wu et al. 2022).

Whatdoweneed toknowtobeable tounravel
the drivers of island avian radiations? Some line-
ages have produced a significant number of spe-
cies, while others show limited diversification, al-
though at the taxonomic level of orders the
distribution of radiations largely mirrors the spe-

cies diversity across avian orders (Table 1). This
pattern isevidentalsoat the family levelwithinthe
most specioseorderPasseriformes(Supplemental
Table S2), with the large suborder Tyranni (“sub-
oscines”, comprising 1385 species) giving rise to
only two small evolutionary radiations being an
exception. In one of the “great speciators,” the
white-eyes, Vinciguerra et al. (2023) demonstrat-
ed that island white-eyes have similar extinction
rates as theirmainland counterparts but a signifi-
cantly elevated speciation rate. Nevertheless, the
ultimate determinants of diversification are poor-
ly understood. Brain size has been pointed out to
be an important factor explaining speciation rates
in birds (Sayol et al. 2019), and island birds show
relatively larger brains than their continental
counterparts (Sayol et al. 2018). However, brain
size seems to evolve in situ as an island adaptation
(Sayol et al. 2018), and this finding would limit a
direct association with the number of species in-
volved in island radiations.High-standinggenetic
variation and hybridization could promote some
evolutionary radiations (see the section Impor-
tance of Nonadaptive Radiations in Oceanic Is-
land Ecosystems). We also need to better under-
stand how genomic organization in island birds,

BOX 1. OPEN QUESTIONS FOR FUTURE RESEARCH

Speciation is a continuous and complex process likely involving more than one evolutionary force
operating at the same time. Unraveling the role and strength of the specific mechanisms driving each
avian evolutionary radiation is a formidable challenge.However, this information is important to get a
full understanding of how and why species multiply and vanish.

Detailed genomic information regarding how standing genetic variation, natural and sexual
selection, genetic drift, and hybridization promote and shape evolutionary radiations is needed. In
addition, an important step will be to understand how genomic organization—including large-scale
inversions, neosex chromosomes, gene conversion, and transposable elements—may explain adap-
tation to island ecosystems and enhance reproductive isolation and differentiation over time.

Further advances about the identity of genes under selection, in combination with information
about how they are activated, deactivated, and regulated will be decisive to understand the mech-
anisms operating in the genetic differentiation at the population and species levels.

New advances in the reconstruction of phylogenetic relationships of extant and extinct species,
obtained from massively parallel sequencing, will provide the best way to distinguish true island-
restricted radiations from independent waves of colonization, and to assess the genetic diversity lost
over time.

Multidisciplinary approaches are likely the best way to explain island radiations worldwide.
Comprehensive global analyses of genera with multiple species occurring in island ecosystems,
where we can simultaneously incorporate genomic, morphological, behavioral, and environmental
data, are a promising pathway to decipher the ultimate causes explaining avian radiations.
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including large-scale inversions (Sanchez-Do-
noso et al. 2022), neosex chromosomes (Dierickx
et al. 2020; Leroy et al. 2021b), and transposable
elements (Kapusta and Suh 2017), may explain
adaptation to island ecosystems and enhance re-
productive isolationanddifferentiationover time.
Undoubtedly, multidisciplinary approaches are
needed to explain island radiations worldwide.
Comprehensive global analyses of genera with
multiple species occurring in island ecosystems,
where we can incorporate genomic, morphologi-
cal, behavioral, andenvironmental data (e.g.,Gar-
cia-Porta et al. 2022), are a promising pathway
to answer the question of how and why species
multiply (for additional information see Box 1;
Supplemental Tables S3 and S4).
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