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A simple dynamic model explains the 
diversity of island birds worldwide

Luis Valente1,2,3,4 ✉, Albert B. Phillimore5, Martim Melo6,7,8, Ben H. Warren9, Sonya M. Clegg10,11, 
Katja Havenstein4, Ralph Tiedemann4, Juan Carlos Illera12, Christophe Thébaud13,  
Tina Aschenbach1 & Rampal S. Etienne3

Colonization, speciation and extinction are dynamic processes that influence global 
patterns of species richness1–6. Island biogeography theory predicts that the 
contribution of these processes to the accumulation of species diversity depends on 
the area and isolation of the island7,8. Notably, there has been no robust global test of 
this prediction for islands where speciation cannot be ignored9, because neither the 
appropriate data nor the analytical tools have been available. Here we address both 
deficiencies to reveal, for island birds, the empirical shape of the general relationships 
that determine how colonization, extinction and speciation rates co-vary with the 
area and isolation of islands. We compiled a global molecular phylogenetic dataset of 
birds on islands, based on the terrestrial avifaunas of 41 oceanic archipelagos 
worldwide (including 596 avian taxa), and applied a new analysis method to estimate 
the sensitivity of island-specific rates of colonization, speciation and extinction to 
island features (area and isolation). Our model predicts—with high explanatory 
power—several global relationships. We found a decline in colonization with isolation, 
a decline in extinction with area and an increase in speciation with area and isolation. 
Combining the theoretical foundations of island biogeography7,8 with the temporal 
information contained in molecular phylogenies10 proves a powerful approach to 
reveal the fundamental relationships that govern variation in biodiversity across  
the planet.

A key feature of global diversity is the tendency for some areas to har-
bour many more species than others7,8. Uncovering the drivers and 
regulators of spatial differences in diversity of simple systems such 
as islands is a crucial step to understanding the global distribution 
of species richness. The two most prominent biodiversity patterns 
in fragmented or isolated environments worldwide are the increase 
in species richness with area and the decline in species richness with 
isolation8,11–14. In their theory of island biogeography, MacArthur and 
Wilson proposed how the processes of colonization and extinction 
could explain these patterns7,8. They argued that the rates of these 
processes are determined by the geographical context: colonization 
decreases with isolation and extinction decreases with area7,8. They also 
suggested that rates of formation of island endemic species through 
in situ speciation increase with island isolation and area8. Despite an 
abundance of studies over five decades that support the general pat-
terns predicted by MacArthur and Wilson2,15–18, tests of predictions 
regarding the dependence of the underlying processes—colonization, 
speciation and extinction—on island geographical context (area and 
isolation) are few in number, and are either restricted in temporal, 

geographical or taxonomic scope5,19,20, or seek to infer speciation 
rates in the absence of data on the phylogenetic relationships among 
species2,16. As a result, there has been no robust and powerful test of 
MacArthur and Wilson’s predictions on a global scale, and the effect 
of area and isolation on biogeographical processes acting on macro-
evolutionary timescales remains largely unexplored.

Here we expand on approaches that leverage the information in 
time-calibrated molecular phylogenies of insular species1,10,21,22 to deter-
mine how the processes of colonization, speciation and extinction 
are influenced by area and isolation. The dynamic stochastic model 
DAISIE10 (dynamic assembly of islands through speciation, immigration 
and extinction) can accurately estimate maximum-likelihood rates of 
colonization, extinction and speciation rates (CES rates) from branch-
ing times (colonization times and any in situ diversification events) and 
endemicity status of species that results from one or multiple inde-
pendent colonizations of a given island system (for example, all native 
terrestrial birds on an archipelago)10. This method can also detect the 
presence or absence of diversity dependence in rates of colonization 
and speciation, by estimating a carrying capacity (upper bound to the 
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number of species in an island system). Here we extend DAISIE to esti-
mate the hyperparameters that control the shape of the relationships 
between CES rates, and the area and isolation of islands worldwide.

The accurate estimation of fundamental island biogeographical 
relationships requires suitable data from many archipelagos, but 
divergence-dated phylogenies of complete communities on islands 
remain scarce. Hence, we produced new dated molecular phylogenies 
for the terrestrial avifaunas of 41 archipelagos worldwide. Here we refer 
to both true archipelagos (composed of multiple islands) and isolated 
insular units that consist of single islands (for example, Saint Helena) 
as ‘archipelago’. For each archipelago, we compiled avian taxon lists 
(excluding introduced, marine, migratory and aquatic species, as well 
as birds of prey, rails and nocturnal birds; see Methods) and collected 
physical data (Fig. 1 and Supplementary Data 1, 2). We use archipelagos 
as our insular unit, because the high dispersal abilities of birds within 
archipelagos suggest that, for birds, archipelagos can be considered 
equivalent to single islands for less dispersive taxa23, and because 
archipelagos constitute the most-appropriate spatiotemporal unit 
for framing analyses of biodiversity patterns at a large scale2,24,25. We 
extracted colonization and speciation times for each archipelago from 

the phylogenetic trees, producing a ‘global dataset’ for the 41 archipela-
gos, which includes the complete extant avifauna of each archipelago, 
plus all species known to have become extinct due to anthropogenic 
causes. The dataset comprises 596 insular taxa from 491 species. The 
phylogenies revealed a total of 502 archipelago colonization events 
and 26 independent in situ ‘radiations’ (cases in which diversification 
has occurred within an archipelago), which ranged in size from 2 to 
33 species (the Hawaiian honeycreepers being the largest clade). The 
distribution of colonization times is summarized in Fig. 1 and the full 
dataset is provided in Supplementary Data 1.

Our extension of the DAISIE framework enables us to estimate hyper-
parameters that control the relationship between archipelago area 
and isolation, and archipelago-specific local CES rates, that is, rates of 
colonization, cladogenesis (within-archipelago speciation that involves 
in situ lineage splitting), anagenesis (within-archipelago speciation by 
divergence from the mainland without in situ lineage splitting), natu-
ral extinction rates and carrying capacity. We tested the hypothesis 
that area and distance from the nearest mainland have an effect on the 
specific CES rates, and, in cases in which a significant effect was iden-
tified, estimated its shape and scaling. We developed a set of a priori 
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Fig. 1 | Archipelago and island bird colonization time data. Circles show the 
number of species that belong to our focal group (both extinct and extant) 
found in each archipelago (at the time of human arrival). Numbers on the map 
correspond to numbers to the left of the archipelago name. Numbers to the 
right of the archipelago name indicate the number of species from our focal 
assemblage on the archipelago | the percentage of species sampled in the 
phylogenetic trees. Even species not sampled in the trees are accounted for by 
including them as missing species that could have colonized at any time since 
the emergence of the archipelago. Colonization times plot: grey horizontal 
lines indicate archipelago ages (Extended Data Table 1). Violin plots (blue) show 
the kernel density of the distribution of times of colonization of bird species in 
each archipelago, obtained from the phylogenetic trees. Thick black lines 
inside violin plots indicate the interquartile distance; thin black lines indicate 

the 95% confidence interval; black dots indicate the median. Archipelagos with 
no violin plot or dots are cases for which no species of our focal assemblage 
were present at the time of human arrival, or none were sampled using 
molecular data. Birds from left to right: Seychelles sunbird, Seychelles magpie 
robin, silvereye, Príncipe thrush, laurel pigeon, dodo (extinct), Mauritius fody, 
red-moustached fruit dove (extinct), Galápagos warbler and Norfolk kaka 
(extinct). Bird images used with permission from: C. Baeta (Príncipe thrush),  
P. Cascão (Galápagos warbler), M. Hammers (Seychelles sunbird and magpie 
robin), J. Hume (dodo), D. Shapiro (Mauritius fody) and J. Varela (laurel pigeon). 
There are no in situ radiations in the Mascarenes (Mauritius, Reunion and 
Rodrigues) because we treat the islands as separate entities (but see 
‘Sensitivity to archipelago selection and isolation metrics’ in the 
Methods). Myr, million years.
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models (Supplementary Table 1) in which the CES rates are power-law 
functions of archipelago features. Area has been proposed to have a 
positive effect on cladogenesis and carrying capacity3,5,8 and a negative 
effect on extinction rates8,26. Archipelago isolation is hypothesized to 
reduce colonization rates7 and increase anagenesis rates27. Models that 
include or exclude diversity dependence in rates of colonization and 
cladogenesis10 (that is, estimating a carrying capacity parameter) were 
compared. We also considered a set of post hoc models with alternative 
shapes for the relationships (post hoc power and post hoc sigmoid 
models; Methods and Supplementary Table 1).

We fitted a set of 28 candidate models to the global dataset using 
maximum likelihood (Supplementary Table 2). The shape of the rela-
tionship of CES rates with area and distance for the two best models 
is shown in Fig. 2. Under the preferred a priori model (lowest value of 
the Bayesian information criterion; M14, eight parameters) coloniza-
tion rates decline with archipelago isolation (exponent of the power 
law = −0.25 (95% confidence interval = −0.17–−0.34)) and extinction rate 
decreases with area (scaling = −0.15 (−0.11–−0.18)). Rates of cladogen-
esis increase with area (scaling = 0.26 (0.13−0.37)), while anagenesis 
increases with isolation (scaling = 0.42 (0.24−0.61)). The preferred post 
hoc model (M19, eight parameters) was also the preferred model overall 
and differs qualitatively from the preferred a priori model M14 only 
in the cladogenesis function. In the M14 model, cladogenesis is solely 
a function of area, whereas in the M19 model cladogenesis depends 
interactively and positively on both area and distance from the nearest 
mainland, such that the cladogenesis–area relationship is steeper for 
more isolated archipelagos (Fig. 2 and Extended Data Fig. 1). In addition, 
we found no evidence for diversity dependence, as the carrying capacity 
(K) was estimated to be much larger than the number of species on the 
island and models without a K parameter (no upper bound to diversity), 
such as M14 and M19, performed better than models that included 
this parameter (Supplementary Table 2). We also tested whether the 
inclusion of a combination of true archipelagos and single islands in 
our dataset could have affected our results, for example if opportuni-
ties for allopatric speciation are higher when an area is subdivided into 
multiple islands28. We repeated analyses in which single island units 
were excluded and found that the same model (M19) is preferred with 
similar parameter estimates. We therefore discuss only the results for 
the main dataset (including both single islands and true archipelagos). 
Our results are robust to uncertainty in colonization and branching 
times (see ‘Sensitivity to alternative divergence times and tree topolo-
gies’ in the Methods).

A parametric bootstrap analysis of the two preferred models (M14 
and M19) demonstrated that the method is able to recover hyperpa-
rameters with high precision and little bias (Extended Data Fig. 2). 
To test the significance of the relationships between area, isolation 

and CES rates, we conducted a randomization test on the global 
dataset with reshuffled areas and distances. This test estimated 
the exponent hyperparameters as zero in most reshuffled cases 
(that is, no effect of area or isolation was detected; Extended Data 
Fig. 3), confirming that it is the observed relationships between 
diversity and archipelago characteristics that generate our param-
eter estimates.

To assess model fit, we simulated archipelago communities under the 
best model (M19) and found that—for most archipelagos—the observed 
diversity metrics (the numbers of species, cladogenetic species and 
colonizations) were similar to the expected numbers, with some excep-
tions; for example, diversity was underestimated for Comoros and 
São Tomé and Príncipe (Fig. 3 and Extended Data Fig. 4). The ability of 
the model to explain observed values (total species, pseudo-R2 = 0.72; 
cladogenetic species, pseudo-R2 = 0.52; colonizers, pseudo-R2 = 0.60) 
was very high considering the model includes only 8 parameters (at 
least 12 parameters would be needed if each rate depended on area and 
isolation, and at least 164 parameters if each archipelago was allowed 
to have its own parameters) and was able to explain multiple diversity 
metrics. This represents a very large proportion of the explanatory 
power that would be expected to be obtained for data generated under 
the preferred model (Extended Data Fig. 5). Simulations under the best 
model reproduced the classic observed relationships between area, 
distance and diversity metrics (Fig. 4).

Our approach reveals the empirical shape of fundamental biogeo-
graphical relationships that have previously been difficult to estimate. 
In agreement with recent studies2,29, we found strong evidence for a 
decline in the rates of colonization with isolation and in the rates of 
extinction with area, confirming two of the key assumptions of island 
biogeography theory7. The colonization–isolation effect was detected 
despite the fact that the decline in avian species richness with distance 
from the nearest mainland in our empirical data was not as pronounced 
as in other less-mobile taxa4,11, revealing that isolation is a clear deter-
minant of the probability of immigration and the successful establish-
ment of populations even in a highly dispersive group such as birds. 
The extinction–area relationship has been a fundamental empirical 
generalization in conservation ecology (for example, for the design 
of protected areas30); here we were able to characterize the shape of 
this dependence at the global spatial scale and macro-evolutionary 
timescale.

We provide insights into the scaling of speciation with area and isola-
tion. In contrast to previous studies on within-island speciation, which 
have suggested the existence of an area below which cladogenesis does 
not take place on single islands5, we do not find evidence for such an 
area threshold at the archipelago level and, under our model, speciation 
is predicted to be non-zero even in small areas. In addition, our post 
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hoc finding that rates of cladogenesis increase through an interactive 
effect of both island size and distance from the nearest mainland (Fig. 2 
and Extended Data Fig. 1) provides a mechanism that limits radiations 
to archipelagos that are both large and remote6,27. Why this interac-
tion exists requires further investigation, but one possibility is that 

unsaturated niche space provides greater opportunities for diversifi-
cation6. In addition to the effects of physical features on cladogenesis, 
we found that rates of anagenesis increase with island isolation. While 
impressive insular radiations tend to receive the most attention from 
evolutionary biologists (for example, Darwin’s finches or Hawaiian 
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honeycreepers), our phylogenies revealed that the majority of endemic 
birds in our dataset in fact display an anagenetic pattern (at the time of 
human arrival, 231 out of 350 endemic species had no extant sister taxa 
on the archipelago and there were only 26 extant in situ radiations). 
The positive effect of archipelago isolation on rates of anagenesis that 
we estimate suggests that this fundamental but overlooked process 
is impeded by high levels of movement between island and mainland 
populations.

A variety of global patterns of biodiversity have been described—
from small islands and lakes, to biomes and continents—but the 
processes that underpin these patterns remain to be explored. Our 
simulations using parameters estimated from data were able to 
reproduce the classic global patterns of island biogeography across 
41 archipelagos (Fig. 4). This advances our understanding of macro-
scale biology, by providing missing links between local processes, 
environment and global patterns. More than half a century after 
the seminal work of MacArthur and Wilson7, we now have the data 
and tools to go beyond statistical descriptions of diversity patterns, 
enabling us to quantify community-level processes that have long 
been unclear.
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Methods

Archipelago selection
We focus on oceanic islands, that is, volcanic islands that have never been 
connected to any other landmass in the past. We also include the Granitic 
Inner Seychelles, even though these islands have a continental origin, 
because they have been separated from other landmasses for a very long 
period of time (64 million years)31 and can be considered quasi-oceanic, 
as all extant avian species originated in much more recent times. The 
41 archipelagos chosen are located in the Atlantic, Indian and Pacific 
Oceans, with latitudes between 45° north and south. Islands within 
these archipelagos are separated by a maximum of 150 km. The sole 
exceptions are the Azores and Hawaii, two very isolated systems where 
the distances between some islands exceed this value. The shape files 
used to plot the maps of Figs. 1, 3 were obtained from a previous study32.

Physical and geological data
Full archipelago data are provided in Supplementary Data 2 and Extended 
Data Table 1. We obtained data on the total contemporary landmass 
area for each archipelago. For our isolation metric, we computed the 
minimum round Earth distance to the nearest mainland (Dm) in km using 
Google Earth. We considered ‘nearest mainland’ to be the nearest prob-
able source of colonists (but see ‘Sensitivity to archipelago selection 
and isolation metrics’ for different isolation metrics). This is the nearest 
continent except for island groups that were closer to Madagascar, New 
Guinea or New Zealand than to the continent, in which case we assigned 
these large continent-like islands as the mainland. This is supported by 
our phylogenetic data—for example, many Indian Ocean island taxa have 
closest relatives on Madagascar rather than mainland Africa.

Island palaeo-areas and past archipelago configurations have been 
shown to be better predictors of endemic insular diversity than con-
temporary area15,33. By contrast, island total native and non-endemic 
richness is better predicted by present island characteristics15,33. As 
insufficient data on island ontogeny was available (that is, describing 
the empirical area trajectories from island birth to present), we ana-
lysed contemporary area and isolation as these are currently the most 
appropriate units for our dataset.

We conducted an extensive survey of the literature and consulted 
geologists to obtain the geological ages for each archipelago (Extended 
Data Table 1), treating the age of the oldest currently emerged island 
as an upper bound for colonization. Islands may have been submerged 
and have emerged multiple times and we consider the age of the last 
known emergence. For the Aldabra Group we used an age older than 
the published estimate. The current estimated age of re-emergence 
of Aldabra is 0.125 million years34, but 9 out of 12 Aldabra colonization 
events in our dataset are older, suggesting that the archipelago was not 
fully submerged before this and may have been available for coloniza-
tion for a longer period. Therefore, for Aldabra we used an older upper 
bound of 1 million years for colonization, although we acknowledge 
that the mitochondrial markers used for dating may not provide suf-
ficient resolution at the shallow temporal scale of the published age. 
For Hawaii, the colonization times that we obtained for more than half 
of the colonization events were older than the age of the current high 
islands that is often used as a maximum age for colonization (around 
5 million years). Therefore, instead of this age, we used the much older 
estimate of 29.8 million years of the Kure Atoll35 to account for currently 
submerged or very low-lying Hawaiian Islands that could have received 
colonists in the past. For Bermuda and Marianas, we could not find age 
estimates in the literature, and we therefore consulted geologists to 
obtain these (P. Hearty, R. Stern and M. Reagan, personal communica-
tion; Extended Data Table 1).

Island avifaunas
Our sampling focused on native resident terrestrial birds and we consid-
ered only birds that colonize by chance events (for example, hurricanes 

or rafts). We thus excluded marine and migratory species, because 
they are capable of actively colonizing an island at a much higher rate. 
We focused on songbird-like and pigeon-like birds, which constitute 
the majority of terrestrial (land-dwelling) birds on islands. Following 
a precedent set by previous work10,27,36, we included only species from 
the same trophic level (in the spirit of MacArthur and Wilson’s model): 
we excluded aquatic birds, birds of prey, rails (many are flightless or 
semi-aquatic) and nightjars (nocturnal). We also excluded introduced 
and vagrant species. Including species such as rails and owls (which 
are components of many island avifaunas) would have led to a higher 
estimate of the product of colonization rate and mainland pool size due 
to a larger mainland pool, and potentially to higher estimated rates of 
anagenesis (many owl or rail species are island endemics with no close 
relatives on the islands).

For the focal avian groups, we compiled complete taxon lists for 
each of the 41 archipelagos based on recent checklists from Avibase 
(http://avibase.bsc-eoc.org), which we cross-checked with the online 
version of the Handbook of the Birds of the World (HBW)37. We followed 
the HBW’s nomenclature and species assignations, except for 12 cases 
in which our phylogenetic data disagree with HBW’s scheme (noted in 
the column ‘Taxonomy’ of Supplementary Data 1). For example, in 11 
cases phylogenetic trees support raising endemic island subspecies 
to species status (we sampled multiple samples per island taxon and 
outgroup, and the island individuals form a reciprocally monophyl-
etic well-supported clade), and for these taxa we decided it was more 
appropriate to use a phylogenetic species concept so as not to under-
estimate endemicity and rates of speciation (Supplementary Data 1). 
We re-ran DAISIE analyses using HBW’s classification and found that the 
maximum-likelihood parameters are very similar and thus we report 
only the results using the scheme based on the phylogenies produced 
for this study.

For each bird species found on each archipelago, we aimed to sample 
sequence data for individuals on the archipelago and the closest rela-
tives outside the archipelago (outgroup taxa). Our sampling success 
per archipelago is shown in Fig. 1 and Extended Data Table 1.

Extinct species
We do not count extinctions with anthropogenic causes as influencing 
the natural background rate of extinction. Therefore, we explicitly 
include species for which there is strong evidence that they have been 
extirpated by humans. We treat taxa extirpated on an archipelago by 
humans as though they had survived in that archipelago until the pre-
sent following our previously published approach38.

We identified anthropogenic extinctions based on published data39–46 
and personal comments ( J. A. Alcover and J. C. Rando on unpublished 
Macaronesian taxa; F. Sayol and S. Faurby). We include the species 
present on the islands that belong to our archipelago definition as 
described in Supplementary Data 2. We excluded largely hypothetical 
accounts or pre-Holocene fossils that greatly predate human arrival. 
Our dataset accounts for 153 taxa that were present on first human 
contact and have gone extinct since, probably because of human 
activities including the introduction of invasive species by humans. 
To our knowledge, 71 of these taxa have previously been sequenced 
using ancient DNA or belong to clades present in our trees, and we 
were thus able to include them in the phylogenetic analyses as regular 
data (n = 54), or as missing species by adding them as unsampled spe-
cies to a designated clade (n = 17). For the remaining 82 extinct taxa, 
sequences were not available and we were unable to obtain samples and 
to allocate them to clades. We assume that these taxa represent extinct 
independent colonizations and we included them in the analyses using 
the ‘Endemic_MaxAge’ and ‘Non_endemic_MaxAge’ options in DAISIE, 
which assume that they have colonized at any given time since the birth 
of the archipelago (but before any in situ cladogenesis event). As an 
example, our dataset includes the 27 species of Hawaiian birds belong-
ing to our focal group that are known to have gone extinct since human 
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colonization. Eight of these species were included using DNA data,  
17 were added as missing species to their clades (14 honeycreepers and 
3 Myadestes) and two were added using the Endemic_MaxAge option 
in DAISIE (Corvus impluviatus and Corvus viriosus).

Sequence data from GenBank
We conducted an extensive search of GenBank for available DNA 
sequences from the 596 island bird taxa that fitted our sampling criteria 
and from multiple outgroup taxa, using Geneious v.1147. The molecular 
markers chosen varied from species to species, depending on which 
marker was typically sequenced for the taxon in question, the most 
commonly sequenced marker was cytochrome b. In total, we down-
loaded 3,155 sequences from GenBank. For some taxa, sequences from 
both archipelago and close relatives from outside the archipelago were 
already available from detailed phylogenetic or phylogeographical 
analyses. In some cases, a target species had been sampled, but only 
from populations outside the archipelago. In other cases, the species on 
the archipelago had been sampled, but the sampling of the relatives out-
side of the archipelago was lacking or only available for distant regions, 
which meant a suitable outgroup was not available in GenBank. Finally, 
for some species there were no previous published sequences available 
in GenBank. GenBank accession numbers and geographical origin for 
the downloaded sequences are provided in the DNA matrices (https://
doi.org/10.17632/vf95364vx6.1) and maximum clade credibility trees 
(https://doi.org/10.17632/p6hm5w8s3b.2) uploaded to Mendeley Data.

Sequence data of new samples
Sequences available in GenBank covered only 54% (269 out of 502) 
of the total independent colonization events. We improved the sam-
pling by obtaining new sequences for many island taxa (n = 174 taxa) 
and from their close relatives from continental regions (n = 78). We 
obtained new samples from three sources: field trips, research col-
lections and colleagues who contributed field samples. New samples 
were obtained during field trips conducted by M.M. (Gulf of Guinea 
and African continent); B.H.W. and C.T. (Comoros and Mayotte, Mau-
ritius Island, Rodrigues, Seychelles); S.M.C. (New Caledonia); J.C.I. 
(Macaronesia, Europe and Africa) and L.V. (New Caledonia), between 
1999 and 2017. Samples of individuals were captured using mist-nets or 
spring traps baited with larvae. Blood samples were taken by brachial 
venipuncture, diluted in ethanol or Queen’s lysis buffer in a micro-
centrifuge tube. Birds were released at the point of capture. Aldabra 
Group samples were obtained from research collections of the Sey-
chelles Islands Foundation. Museum samples from several Galápagos 
and Comoros specimens were obtained on loan from, respectively, 
the California Academy of Sciences and the Natural History Museum 
London. Additional samples from various localities (Aldabra Islands, 
Iberian Peninsula, Madagascar and Senegal) were provided by col-
laborators, as indicated in Supplementary Table 3. Sample information 
and GenBank accession numbers for all new specimens are provided 
in Supplementary Table 3.

DNA was extracted from blood, feathers and museum toe-pad sam-
ples using QIAGEN DNeasy Blood and Tissue kits (Qiagen). For museum 
samples, we used a dedicated ancient DNA laboratory facility at the Uni-
versity of Potsdam to avoid contamination. The cytochrome b region 
(1,100 base pairs) was amplified using the primers shown in Extended 
Data Table 2. DNA from historical museum samples was degraded and 
cytochrome b could not be amplified as a single fragment. We thus 
designed internal primers to sequence different overlapping fragments 
in a stepwise manner (Extended Data Table 2).

PCRs were set up in 25-μl total volumes including 5 μl of buffer Bioline 
MyTaq, 1 μl (10 mM) of each primer and 0.12 μl MyTaq polymerase. 
PCRs were performed with the following thermocycler conditions: 
initial denaturation at 95 °C for 1 min followed by 35 cycles of denatura-
tion at 95 °C for 20 s, with an annealing temperature of 48 °C for 20 s, 
and extension at 72 °C for 15 s and a final extension at 72 °C for 10 min. 

Amplified products were purified using exonuclease I and Antarctic 
phosphatase, and sequenced at the University of Potsdam (Unit of 
Evolutionary Biology/Systematic Zoology) on an ABI PRISM 3130xl 
sequencer (Applied Biosystems) using the BigDye Terminator v3.1 
Cycle Sequencing Kit (Applied Biosystems). We used Geneious v.11 to 
edit chromatograms and align sequences.

Phylogenetic analyses
To estimate times of colonization and speciation for each archipelago, 
we produced new divergence dated phylogenies or compiled published 
dated trees, to yield a total of 91 independent phylogenies (maximum 
clade credibility trees and posterior distribution deposited in Mende-
ley, https://doi.org/10.17632/p6hm5w8s3b.2) for all new trees produced 
for this study; the 11 previously published trees are available upon 
request). Information on all alignments and trees, including molecular 
markers, data sources, calibration methods and substitution model 
are provided in Extended Data Tables 3, 4 and Supplementary Table 4. 
The majority of alignments and phylogenies focus on a single genus, 
although some include multiple closely related genera or higher order 
clades (family, order) depending on the diversity and level of sampling 
of the relevant group (taxonomic scope is described in Extended Data 
Tables 3, 4). Most alignments include taxa from a variety of archipela-
gos. Alignments were based on a variety of markers, according to which 
marker had most often been sequenced for a given group.

For the new dating analyses conducted for this study, we created 
80 separate alignments for different groups using a combination 
of sequences from GenBank (n = 3,155) and new sequences (n = 252) 
produced for this study. In some cases, we obtained DNA alignments 
directly from authors of previous studies and these are credited in 
Extended Data Table 3. Phylogenetic divergence dating analyses were 
performed in BEAST 248. For each alignment, we performed substitution 
model selection in jModeltest49 using the Bayesian information crite-
rion (BIC). We used rates of molecular evolution for avian mitochondrial 
sequences, which have been shown to evolve in a clock-like manner at 
an average rate of around 2% per million years50. Molecular rate cali-
brations can be problematic for ancient clades, due to high levels of 
heterotachy in birds51. In addition, mitochondrial DNA saturates after 
about 10–20 million years, and genetic distances of more than 20% may 
provide limited information regarding dating52. Therefore, we only used 
molecular rate dating to extract node ages for branching events at the 
tips of the trees, at the species or population level (oldest colonization 
time in our dataset is 15.3 million years, but most are much younger). 
Rates of evolution were obtained from the literature and varied between 
different markers and taxonomic group (Supplementary Table 4). We 
applied the avian mitochondrial rates estimated using cytochrome b 
from a previous study50 (but see ‘Sensitivity to alternative divergence 
times and tree topologies’ for different rates).

We applied a Bayesian uncorrelated log-normal relaxed clock model. 
For each analysis, we ran two independent chains of between 10 and 
40 million generations, with a birth–death tree prior. We assessed 
convergence of chains and appropriate burn-ins with Tracer, combined 
runs using LogCombiner and produced maximum clade credibility 
trees with mean node heights in Tree Annotator. We produced a total 
of 80 maximum clade credibility trees.

For 11 groups (Extended Data Table 4), well-sampled and rigorously 
dated phylogenies were already available from recent publications, 
all of which conducted Bayesian divergence dating using a variety of 
calibration methods, including fossils and molecular rates. We obtained 
maximum clade credibility trees from these studies from online reposi-
tories or directly from the authors (Extended Data Table 4).

Colonization and branching times
The nodes selected in the dated trees for estimates of colonization and 
branching times are given for each taxon in Supplementary Data 1. Our 
node selection approach was as follows. For cases in which samples 
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representing species or populations from archipelagos formed a mono-
phyletic clade consisting exclusively of archipelago individuals, we used 
the stem age of this clade as colonization time. For cases in which only 
one individual of the archipelago was sampled, we used the length of 
the tip leading to that individual, which is equivalent to the stem age. 
For cases in which the archipelago individuals were embedded in a clade 
containing mainland individuals of the same species—that is, paraphyly 
or polyphyly—we assumed (based on morphological characteristics) 
that this is due to incomplete lineage sorting of the insular and mainland 
lineages, and we therefore used the most recent common ancestor 
node of the archipelago individuals, or the crown node when the most 
recent common ancestor node coincides with the crown. For these later 
cases, using the stem would most likely have been an overestimation of 
the colonization time, as we assume that colonization happens from 
the mainland to the archipelago. For such cases, we applied the ages 
using the ‘MaxAge’ option in DAISIE, which integrates over the pos-
sible colonization times between the present and the upper bound. A 
robustness test of our results to node choice is given in ‘Sensitivity to 
alternative branching times and tree topologies’.

For a total of 19 endemic taxa we could not obtain sequences, but we 
could allocate them to a specific island clade (for example, Hawaiian 
honeycreepers and solitaires). These were added as missing species to 
that clade. For 96 non-endemic taxa we could not obtain sequences of 
individuals from the archipelago, but we could obtain sequences from 
the same species from different regions. For these cases, we used the 
crown or the stem age of the species as an upper bound for the age of 
the colonization event, using the ‘Non_endemic_MaxAge’ option in 
DAISIE. Finally, for 124 taxa (20.8%) no sequences of individuals from the 
archipelago were available in GenBank and we were not able to obtain 
samples for sequencing from the species or from close relatives. We 
assumed these cases constituted independent colonizations that could 
have taken place any time since the origin of the archipelago and the 
present, and applied the ‘Non_endemic_MaxAge’ and ‘Endemic_Max-
Age’ options in DAISIE with a maximum age equal to the archipelago 
age. DAISIE makes use of the information described above; further 
information has been described previously53.

Global dataset characteristics
Data points from taxa of the same archipelago were assembled into 41 
archipelago-specific datasets. These 41 datasets were in turn assem-
bled into a single dataset (D1), which was analysed with DAISIE (D1 
DAISIE R object, available in Mendeley Data https://doi.org/10.17632/
sy58zbv3s2.2). This dataset (Supplementary Data 1) has a total of 596 
taxa (independent colonization events plus species within radiations), 
covering 491 species from 203 different genera and 8 orders. All taxa 
were included in the analyses: not only those which we sampled in 
phylogenies, but also those for which sequences or phylogenies could 
not be obtained and which were included following the approaches 
described in ‘Colonization and branching time’. A summary of diversity 
and sampling per archipelago is provided in Extended Data Table 1.

Sampling completeness
In total, we produced new sequences from 252 new individuals, compris-
ing 90 different species from 45 different genera, covering an additional 
110 colonization events that had not been sampled (that is, populations 
from islands for which the species had not been sampled before). For 
at least 12 of these 90 species, we found no previous sequences in Gen-
Bank, including island endemics from Comoros, Galápagos, Rodrigues 
and São Tomé (Supplementary Table 5). The new sequences from 252 
individuals increase the molecular sampling for extant colonization 
events from 60% (223 out of 373) to 89% (332 out of 373). If we include 
historically extinct colonizations, we increased the molecular sampling 
from the existing 54% (269 out of 502) of colonization events to 75% 
(379 out of 502). We also substantially increased molecular sampling 
of continental relatives, adding 78 new individuals from the continent 

or islands surrounding our archipelagos, covering 43 different species. 
The percentage of taxa sampled in phylogenies varied widely between 
archipelagos (Fig. 1 and Extended Data Table 1). For 8 archipelagos 
(Bermuda, Fernando de Noronha, Pitcairn, Rapa Nui, Rodrigues, Saint 
Helena, Society Islands and Tonga) less than 50% of the species were 
sampled in phylogenies, and thus the majority of the species for these 
island groups were added with maximum ages and endemicity status. 
For 13 archipelagos, which accounted for more than a third of the total 
species, over 90% of the species were sampled in phylogenies.

DAISIE
We used the method DAISIE10 to estimate rates of species accumula-
tion (colonization, speciation and extinction) on the archipelagos. The 
model assumes that after the origin of an island, species can colonize 
from a mainland pool. Once a species has colonized, it may remain simi-
lar to its mainland ancestor (non-endemic species), become endemic 
through anagenetic speciation (new endemic species is formed without 
lineage splitting on the island), split into new species via cladogenetic 
speciation and/or go extinct. A carrying capacity (that is, the maximum 
number of species each colonist lineage can attain) is implemented, 
such that rates of cladogenesis and colonization decline with increas-
ing number of species in the colonizing clade.

The only effect of anagenesis in DAISIE is that the colonizing spe-
cies becomes endemic, because further anagenesis events on the 
endemic species do not leave a signature in the data. However, the 
rate of anagenesis is not systematically underestimated. Suppose the 
rate was higher; it would then follow that colonizing species would also 
become endemic faster, and we would see more endemic species. Thus, 
the number of endemic species determines the rate of anagenesis, and 
DAISIE estimates the true rate of anagenesis without systematic bias. 
Further anagenesis events do not have an effect on the state variables, 
and hence do not enter the equations anymore.

In its parameterization of extinction, DAISIE accounts for the fact 
that there may have been several lineages that were present on the insu-
lar system in the past but that went completely extinct due to natural 
causes, leaving no extant descendants. Simulations have shown that 
the rate of natural extinction is usually well estimated in DAISIE (see 
‘Measuring precision and accuracy’ and a previously published study53). 
Studies on phylogenies of single clades suggest that phylogenetic data 
on only extant species provide less information on extinction than on 
speciation (or rather diversification rates54). However, there is informa-
tion content in such data55, especially when diversification dynamics 
are dependent on diversity56. Moreover, here we use colonization times 
in addition to phylogenetic branching times to estimate extinction 
rates, and we are estimating hyperparameters of the theoretically and 
empirically suggested relationship of extinction with area. Finally, we 
use data from many independent colonizations, which increases the 
power of our statistical method considerably and decreases the bias, 
as maximum likelihood is known to asymptotically provide unbiased 
estimates.

Estimating global hyperparameters
Our aim is to examine the dependencies of the parameters that govern 
species assembly (colonization, extinction, cladogenesis, anagenesis 
(CES rates) and carrying capacity) on the features of archipelagos (area 
and isolation). We developed a method to estimate global hyperparam-
eters that control the relationship between two key archipelago features 
(area and isolation) and archipelago-specific (local) CES rates. One can 
estimate directly from the global dataset the shape of the relationship 
between isolation and colonization rate that maximizes the likelihood 
for the entire dataset.

Our method finds the hyperparameters that maximize the likelihood 
of the entire dataset, that is, the sum of the log-likelihoods for each 
archipelago. We tested the hypothesis that area and distance from the 
nearest mainland have an effect on CES rates (cladogenesis, anagenesis, 
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extinction and colonization). If an effect was identified, we also esti-
mated the scaling of the effect. We developed a set of a priori models 
in which the CES rates are affected by archipelago features as is often 
assumed in the island biogeography literature (Supplementary Table 1). 
For the a priori models, we considered that CES rates are determined by 
a power function of area or distance. In the power function, par = par0Ih 
where par is the CES rate (for example, local rate of colonization), par0 is 
the initial value of the biogeographical rate (for example, global initial 
rate of colonization), I is the physical variable (area or distance) and h 
is the strength of the relationship. The exponent h can be negative or 
positive depending on the nature of the relationship. par0 and h are 
the hyperparameters. If the exponent h is estimated as zero, there is no 
relationship between I and the parameter. By including or excluding h 
from the different relationships, we can compare different models with 
the effects switched on or off (Supplementary Table 1; for example, 
in model M1 all relationships are estimated, whereas in model M2 the 
exponent of the relationship between anagenesis and distance is fixed 
to zero and thus anagenesis does not vary with distance).

In addition to the a priori models, we considered a set of post hoc 
models with alternative shapes of relationships. We fitted two types of 
post hoc models: power models and sigmoid models (Supplementary 
Table 1). In the post hoc power models, we modelled all parameters as 
in the a priori models, except for cladogenesis: we allowed cladogen-
esis to be dependent on both area and distance. The reason for this 
is that we found that the predicted number of cladogenetic species 
under the a priori models were not as high as observed, so we examined 
whether including a positive effect of distance would improve the fit. 
We described the relationship between area, distance and cladogenesis 
using different functions—one model in which there is an additive effect 
of area and distance (M15); and three models (M16, M17 and M18) in 
which the effect of area and distance is interactive. In addition, we fitted 
a model identical to M16 but with one parameter less (M19). The reason 
for this was that this parameter (y) was estimated to be zero in M16.

In the post hoc sigmoid models, we allowed the relationship between 
distance and a given parameter to follow a sigmoid rather a power func-
tion. The rationale for this was that we wanted to investigate whether, 
for birds, the effect of distance on a parameter only starts to operate 
after a certain distance from the mainland, as below certain geographi-
cal distances archipelagos are within easy reach for many bird species 
by flight, so that at these distances the island behaves almost as part of 
the mainland from a bird’s perspective. We fitted nine different sigmoid 
models (Supplementary Table 1), allowing cladogenesis, anagenesis 
and colonization to vary with distance following a sigmoid function. 
The sigmoid function that we used has an additional parameter in com-
parison to power functions.

In total, we fitted 28 candidate models (14 a priori, 14 post hoc) to 
the global dataset using maximum likelihood. We fitted each model 
using 20 initial sets of random starting parameters to reduce the risk 
of being trapped in local likelihood suboptima. We used the age of each 
archipelago (Extended Data Table 1) as the maximum age for coloniza-
tion. We assumed a global mainland species pool M of 1,000 species. 
The product of M and the intrinsic rate of colonization (γ0) is constant 
as long as M is large enough (larger than the number of island species), 
and thus the chosen value of M does not affect the results.

To decide which information criterion to use to select between dif-
ferent models, we compared the performance of the BIC and the Akaike 
information criterion (AIC). We simulated 1,000 datasets each with 
models M9 and M19 and then fitted the M9, M14, M17 and M19 models 
to each of these datasets using two initial sets of starting parameters 
for each optimization. We found that for datasets simulated using M9 
an incorrect model was preferred using AIC in 10.4% of cases, but only 
in 0.11% of cases when using BIC. For datasets simulated using M19 an 
incorrect model was preferred 12.8% of cases using AIC and 11.1% of 
cases using BIC. We thus compared models using BIC, as this model 
has lower error rates.

An alternative approach to estimating hyperparameters would be 
to calculate CES rates and their uncertainty independently for each 
archipelago and to then conduct a meta-analysis of the resulting data, 
including archipelago area and isolation as predictors. However, errors 
in parameter estimates will vary, particularly because some archipela-
gos have small sample sizes (only a few extant colonization events, or 
none at all; for example, Chagos) and are thus much less informative 
about underlying process53. Thus, maximizing the likelihood of all data-
sets together by estimating the hyperparameters (which is precisely our 
aim) is preferable. For completeness, we present CES rates estimated 
independently for each archipelago in Supplementary Table 6, exclud-
ing archipelagos with fewer than 6 species and for which we sampled 
less than 60% of the species in the phylogenies. However, as argued 
above we do not advocate using these parameter estimates for further 
analyses because the number of taxa for some of these archipelagos 
is still low and by excluding archipelagos with fewer than six taxa, we 
cannot capture the lower part of the relationship between area or iso-
lation and CES rates.

All DAISIE analyses were run using parallel computation on the 
high-performance computer clusters of the University of Groningen 
(Peregrine cluster) and the Museum für Naturkunde Berlin. The new 
version of the R package DAISIE is available on GitHub.

Randomization analysis
We conducted a randomization analysis to evaluate whether there is 
significant signal of a relationship between area and distance and local 
CES rates in our global dataset. We produced 1,000 datasets with the 
same phylogenetic data and archipelago ages as the global dataset, 
but randomly reshuffled archipelago area and Dm in each dataset. We 
then fitted the best post hoc model to each of these 1,000 randomized 
datasets. If the maximum-likelihood estimates of exponent hyperpa-
rameters (that is, the strength of the relationship) in the randomized 
datasets were non-zero, this would indicate that the method is finding 
evidence for a relationship even if there is none. If, on the other hand, 
non-zero hyperparameters are estimated in the real data but not in the 
randomized datasets, this would mean that there is information in the 
data regarding the putative relationships.

The randomization analysis showed that in global datasets with 
reshuffled areas and distances the exponent hyperparameters are 
estimated as zero in most cases, whereas in the empirical global dataset 
they are not (Extended Data Fig. 3).

A posteriori simulations
We simulated 1,000 phylogenetic global datasets (41 archipelagos each) 
with the maximum-likelihood hyperparameters of the best a priori 
(M14) and post hoc models (M19). We first calculated the local CES rates 
for each archipelago based on their area and isolation and the hyperpa-
rameters for the model, and then used these CES rates as the parameters 
for the simulations using the DAISIE R package. The simulated data were 
used to measure bias and accuracy of the method, goodness of fit and 
the ability of our method to recover observed island biogeographical 
diversity patterns (see ‘Measuring precision and accuracy of method’ 
and ‘Measuring goodness of fit’ sections).

Measuring precision and accuracy of method
DAISIE estimates the CES rates with high precision and little bias10,53. 
We conducted parametric bootstrap analyses to assess whether the 
ability to estimate hyperparameters from global datasets is also good 
(Extended Data Fig. 2) and to obtain confidence intervals on param-
eter estimates (Extended Data Table 5). We used DAISIE to estimate 
hyperparameters from the M14 and M19 simulated datasets (1,000 
replicates each). We measured precision and accuracy by comparing 
the distribution of parameters estimated from the 1,000 simulated 
dataset with the real parameters used to simulate the same datasets. 
To check whether maximum-likelihood optimizations of the simulated 



global datasets converge to the same point in parameter space, we first 
performed a test on a subset of the simulated data. We ran optimizations 
with 10 random sets of initial starting values for each of 10 simulated 
datasets. All optimizations converged to the same likelihood and a 
very similar hyperparameter set; therefore, we are confident that we 
found the global optimum for each simulated global dataset, even for 
models with many parameters.

Measuring goodness of fit
We measured how well the preferred models fitted the data using dif-
ferent approaches. First, we examined whether our models successfully 
reproduced the diversity patterns found on individual archipelagos. 
We calculated the total number of species, cladogenetic species and 
independent colonizations in each archipelago for each of the 1,000 
simulated datasets. We then plotted these metrics versus the observed 
values in the empirical data (Fig. 3 and Extended Data Fig. 4). Our pre-
ferred models have a slight tendency to overpredict species richness 
when there are a few species and underpredict it when there are many. 
We do not have a clear explanation for this. This slight deviation does 
not seem to be due to an additional dependence on area or distance, 
so an explanation should be sought in other factors that we did not 
model. We note that the fact that all three plots show this tendency 
rather than only one is to be expected because the three metrics of 
species richness are not entirely independent, with total species rich-
ness being the sum of the other two.

Second, we examined whether the models successfully predict the 
empirical relationships between area, distance and diversity metrics 
(total species, cladogenetic species, and number of independent 
colonizations). We fitted generalized linear models for each diversity 
metric, with quasi-Poisson family errors and log area (or distance) 
as predictors. We then repeated this across 1,000 independent sets 
of simulated data for the 41 archipelagos and compared the mean of 
slopes and intercepts for archipelago area and archipelago isolation 
to the equivalent estimates for the empirical data (Fig. 4).

Third, we estimated the pseudo-R2 of the best model (M19) as a 
measure of the explanatory power of the model. We simulated two 
independent sets of 10,000 global datasets under M19 model (set 1 
and set 2). We calculated the mean total number of species, number of 
cladogenetic species and colonizations for each archipelago across all 
datasets from set 1. For each diversity metric, we calculated a pseudo-R2 
(pseudo-R2 observed) for which the total sum of squares was obtained 
from the empirical data and the residual sum of squares was calculated 
as the difference between empirical values and expected values (that 
is, the simulation means). As the model is inherently stochastic, even 
if the model is an accurate and complete reflection of the underlying 
processes then the pseudo-R2 would tend to be <1. To estimate the dis-
tribution of pseudo-R2 expected under the model, we treated the set-2 
simulations as data and estimated the pseudo-R2 for each (pseudo-R2 
simulated). We then calculated the ratio of the pseudo-R2-observed 
values over the 10,000 pseudo-R2-simulated values. A ratio approaching 
1 would indicate that the model is explaining the observed data as well as 
the average dataset simulated under this process (Extended Data Fig. 5).

Sensitivity to alternative divergence times and tree topologies
Despite having sampled many new individuals from islands world-
wide, given the wide geographical scale of our study we still rely on 
sequence data for thousands of individuals submitted to GenBank 
over the years. Whenever multi-loci analyses including our focal taxa 
were available we used them; however, these are rare (Extended Data 
Table 4). Therefore, the majority of our phylogenies are based on a 
small number of genes, and most on a single gene, cytochrome b, 
which is the most widely sequenced mitochondrial marker in birds. 
Although some studies on island birds have shown that colonization 
and diversification times derived from mitochondrial trees often do 
not differ much from those obtained using multiple loci57, it is possible 

that in some cases the scaling and topologies of the trees might have 
been more accurate had we used multiple loci58. This is particularly 
relevant for recent island colonists, given incomplete lineage sorting59. 
An additional shortcoming of relying on published sequence data is 
that many of our DNA alignments often have substantial sections with 
missing data (for example, because only one small section of the gene 
could be sequenced and was uploaded to GenBank), which has been 
shown to lead to biases in branch lengths and topology60. While future 
studies using phylogenomic approaches may address these issues, 
obtaining tissue samples for all of these taxa will remain an obstacle 
for a long time.

Although DAISIE does not directly use topological information (only 
divergence times are used), it is possible that the true topology for a 
clade may differ from that of the gene tree that we have estimated and 
this could have an effect on our results by (1) affecting colonization and 
branching times (addressed in the paragraph below); or (2) by altering 
the number of colonization events. Alternative topologies may have 
led to an increase or decrease in colonization events—for instance, 
some species that appear to have colonized an archipelago only once 
may have colonized multiple times and if these re-colonizations are 
recent they may go undetected when using one or few loci. As with 
any phylogenetic study, we cannot rule out this possibility, but we 
assume that recent re-colonization of the archipelagos in our dataset 
by the same taxon is rare, as these are all oceanic and isolated. For archi-
pelago lineages with cladogenesis (26 out of 502 lineages), alternative 
topologies could include non-monophyly of island radiations, with the 
corollary being that they would be the result of multiple colonization 
events. However, this seems improbable for these isolated and well-
studied radiations, for which morphological evidence (for example, 
HBW37) is consistent with their monophyly as supported by existing 
molecular data.

Regarding scaling of divergence times, we assessed how uncertainty 
in our estimated node ages could influence our results by running an 
analysis of 100 datasets. For each dataset we sampled the node ages 
(that is, colonization and branching times) at random from a uniform 
distribution centred on the posterior mean for that node in the BEAST 
tree and extending twice the length of the highest posterior density 
(HPD) interval. For example, for a node with a 95% HPD interval of 
2–3 million years in our trees, the uniform distribution was set to 
between 1.5 and 3.5 million years. The HPD interval will capture uncer-
tainty under the selected phylogenetic and substitution models for the 
loci that we used, but we conduct our sensitivity analysis over a broader 
interval to accommodate the potential that the selected models and 
gene trees are inadequate. For cases in which using this approach meant 
that the lower bound of the uniform distribution was less than 0, we 
assigned a value of 0.00001 million years to the lower bound. We fitted 
the 9 best models to the 100 datasets using 5 initial starting parameters 
for each model (total 4,500 optimizations). We found that parameter 
estimates across the 100 datasets did not differ strongly from those in 
the main dataset (Supplementary Table 7). Notably, model selection 
was unaffected, with the M19 model being selected for all 100 datasets. 
This is because a lot of the information used for model selection is com-
ing from the other sources of information that DAISIE uses (island age, 
number of species and endemicity status) rather than colonization or 
branching times.

The maximum-likelihood parameters of the M19 model and the 
resulting area and isolation dependencies for datasets D1 to D6 (dis-
cussed below) are shown in Extended Data Fig. 6 and the DAISIE R 
objects including these alternative datasets are available in Mendeley 
Data (https://doi.org/10.17632/sy58zbv3s2.2).

To account for uncertainty in the rates of molecular evolution, 
we repeated all BEAST dating analyses for markers that were not 
cytochrome b using (1) the previously published cytochrome b rate50 
(dataset D1, equal to main dataset) and (2) previously estimated marker-
specific rates41, which have also been widely used in the literature 
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(dataset D2). Although the trees dated using the marker-specific rates 
provide younger ages, we found that the DAISIE results were very similar 
using either approach (same model preferred and similar parameters). 
Therefore, in the main text we only discuss the results of analyses of D1, 
that is, applying the cytochrome b rate to all markers.

For some taxa, we did not use the stem age as the estimate of colo-
nization time, and instead used alternative nodes (see ‘Colonization 
and branching times’). To test whether our choice of nodes affects 
our main conclusions, we recoded all such taxa by extracting the stem 
ages and used these ages as an upper bound for colonization (DAISIE 
MaxAge option). We fitted all 28 models to this new dataset (D3) and 
found that the M19 model is preferred and that the parameters and 
area or isolation relationships vary only slightly from those of the main 
analysis. We therefore conclude that our results are robust to the node 
selection approach.

If extinction has been high on the mainland, or if we failed to sample 
the closest relatives of the island taxa, this could lead to an overestima-
tion of colonization times when using the stem age as the precise time of 
colonization. To investigate how this could have influenced our results, 
we ran analyses of datasets in which we allowed colonization to have 
happened at any time since the stem age (that is, the time of divergence 
from the nearest relative of the taxon on the mainland). For this we used 
the DAISIE options Endemic_MaxAge or NonEndemic_MaxAge, which 
integrate over all possible ages between the given maximum age and 
the present (or the first branching event within the archipelago for 
cases in which cladogenesis has occurred). We repeated this analysis 
coding all stem ages as maximum ages (D4), or coding only the 25% 
older stem ages as maximum ages (to account for the fact that older 
stems have the potential to have more bias) (D5). We also ran analyses 
on 100 datasets (D6) for which we assigned precise younger ages by 
randomly selecting a value between the stem age and the present (or 
crown age for cladogenetic groups). For all of these datasets (D4–D6), 
we found that the same model (M19) was preferred, but the initial values 
of the biogeographical rates (cladogenesis, extinction, colonization 
and anagenesis) were estimated to be higher than in the main dataset. 
Notably, the exponent hyperparameters were similar to those in the 
main dataset, meaning that the shape of the relationships between 
parameters and area or isolation is not much affected (Extended Data 
Fig. 6). The only exception is perhaps anagenesis, for which the relation-
ships varied more markedly—with isolated islands achieving very high 
rates for this parameter—but still agreeing with our main conclusions. 
Anagenesis is in general the most difficult parameter to estimate53. 
Thus, our conclusions are robust to the colonization times potentially 
being younger than those in our main dataset.

Sensitivity to archipelago selection and isolation metrics
The results of the following sensitivity analyses are presented in Sup-
plementary Data 3 and the DAISIE R objects that include these alterna-
tive datasets are available in Mendeley Data (https://doi.org/10.17632/
sy58zbv3s2.2).

To test whether the inclusion of both true archipelagos and single 
islands in our dataset could affect the results, we repeated analyses 
excluding single island units and found that the same model was pre-
ferred. The estimated initial rate of cladogenesis (λc

0) is higher if we 
exclude single islands, but this parameter is not different from a dis-
tribution of parameters estimated from datasets generated using a 
stratified-random sampling of both archipelagos and single islands.

Alternative isolation metrics to Dm have been shown to explain 
varying and often higher amounts of variation in species richness on 
islands61. We tested two alternative metrics: distance to the nearest 
larger or equivalent-sized landmass (Db), and the mean between Dm 
and Db (metrics given in Supplementary Data 2). We found that the 
same DAISIE model with very similar parameters was preferred in both 
cases, and we therefore used only the Dm metric, as this is more similar 
to the original model of MacArthur and Wilson.

The Mascarenes (Mauritius Island, Reunion and Rodrigues) are often 
treated as a single biogeographical unit in analyses. We chose to analyse 
them as independent units because (1) the distance between islands is 
much greater than our threshold for archipelago definition (more than 
500 km between Mauritius Island and Rodrigues; more than 170 km 
between Reunion and Mauritius Island); (2) only two species of our 
target group are shared between the islands (Terpsiphone bourbon-
nensis is found in Mauritius Island and Reunion; and Psittacula eques 
is found in Mauritius Island and extirpated from Reunion), suggesting 
low connectivity; (3) although there are three clades whose branching 
events took place within the Mascarenes (Coracina, Pezophaps and 
Raphus, and Zosterops), the remaining species result from independ-
ent colonizations, suggesting that the three islands behave mostly as 
three different biogeographical units. We nevertheless ran an analysis 
treating the islands as a single archipelagic unit and found that the 
same model was preferred and with similar parameter estimates, and 
we therefore discuss only the results treating them as separate.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
New sequence data produced for this study have been deposited in Gen-
Bank with the accession codes: MH307408–MH307656. The following 
datasets have been deposited in Mendeley: DNA alignments (https://
doi.org/10.17632/vf95364vx6.1), new phylogenetic trees produced 
for this study (https://doi.org/10.17632/p6hm5w8s3b.2), and DAISIE 
R objects (https://doi.org/10.17632/sy58zbv3s2.2). The 11 previously 
published trees are available upon request.

Code availability
The custom computer code used for this study is freely available in the 
DAISIE R package (https://github.com/rsetienne/DAISIE).
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Extended Data Fig. 1 | Variation of cladogenesis with isolation and area. 
Contour plot showing how the local rate of cladogenesis varies with area and Dm 
assuming the maximum-likelihood global hyperparameters of the M19 model 
(equations describing the relationships are provided in Supplementary 

Table 1). Numbers correspond to the archipelago numbers from Fig. 1 and show 
the local cladogenesis rates for each of the archipelagos in our dataset. Area is 
shown as a log scale.
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Extended Data Fig. 2 | Bootstrap precision estimates of the parameters of 
the M19 model. Parametric bootstrap analysis fitting the M19 model to 
1,000 global datasets simulated with maximum-likelihood parameters of the 
M19 model. Plots are frequency histograms of estimated parameters. Black 

lines show the median estimated values across all simulations and the blue lines 
the simulated values. Dashed lines show 2.5–97.5 percentiles. Parameters are 
explained in Supplementary Table 1. Bootstrap parameter estimates for the 
M14 model are shown in Extended Data Table 5.



Extended Data Fig. 3 | Randomization analysis of the M19 model. 
Distribution of global hyperparameters estimated from each of 1,000 datasets 
with the same phylogenetic data as our main global dataset but randomly 
reshuffling archipelago area and isolation among the 41 archipelagos in the 
dataset. Grey histograms show DAISIE maximum-likelihood parameter 

estimates for the M19 model. Red arrows show the estimated parameter from 
the real data. In most cases, the hyperparameters describing the exponent of 
the power models (x, α, β and d0) are estimated as zero in the reshuffled 
datasets, which is not the case in the real data (red). Parameters are explained in 
Supplementary Table 1.
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Extended Data Fig. 4 | Goodness of fit of the preferred model (M19). Plots 
show the observed total number of species, cladogenetic species and 
colonizations versus those simulated by the model. Median and 95% 
percentiles are shown for 1,000 simulations of each archipelago. Selected 

archipelagos mentioned in the main text or well-known archipelagos for which 
one or more of the diversity metrics are under- or overestimated are 
highlighted in colour. Dashed line is y = x. See also Fig. 3.



Extended Data Fig. 5 | Ratio of pseudo-R2 observed over pseudo-R2 
simulated. Estimates were based on 10,000 datasets simulated using the M19 
model. A ratio centred on 1 would indicate that the model explains the 

observed data as well as it is able to explain the average dataset simulated 
under the maximum-likelihood parameters.



Article

Extended Data Fig. 6 | Sensitivity to colonization and branching times.  
a, Maximum-likelihood parameter estimates of the M19 model (preferred 
model) for datasets differing in colonization and branching times. D6 
represents 100 datasets, therefore, the 2.5 and 97.5 percentiles are shown. 
Parameter symbols are described in Supplementary Table 1. b, Estimated 

relationships between island area and isolation and local island biogeography 
parameters for each dataset. Under the M19 model, cladogenesis rate increases 
with both area and isolation, and thus plots for more (far, 5,000 km) and less 
(near, 50 km) isolated islands are shown.



Extended Data Table 1 | Archipelago characteristics and references for island geological ages

Island ages are from previously published studies31,35,62–98. 
More data are provided in Supplementary Data 2. For archipelagos closer to Madagascar, New Guinea or New Zealand than to the continent, we use those islands as the mainland. 
*A previous study34 proposed an age of 0.125 million years, but we used an older age (see Methods). 
†At least 2 million years (P. Hearty, personal communication). 
‡R. Stern and M. K. Reagan, personal communication.
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Extended Data Table 2 | Primer sequences used in this study

Primer sequences were designed for this study or are from previously published studies36,99–102.



Extended Data Table 3 | The 80 alignments used in the phylogenetic analyses

Sequences were obtained from previous studies as indicated. Main source of sequences is GenBank or the new sequences produced for this study, except for the cases noted in the table, for 
which a matrix was directly obtained from a specific study41,103–111. Details on molecular rates and molecular models applied to each alignment are provided in Supplementary Table 4.
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Extended Data Table 4 | Previously published dated trees used

Data are from previously published studies112–122.



Extended Data Table 5 | Bootstrap of M14 and M19 models

Maximum-likelihood estimates and 95% confidence intervals of the parameters of the two best models. Confidence intervals were obtained from the bootstrap analyses. Parameter symbols are 
explained in Supplementary Table 1.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Google Earth Pro v7.3.2.5776; Geneious v11; Excel v16.28.

Data analysis We added the code used for the DAISIE analyses to a new version of the DAISIE R package, which we deposited on GitHub (https://
github.com/rsetienne/DAISIE).  
 
Other software used: BEAST v2.4.8; jModeltest v2.1.5; R v3.5.1; RStudio v1.1.453; BBEdit  v12.1.3; Cyberduck v7.1.2; Figtree v1.4.4.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All underlying data are available in the manuscript as supplementary data or on online databases.  
New sequence data has been uploaded to GenBank with accession numbers MH307408-MH307656.  
 
Other data types have been uploaded to Mendeley: 
DNA alignments: https://doi.org/10.17632/vf95364vx6.1 
New phylogenetic trees produced for this study: https://doi.org/10.17632/p6hm5w8s3b.2 
DAISIE R objects: https://doi.org/10.17632/sy58zbv3s2.2
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We produced phylogenies for island birds and developed a new method for estimating rates of speciation, colonisation and 
extinction from these islands and to relate them to island area and isolation on a global scale. A total of 596 bird taxa were included 
in the DAISIE analyses (including those taxa for which no phylogenetic data was available but which were present on the islands). The 
number of individuals sampled per taxon included in the phylogenetic analyses varied between 1 and 15.

Research sample We did not conduct experiments. Our samples are bird specimens whose DNA was used for phylogenetic analyses. Our sampling 
focused on native resident terrestrial birds from 41 archipelagos (listed in Figure 1) and we considered only birds that colonise by 
chance events. We thus excluded marine and migratory species. We focused on songbird-like and pigeon-like birds, which constitute 
the majority of terrestrial (land-dwelling) birds on islands. We included only species from the same trophic level: we excluded aquatic 
birds, birds of prey, rails and nightjars. We also excluded introduced and vagrant species. Sex and age of the individuals is not 
relevant for the purposes of this study. 
 
The full lists of species and samples are given in Supplementary Data 1 and Supplementary Information Table 3.

Sampling strategy The sample size is the number of island colonisation plus island speciation events (569). We sampled all taxa of our focal group on 
each of 41 archipelagos.

Data collection We sampled DNA from birds for sequencing, and compiled published sequence and phylogenetic data available. Bird samples were 
collected in the field by M.M, B.H.W., S.M.C., J.C.I, C.T. and L.V. New sequences were produced by K.H. and J.C.I. GenBank data and 
published phylogenetic trees were compiled by L.V.. New phylogenetic trees were produced by L.V. . Data on island physical features 
were compiled from various published sources cited in Extended Data Table 1.

Timing and spatial scale Field work was conducted between 1999 and 2017 on the island and continental regions specified in Supplementary Data Table 3. 
The spatial scale is global, as field locations were located in several continents and oceans.

Data exclusions No data were excluded.

Reproducibility The likelihood and simulation analyses conducted in this study can be reproduced using examples provided in the R package DAISIE. 
We provide examples of the code and the same data used for running these analyses (e.g. see examples at the end of 
DAISIE_sim_global and DAISIE_MW_ML functions in the DAISIE R package).

Randomization This is not relevant as we did not conduct experiments.

Blinding Blinding is not relevant, as we did not conduct experiments.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions We conducted fieldwork on several islands worldwide in order to collect DNA samples from birds. The field conditions varied, but 

field work was only conducted when it was not raining to avoid hurting birds. The exact field conditions are not relevant because 
they do not impact the results.

Location The 41 archipelagos/islands sampled are: Aldabra Group; Ascension; Azores; Bermuda; Canary Islands; Cape Verde; Chagos; 
Chatham; Christmas Island; Cocos (Costa Rica); Cocos (Keeling); Comoros; Fernando de Noronha; Galápagos; Gough; Guadalupe; 
Hawaii; Juan Fernández; Lord Howe; Madeira; Marianas; Marquesas; Mauritius Isl.; New Caledonia; Niue; Norfolk; Ogasawara; 
Palau; Pitcairn; Rapa Nui; Reunion; Rodrigues; Saint Helena; Samoa; SãoTomé e Príncipe; Selvagens; Seychelles (Inner); Society; 
Socorro; Tonga; Tristan da Cunha. Mainland sample locations: Angola, Andalucia (Spain), Cameroon, Equatorial Guinea, Gabon, 
Madagascar, Morocco.  
 
All relevant parameters (area, isolation, latitude, longitude, elevation, age) are listed in Supplementary Data 2.

Access and import/export Information on collecting and export permits: 
- Angola - Biodiversity Research Protocol ISCED-Huíla and the South African National Biodiversity Institute (SANBI) (M.M.). 
- Cameroon - Limbe Botanical and Zoological Garden, Ministry of Scientific Research, Ministry of Forestry and Wildlife (M.M.). 
- Cape Verde - Cape Verde Agriculture and Environment Ministry; Ref.: 10/10 and 18/2015 (J.C.I.). 
- Comoros - Centre National de Documentation et de Recherche Scientifique, 2000 (B.H.W.)  
- Equatorial Guinea - Universidad Nacional de Guinea Ecuatorial (M.M.). 
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- Gabon - Centre National de la Recherche Cientifique (CENAREST), Station de Recherche de l’IRET at Ipassa-Makokou, Parc de La 
Lekedi, CENAREST NºAR0053/12/MENESTFPRSCJS/CG/CST/CSAR 2012 (M.M.).  
- Madagascar - Ministère des Eaux et Forets, 2002 (B.H.W.) 
- Mauritius/Rodrigues - National Parks and Conservation Service (Republic of Mauritius), 1999 (B.H.W.) 
- Mayotte - Direction de l'Agriculture et de la Foret, 2000 (B.H.W.) 
- Morocco - Ref: 5061/08/HCEFLCD/DLCDPN/PRN/CFF // 14-2015 (J.C.I.) 
- New Caledonia, Loyalty Islands - Direction du Développement Economique, 2 Dec 2011 6101-858/PR (L.V.); 31 Jan 2014 
6101-43/PR (S.M.C.). 
- New Caledonia, South Province -  Direction de l’Environmement Province Sud, 21 Jan 2014 Province Sud 3177-2013/ARR/DENV 
(S.M.C.) 
- Portugal - Regional governments of: 
 1) Azores: 12/2016/DRA (J.C.I.) 
 2) Madeira: 02/2016 FAU MAD (J.C.I.) 
- São Tomé e Príncipe, Direcção Geral do Ambiente, Ministério das Obras Públicas, Infraestruturas, Recursos Naturais e Ambiente 
1999-present (no number) (M.M.) 
- Seychelles  - Bureau of Standards and Ministry of Environment, Centre National de Documentation et de Recherche 
Scientifique, 2000 (B.H.W.) 
- Spain - Regional governments of: 
 1) Andalucía: SGYB/AF/FJRH/RE-35-36/13 (J.C.I.) 
 2) Canary Islands: Ref.: 443/02-10-2012 // Ref.: 2016/811 (J.C.I.) 
- Reunion – CRBPO (Centre de Recherches sur la Biologie des Populations d’Oiseaux, Muséum National d’Histoire Naturelle, 
Paris), #602, 2007 (C.T and B.H.W). 
- Museum samples: Department of Ornithology and Mammalogy of the California Academy of Sciences (Laura Wilkinson & 
Maureen Flannery); Natural History Museum at Tring (Mark Adams); Stuttgart State Museum of Natural History.

Disturbance Minimal disturbance to sites - we used mist-nets, which are placed temporarily and cause minimal impact.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Study did not involve laboratory animals.

Wild animals Birds were caught in the field using mist-nets and immediately released in the same location after a blood sample was taken. No 
bird was injured, killed or kept captive. 
 
The new samples collected for this study comprised 90 different species (252 individuals): Acrocephalus rodericanus; Agapornis 
pullarius; Alectroenas sganzini; Anabathmis hartlaubii; Anabathmis newtonii; Anabathmis reichenbachii; Chalcophaps indica; 
Chrysococcyx cupreus; Chrysococcyx lucidus; Coccyzus melacoryphus; Columba larvata; Columba malherbii; Columba thomensis; 
Coracopsis vasa; Corvus albus; Crithagra burtoni; Crithagra capistrata; Crithagra mozambica; Crithagra rufobrunnea; Crithagra 
sulphurata; Cyanolanius madagascarinus; Cyanomitra olivacea; Dicrurus ludwigii; Dreptes thomensis; Erythrura psittacea; 
Erythrura trichroa; Estrilda astrild; Estrilda melpoda; Estrilda  astrild; Euplectes albonotatus; Euplectes aureus; Euplectes 
capensis; Euplectes hordeaceus; Euplectes orix; Euplectes  albonotatus; Humblotia flavirostris; Lanius newtoni; Leptosomus  
discolor; Lonchura cucullata; Motacilla bocagii; Myiagra caledonica; Nesoenas picturata; Nigrita bicolor; Nigrita canicapilla; 
Ploceus cucullatus; Ploceus grandis; Ploceus insignis; Ploceus melanogaster; Ploceus nigerrimus; Ploceus princeps; Ploceus 
sanctithomae; Ploceus velatus; Ploceus xanthops; Prinia molleri; Prinia subflava; Progne modesta; Quelea erythrops; Quelea 
quelea; Saxicola torquata; Serinus albogularis; Serinus citrinelloides; Serinus citrinipectus; Serinus flaviventris; Serinus flavivertex; 
Serinus mozambicus; Serinus totta; Streptopelia senegalensis; Streptopelia  decaocto; Sylvia atricapilla; Sylvia borin; Sylvia 
dohrni; Terpsiphone atrochalybea; Terpsiphone rufiventer; Terpsiphone rufocinerea; Terpsiphone smithii; Terpsiphone viridis; 
Treron calvus; Treron griveaudi; Treron sanctithomae; Turdus merula; Turdus olivaceofuscus; Turdus xanthorhynchus; Turtur 
afer; Turtur tympanistria; Uraeginthus angolensis; Vidua macroura; Zosterops feae; Zosterops griseovirescens; Zosterops 
leucophaeus; Zosterops lugubris. 
 
Sex and age of the individuals is unknown (and not relevant for this study).
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Field-collected samples Blood samples collected in the field were stored in ethanol.

Ethics oversight No ethical approval was required as no bird was killed, injured or kept captive and we used normal procedures for mist-netting.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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