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Abstract

Island biotas emerge from the interplay between colonisation, speciation and extinction and are
often the scene of spectacular adaptive radiations. A common assumption is that insular diversity
is at a dynamic equilibrium, but for remote islands, such as Hawaii or Gal�apagos, this idea
remains untested. Here, we reconstruct the temporal accumulation of terrestrial bird species of the
Gal�apagos using a novel phylogenetic method that estimates rates of biota assembly for an entire
community. We show that species richness on the archipelago is in an ascending phase and does
not tend towards equilibrium. The majority of the avifauna diversifies at a slow rate, without
detectable ecological limits. However, Darwin’s finches form an exception: they rapidly reach a
carrying capacity and subsequently follow a coalescent-like diversification process. Together, these
results suggest that avian diversity of remote islands is rising, and challenge the mutual exclusivity
of the non-equilibrium and equilibrium ecological paradigms.
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INTRODUCTION

Islands have been prominent in the development of ecologi-
cal and evolutionary theory, inspiring significant advances to
our understanding of global scale biodiversity patterns (War-
ren et al. 2015). MacArthur and Wilson’s landmark island
biogeography theory presented a model for how biotas
assemble through immigration and extinction, ultimately
reaching a dynamic equilibrium in the number of species
(MacArthur & Wilson 1963, 1967). Whether communities
are at or tend towards diversity equilibrium remains a cen-
tral problem in ecology and evolution (Ricklefs & Berming-
ham 2001; Rabosky & Glor 2010; Etienne et al. 2012;
Manceau et al. 2015). For remote archipelagos, such as
Hawaii or Gal�apagos, which host spectacular in situ radia-
tions and are limited by immigration (Gillespie 2004; Gilles-
pie & Baldwin 2010; Rosindell & Phillimore 2011), the
applicability of equilibrium dynamics has been questioned on
the basis that diversity perturbations via geological or meteo-
rological events may be too frequent relative to the time-
scales over which equilibrium is thought to emerge (Heaney
2000; Whittaker et al. 2008).
Diversity-dependence, a negative feedback of diversity on

diversification and immigration, has been proposed as a mech-
anism that facilitates the emergence of equilibrium species
richness of clades or entire communities on islands and conti-
nents (Marshall et al. 1982; Rabosky & Glor 2010; Valente
et al. 2014). However, whether the biotas of remote islands

are sufficiently close to saturation for diversity feedbacks to
have a discernible impact on community assembly is not
known (Gillespie & Baldwin 2010; Rabosky & Glor 2010).
Similarly, it remains an open question whether classic insular
adaptive radiations [e.g. Darwin’s finches (Grant & Grant
2008), African lake cichlids (Wagner et al. 2012) and Hawai-
ian Silverswords (Baldwin & Sanderson 1998)] represent
exceptional evolutionary events decoupled from the processes
governing the diversification of other lineages on islands or,
instead, constitute unremarkable outcomes, given background
rates of species gain and loss (Raup et al. 1973; Gillespie &
Baldwin 2010; Etienne & Haegeman 2012).
Molecular phylogenies are a promising source of informa-

tion regarding the temporal dimension of diversification and
immigration on islands (Emerson 2002; Valente et al. 2014).
Studies on insular environments have made use of phyloge-
netic trees to extract information on the accumulation of spe-
cies through time (Ricklefs & Bermingham 2001; Rabosky &
Glor 2010) and the contribution of in situ speciation (Kisel &
Barraclough 2010; Papadopulos et al. 2011; Wagner et al.
2012) but the field of island biogeography lacks a phylogeny-
based inference approach that includes contributions from the
three stochastic processes that determine diversity over evolu-
tionary time scales – immigration, extinction and in situ speci-
ation (Heaney 2000; Rosindell & Phillimore 2011). Here, we
develop DAISIE (Dynamic Assembly of Islands through Spe-
ciation, Immigration and Extinction), a likelihood-based phy-
logenetic method that unifies the island biogeography
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framework of MacArthur & Wilson (1963, 1967) with the
phylogenetic birth-death models popularised by Nee et al.
(1992). DAISIE estimates diversity limits and per lineage rates
of immigration, cladogenetic speciation (where one species on
the island or archipelago splits into two endemic species), ana-
genetic speciation (where an island population diverges from
its mainland source population through time) and extinction
of insular biota. The method enables us to test whether the
system has reached dynamic equilibrium as well as whether
in situ radiations are exceptional given estimated background
rates of biota assembly.
We apply DAISIE to the terrestrial avifauna of the remote

Gal�apagos islands, a model system for evolutionary studies
since Charles Darwin’s visit in 1835. The Gal�apagos are
renowned for their high avian endemicity but also for com-
prising species with diverse evolutionary and biogeographical
backgrounds (Parent et al. 2008). The archipelago’s avifauna
includes the in situ radiations of 15 Darwin’s finches [hereafter
DF (Grant & Grant 2008; Farrington et al. 2014)] and four
Gal�apagos mockingbirds (Lovette et al. 2012), as well as sev-
eral endemic species that have no relatives on the archipelago,
and taxa that have not differentiated substantially from their
mainland ancestors (non-endemic species). On the basis of the
Gal�apagos remoteness (960 km from the South American
continent) and young age [4–14 million years (My) (Werner
et al. 1999; Geist et al. 2014)] it has been conjectured that
diversity in the archipelago is below the equilibrium level
(Heaney 2000; Parent & Crespi 2006), but this remains
untested, and if rates of diversification and immigration have
been high it is entirely plausible that equilibrium could have
been achieved. Furthermore, although the adaptive radiation
of DF is a textbook example of rapid evolution following col-
onisation of an ecologically vacant environment (Grant &
Grant 2008; Farrington et al. 2014), it is possible that they
diversified at the average background rates for the archipelago
and belong to the high-diversity tail of the distribution of out-
comes from a shared macroevolutionary process (Raup et al.
1973; Rabosky et al. 2007) rather than being an exceptional
radiation. Here, we estimate rates of assembly of the
Gal�apagos terrestrial avifauna and show that total species
diversity has not reached equilibrium. In addition, we show
that Darwin’s finches are decoupled from the background

rates in the archipelago, and that they in fact appear to have
reached a diversity steady state.

MATERIALS AND METHODS

Gal�apagos land birds

The Gal�apagos archipelago harbours 31 species of native resi-
dent land birds, comprising a diverse assemblage of avian
families (Jim�enez-Uzc�ategui et al. 2014). In order to analyse
taxa with comparable ecological traits, we excluded birds of
prey and rails (six species). Our data set thus includes 25 spe-
cies corresponding to eight independent colonisations of the
archipelago (Table S1). Three species are non-endemic, found
also in North, Central and South America. A total of 19 spe-
cies belong to the two in situ land bird radiations that have
taken place in the Gal�apagos, one giving rise to the DF and
the other to the four species of Gal�apagos mockingbirds. We
extracted colonisation and branching times from dated molec-
ular phylogenies for all 25 species in order to reconstruct the
pattern of species accumulation in the archipelago from its
origin until the present (Fig. 1, Table S1).
Phylogenetic data sources and dating analyses are described

in Supporting Information Methods and Tables S1–S7.

Model

We modelled assembly of island biota as a stochastic process
involving immigration (at per-species rate c) from a mainland
with M species of unchanging identity, anagenesis (at per-spe-
cies rate ka), in situ cladogenesis (at per-species rate kc) and
island extinction (at per-species rate l).
We allow for diversity-dependent diversification and immi-

gration rates for each lineage, such that these rates decline line-
arly as the number of species on the island accumulates
controlled by the parameter K’, which can be interpreted as the
maximum number of species niches in the absence of extinction
(Etienne et al. 2012). Mainland species can be treated as inde-
pendent from one another, allowing separate treatment of the
dynamics for each of the M mainland species. The first event, if
any, that occurs is an immigration event, after which the immi-
grant can (1) diversify, either by anagenesis or cladogenesis (in
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Figure 1 Colonisation and branching times of Gal�apagos terrestrial birds. Circles represent mean age of colonisation across all phylogenetic data sets. Blue

– endemic lineages; green – non-endemic lineages. Dashed lines are shown for the vermilion flycatcher and dark-billed cuckoo as for these species only an

upper bound to the age of colonisation is known. The dashed black line shows the approximate age of the oldest currently emerged island in the

Gal�apagos archipelago. The photographs (by Ruben Heleno, Luis Valente and Steve Arlow) show representatives of each of the independent colonisation

events. Lineage names are given in Table S1 in the same order as in the figure.
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either case the immigrant species status is changed, (2) it can
become extinct or (3) it can immigrate again. If no endemic spe-
cies have formed, then the later immigrant is assumed to replace
the previous one, and the more recent colonisation event will be
treated as the time of divergence from the mainland. This is
crucial because in our inference from real data the time of
colonisation for an anagenetic species or insular radiation is set
at the divergence time from the mainland ancestor (see below).

Likelihood computation

To estimate the rates of diversification and immigration and
the diversity-dependence parameter K’, we developed a
method to compute the likelihood of the model given coloni-
sation and branching times (obtained from dated phylogenies)
of a biological group of interest from a focal region (from
here on simply referred to as ‘island’). The data consist of a
list of data entries, each of which refers to a different coloni-
sation. We distinguish five types of data entries:

(1) A mainland species that did not leave any extant island
descendants. The mainland species may nevertheless have
immigrated, and even diversified, but eventually the clade it
established became extinct. The potential colonisation event is
assumed to have occurred at any time after the island arose.
The likelihood computation integrates over all possible coloni-
sation times, and possible trajectories after colonisation.
(2) A mainland species that is present on the island, but has
no endemic sisters on the island, and the actual colonisation
event is unknown. The colonisation event is then assumed to
have occurred at any time after island birth (or divergence
from a sister species if this is more recent), and the likelihood
computation integrates out all possible trajectories.
(3) Same as 2, but the actual colonisation event is known
from the divergence time of the island population from the
mainland population.
(4) A mainland species that is not present on the island, but
has left endemic descendants on the island, for which the
time-calibrated phylogeny is given. The colonisation event is
set at the divergence time of the endemic clade from the clos-
est mainland relative. Re-immigration of the mainland species
and subsequent extinction may have happened after the first
anagenesis or cladogenesis event. The likelihood computation
involves computing the probability of the phylogeny of the
endemic clade.
(5) A mainland species that co-occurs on the island with its
endemic sister clade, for which a phylogeny is provided. This
means that the non-endemic species re-immigrated after one
or more endemic species were formed. As in the previous case,
the likelihood computation involves computing the probability
of the phylogeny of the endemic clade.

The full likelihood is the product of the probabilities of
observing these data entries under the model. These probabili-
ties are computed, using a Hidden Markov approach (Etienne
et al. 2012). Let us define Qk

nðtÞ as the probability that the
process at time t is consistent with k lineages in the phylogeny
at time t, and with n species that are not in the phylogeny
assuming that the mainland species is absent. We define
QM;k

n ðtÞ analogously but now assuming that the mainland spe-

cies is (also) present (hence the superscript M). In the cases 1,
2 and 3 above where there is no tree, but simply the immi-
grant absent or present, we always have k = 0 or k = 1,
respectively. In cases 4 and 5, k increases from 0 to 1 at the
colonisation event, and increases by 1 at each branching point
in the tree. When k = 0 or k > 1 the probabilities Qk

nðtÞ and
QM;k

n ðtÞ can be obtained by integrating the following set of
differential equations (master equations):

dQk
n

dt
¼ lQM;k

n þ kaQM;k
n�1 þ kcnþk�1Q

M;k
n�2

þ kcnþk�1 nþ 2k� 1ð ÞQk
n�1 þ lðnþ 1ÞQk

nþ1

� ðlþ kcnþkÞðnþ kÞQk
n � cnþkQ

k
n

dQM;k
n

dt
¼ cnþkQ

k
n þ kcnþk nþ 2k� 1ð ÞQM;k

n�1

þ l nþ 1ð ÞQM;k
nþ1 � lþ kcnþkþ1ð Þ nþ kð ÞQM;k

n

� lþ ka þ kcnþkþ1ð ÞQM;k
n

; ð1Þ

subject to initial conditions Q0
0ð0Þ ¼ 1;QM;0

0 ð0Þ ¼ 0 and
Qk

nð0Þ ¼ QM;k
0 ð0Þ ¼ 0 for all other combinations of k and n.

We emphasise that all the parameters of the model may
depend on the number of species in the colonising lineage,
thus incorporating diversity-dependence (although we only
considered such a dependence for the rates of cladogenesis
and immigration); we chose not to make this dependence
explicit in our equations for notational convenience. At the
branching points the probabilities Qk

nðtÞ and QM;k
n ðtÞ are

updated to take into account the speciation event:

Qkþ1
n ¼kcnþkQ

k
n

QM;kþ1
n ¼kcnþkþ1Q

M;k
n

ð2Þ

As stated above, this applies only to k = 0 and k > 1. The
case k = 1 is special because this case arises right after the col-
onisation event that defines the tree (or single surviving line-
age). To be consistent with the phylogeny there cannot be any
re-immigration before the lineage has speciated because
re-immigration before speciation would reset the divergence
time. So let us define QM;nðtÞ as the probability that the main-
land species whose lineage will survive to the present is pres-
ent on the island at time t with n other species that will not
survive, or are not in the phylogeny. The probabilities Q1

nðtÞ,
QM;1

n tð Þ and QM;nðtÞ can be obtained by solving the following
system of differential equations:

dQ1
n

dt
¼kaQM;nþ2kcnQM;n�1þlQM;1

n þkaQM;1
n�1þkcnQ

M;1
n�2

þkcn nþ1ð ÞQ1
n�1þlðnþ1ÞQ1

nþ1

�ðlþkcnþ1Þðnþ1ÞQ1
n� cnþ1Q

1
n

dQM;1
n

dt
¼cnþ1Q

1
nþkcnþ1ðnþ1ÞQM;1

n�1þl nþ1ð ÞQM;1
nþ1

� lþ kcnþ2

� �
nþ1ð ÞQM;1

n � lþkaþ kcnþ2

� �
QM;1

n

dQM;n

dt
¼l nþ1ð ÞQM;nþ1þkcn n�1ð ÞQM;n�1

� lþkcnþ1

� �
nþ1ð Þ� kaþ cnþ1

� �� �
QM;n

; ð3Þ

with the initial condition at the colonisation time t = tc being
Q1

n tcð Þ ¼ 0, QM;1
n tcð Þ ¼ 0, QM;n tcð Þ ¼ cnQ

0
nðtcÞ where Q0

nðtcÞ is
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computed from Eq (1), so all probabilities Q0
nðtÞ are trans-

ferred to QM,n(t). At the node where k becomes 2, we have

Q2
n ¼ kcnþ1 Q1

n þQM;n

� �

QM;2
n ¼ kcnþ2Q

M;1
n

; 4

so all probabilities QM,n(t) are transferred to Q2
nðtÞ.

The likelihood is eventually given by Qk
nðtpÞ or QM;k

n tp
� �

,
depending on whether the mainland species is absent or pres-
ent, where tp is the present time and k equals the number of
species in the phylogeny (where k = 0 constitutes an empty
phylogeny, and k = 1 a single stem) and n is the number of
descendants of the colonist for which we do not have phyloge-
netic data.
As a technical detail, we remark that events where the

mainland species reimmigrates and establishes a new clade are
taken into account in the computation of the probabilities
QM;k

n ðtÞ by adding the species in the new clade to the n species
that are not in the phylogeny. We do not, therefore, compute
probabilities for the branching pattern of the new clade as we
consider these events to be rare and they did not occur in our
data, but we do account for the contribution of these species
to diversity-dependence.
We implemented the model, likelihood estimation frame-

work and simulation code in a new R package called DAISIE
(available from the R website, http://cran.r-project.org/web/
packages/DAISIE/).

Model fitting and selection

Model parameters for the Gal�apagos phylogenetic data set
were estimated via maximum likelihood in the DAISIE pack-
age. We compared equal-rates DAISIE models that assume
that all lineages share the same dynamics to differential-rate
models that distinguish DF-type species (defined as those main-
land finch species that have the potential to produce a DF-type
radiation) from the remaining bird taxa in the archipelago
(non-DF-type species), thus allowing the DF radiation to differ
in one or more parameters that govern the macroevolutionary
process (Table S8). While it is possible that not all non-DF-
type species share the same parameters, we chose to compare
DF and non-DF-type species because we were interested in the
specific question of whether DFs are an exceptional radiation.
In order to estimate overall rates of species accumulation

for the Gal�apagos (treating the archipelago as an island) we
fitted two equal-rates models that assume that a single macro-
evolutionary process applies to all lineages (M1 and M10).
The models we fitted are described in detail in Table S8. All
differential-rate models tested have additional parameters
compared to the equal-rates models, corresponding to the
parameters that are allowed to vary between DF-type and
non-DF-type species. For the differential-rate models, the pro-
portion of DF-type species (PDF-type) in the mainland pool
was assumed to be 0.163, equivalent to the proportion of
extant finch-like species in the South American avifauna. To
compute PDF-type, we referred to a complete checklist of South
American bird species (Birdlife International) and divided the
total number of potential DF-type (Thraupidae, Emberizidae
and Fringillidae) by the total number of land birds represent-

ing broadly comparable guilds to the Gal�apagos avifauna. We
justify this broad definition of potential finch ancestors based
on the observation that finches have radiated on two other
archipelagos (Price 2011). However, we also assessed the
robustness of our results with respect to changing PDF-type

(see Sensitivity analysis section).
We fitted all models to a ‘consensus’ data set representing

the mean colonisation and branching times across all phyloge-
netic trees. For each model, we ran optimisations with 100
different initial starting conditions to minimise the chance of
being trapped in local suboptima. We repeated analyses
assuming M = 500 and 1000 species in the mainland species
pool, but report only the results for M = 1000 because param-
eter estimates varied little with pool size, except for c, which,
as expected, was smaller with higher M. We compared models
using Akaike information criterion (AIC) and Bayesian infor-
mation criterion (BIC) weights (n = M), and found that model
M8 was strongly preferred using both criteria. We only report
results using BIC, as this criterion was found to have very
low type I error rates with simulated data.

Sensitivity analyses

In order to account for phylogenetic uncertainty, we repeated
analyses for the three best models (M1, M5 and M8) across
100 randomly sampled phylogenetic data sets thus incorporat-
ing variation in node ages. The oldest currently emerged
island in the Gal�apagos is c. 4 My old, but seamounts repre-
senting drowned islands anciently formed above the
Gal�apagos hotspot suggest the archipelago could be up to
14.5 My old (Werner et al. 1999; Geist et al. 2014). To
account for uncertainty in geological age, we refitted the three
best models assuming a range of archipelago ages between
four and 15 My.
The fraction of DF-types on the mainland (PDF-type) of

0.163 used in the main analysis may be an overestimate,
because DFs are derived from a Caribbean clade (Burns et al.
2002) that is not necessarily typical of South American finch-
like species. We therefore refitted the three best models assum-
ing PDF-type values varying between 0.001 and 0.28 (the maxi-
mum value is the PDF-type in South America if only lineages
present on the Gal�apagos are taken into account), in order to
examine the effect of PDF-type on our main conclusions.
There are currently no molecular data available for one of

the species in our data set – Progne modesta. To evaluate the
effect of the colonisation time of P. modesta on our parameter
estimates, we refitted the best model with varying colonisation
times of P. modesta between 0.01 and 4 Mya.

Simulations

Using a standard algorithm that allows stochastic simulations
in continuous time (Gillespie 1976), we simulated 5000 islands
under the ML parameter estimates from the best model (M8),
covering the entire life span of the archipelago from birth
(4 Ma) to the present. To assess whether the model faithfully
reproduces the observed Gal�apagos phylogenetic and diversity
data, we plotted the distribution of various summary statis-
tics. The actual age of colonisation of two non-endemic spe-
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cies (Coccyzus melacoryphus and Pyrocephalus rubinus) is
unknown, which we accounted for in our model fitting by
integrating over all possible ages. To check whether this
results in reasonable colonisation times, we estimated median
times of colonisation of non-endemic species predicted under
the model by simulating lineages with the ML parameters of
non-DF-type species and recording the time of colonisation of
lineages that were present on the island but had not yet speci-
ated at the end of the simulations.

Precision estimates

To assess the performance of our likelihood inference method,
we used a parametric bootstrap approach to measure the abil-
ity of the model to estimate the correct parameters from data
sets simulated with known values. We performed simulations
of the M8 model using the ML parameter estimates from the
data as input. We then assessed bias and precision by estimat-
ing the ML parameters from each of the simulated data sets
and comparing them with the simulated values.

RESULTS

Model selection

The dated phylogenetic trees of Gal�apagos land birds indicate
that the majority of colonisations and all speciation events are
younger than the age of the oldest currently emerged island
(Fig. 1). The most strongly supported model for the
Gal�apagos data set (M8 in Table S8; results in Fig. 2a and
Table S9) allows for a decoupling of the dynamics experienced
by DF-type from the background rate, such that DF-types

are subject to diversity-dependence and a higher rate of
cladogenesis and extinction than non-DF-type species.
Non-DF-type species accumulate species at slow rates and
experience no diversity-dependent feedbacks (Table S9).
Under the M8 model the rate of immigration to the archipel-
ago is estimated to be low and anagenesis plays an important
role in generating endemism (Table S9). DF species show an
explosive burst of cladogenesis, rapid extinction and a diver-
sity limit of 15 species. Under these parameters, the rate of
cladogenesis of the DF radiation is nearly instantaneous, the
carrying capacity is reached very rapidly and any extinction
event is quickly followed by a cladogenesis event, thus resem-
bling a coalescent-like process (Hey 1992). Parametric boot-
strap revealed that the method performs well in recovering the
correct parameter values with very little bias (Fig. 3, Fig. S1
and Table S10).

Simulations

Diversity-through-time plots produced by simulating species
accumulation from the age of the oldest currently emerged
island (4 My) until the present using M8 parameter estimates
show that Gal�apagos land birds have not attained an equilib-
rium diversity, as total species richness does not exhibit
asymptotic behaviour (Fig. 2b). The simulations also revealed
that the model provides a very good fit to the data (Fig. 4)
and that the median time of colonisation of non-DF-type
non-endemic species is 0.58 (0.04–2.4) Mya (Fig. S2)

Sensitivity analyses

A sensitivity analysis revealed that our conclusion that total
species diversity is not at equilibrium is robust to variation in
node ages (Table S11) and assumed Gal�apagos geological age
(Table S12 and Fig. S3a). Varying PDF-type values (Table S13
and Fig. S3b) or the assumed age of colonisation of P. mode-
sta (Table S14) led to changes in biogeographical rates but
did not alter the conclusion that DF-types appear to be at
equilibrium while total avian diversity is not.

DISCUSSION

According to the most strongly supported DAISIE model, the
avifauna of the Gal�apagos islands does not tend towards a
diversity steady state where the contributions of immigration
and speciation are balanced by extinction, contrary to the
expectations of classic ecological equilibrium theory (MacAr-
thur & Wilson 1963, 1967). Departure from equilibrium
expectations in the Gal�apagos terrestrial avifauna (Fig. 2b)
occurs because non-DF-type species exhibit a positive diversi-
fication rate and no detectable signal of diversity-dependent
controls, and thus may be fundamentally non-equilibrial
(Quental & Marshall 2013; Warren et al. 2015). Our analyses
suggest that the archipelago has been continuously accumulat-
ing species at slow rates, through both new arrivals and
in situ speciation, and total diversity is far from achieving an
asymptotic phase.
In contrast, a subset of the avifauna – DF-type species –

appears to have reached a diversity limit and can be
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Figure 2 Diversity-through-time of the Gal�apagos terrestrial avifauna (a)

Bayesian information criterion weights obtained by fitting different

models to the consensus Gal�apagos phylogenetic data set reveal strong

support for the M8 model. (b) Total number of species through time

obtained in 5000 stochastic simulations of the M8 model, conditioning on

there being a single DF colonisation. Lines show medians, and light and

dark blue areas show respectively the 2.5th and 75th percentiles across the

5000 simulated data sets. Dotted black line shows the number of observed

species in the Gal�apagos data. Model names defined in Table S8.
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considered to be in an equilibrium steady state, according to
the best model. Our analyses thus suggest that, unless new
key innovations arise (Etienne & Haegeman 2012), the DF
radiation may have reached an end point in terms of numbers
of species, even though evolutionary turnover of finch taxa is
estimated to be remarkably high. The diversity limit that we
propose operates on DF requires diversity-dependence to
occur on an archipelago-wide scale where species ranges may
not overlap. Negative diversity feedbacks may operate in both
sympatric and highly fragmented allopatric settings (Rabosky
& Lovette 2008; Pigot et al. 2010; Moen & Morlon 2014;
Price et al. 2014), and, indeed, numerous studies have found
evidence for diversification slowdowns and diversity-depen-
dence in clades composed of allopatric forms (Rundell & Price
2009). In the case of DF, we suggest that the carrying capac-
ity emerges as a function of limits to both alpha and beta
diversity – thus, if a form distributed over several islands
splits into two species with smaller ranges, each of these forms
will then have a higher probability of extinction (Pigot et al.
2010). Given that DF constitute the most extensively studied
avian radiation, and that sampling has been very comprehen-
sive throughout the entire geographical range (Grant & Grant
2008; Farrington et al. 2014; Lamichhaney et al. 2015), we
believe it is unlikely that the detected diversity limit is the
result of a failure to recognise incipient species (Etienne &
Rosindell 2012).
The exceptional nature of the DF radiation is illustrated

not only by their differential rates of cladogenesis, extinction
and the presence of diversity limits but also by their coales-
cent-like diversification (Hey 1992), a process that typically is
modelled at the population rather than the species level, but

see Barraclough (2010) and Humphreys & Barraclough
(2014). This supports the hypothesis suggested by long-term
ecological and evolutionary studies that traditional speciation
models may not apply to the DF radiation (Grant & Grant
2008). Moreover, our results suggest that DF-type-species pos-
sess characteristics that triggered a rapid evolutionary diver-
gence (Grant & Grant 2008) in an environment that has not
been conducive to such rapid diversification of other colonis-
ing lineages. These insights agree with the observation that
finch-like species have a tendency to radiate on islands, such
as Hawaii or Tristan da Cunha archipelagoes (Price 2011).
Our study thus challenges the view that radiations are an
inevitable feature of ecologically vacant remote archipelagoes
(MacArthur & Wilson 1963; Heaney 2000), and suggests that
isolation and ecological opportunity must combine with the
colonisation of species that possess particular traits in order
for radiations to arise (Gillespie & Baldwin 2010; Etienne &
Haegeman 2012; Wagner et al. 2012).
The fact that total avian diversity of the Gal�apagos archi-

pelago has not achieved a steady state after at least 4 My of
existence questions the adequacy of an equilibrium perspective
for understanding biodiversity patterns on remote oceanic
islands (MacArthur & Wilson 1963; Heaney 2000; Gillespie &
Baldwin 2010; Triantis et al. 2015). The absence of a signature
of diversity-feedbacks and ecological limits in non-DF-type
species in the Gal�apagos contrasts with recent studies on less
isolated biodiverse landmasses that have detected slowdowns
within most clades, consistent with ecological controls to
diversity (Rabosky & Glor 2010; Scantlebury 2013). Our find-
ing that non-DF-type species in the Gal�apagos, including the
small radiation of mockingbirds, are fundamentally non-equi-
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librial, may be a consequence of the relatively low avian diver-
sity and species packing in the Gal�apagos when compared
with other tropical archipelagos. This may imply that diversity
controls are relaxed in isolated and ephemeral environments,
or that rather than diversity-dependence operating within each
colonising lineage, as most macroevolutionary studies assume,
the entire biota may subject to the same diversity-dependent
regulation in the same arena. Indeed, whilst Darwin’s hypoth-
esis that competition is strongest between close relatives has
been experimentally confirmed (Violle et al. 2011), it may not
be ubiquitous (Narwani et al. 2013).
There has recently been increased recognition of the role of

island ontogeny and sea-level fluctuations in shaping diversifi-
cation and colonisation rates on insular systems through the
effects of these phenomena on island area and connectivity
(Whittaker et al. 2008; Ali & Aitchison 2014; Gillespie &
Roderick 2014; Valente et al. 2014). In our study, we have
treated the Gal�apagos as a single island and have assumed
that total area of the archipelago has remained relatively con-
stant throughout the last 4 My. We have based this assump-
tion on the high geological dynamism of the Gal�apagos
volcanic hotspot, illustrated by rapid and continuous forma-
tion and submergence of multiple islands and cyclical frag-
mentation and fusion of landmasses (Ali & Aitchison 2014;
Geist et al. 2014). Geological evidence suggests that at least
seven major islands have existed in the archipelago since the
formation of the oldest currently emerged island, albeit in dif-

ferent configurations to the contemporary geographical
arrangement (Geist et al. 2014). Because of this continuous
emergence and submergence, the assumption of overall area-
independent diversification rate may be a fair approximation.
Note that the stochasticity of our model already allows for
such ‘noise’ to some extent. The assumption of constant rates
in the face of observations of apparent fluctuations has been
extensively discussed by Raup et al. (1973). Explicit incorpo-
ration of the area trajectories of multiple islands that differ in
age and whose ontogeny is known (e.g. using the approach of
Valente et al. 2014), may in the future allow testing of the
effect of area on equilibrium dynamics in the Gal�apagos.
However, this would require several additional parameters,
the estimation of which may only be feasible in the context of
a multiple rather than single island model context. We expect
that certain bird taxa (such as many non-DF-type taxa in our
data set that occur on most islands of the Gal�apagos and
have not diversified) may require more isolation than the
archipelago can provide in order to produce new incipient
species in situ, even in periods of peak geographical
complexity.
Investigations of the pattern of species assembly on island-

like systems using phylogenies have typically focused on line-
age-specific dynamics rather than encompassing entire insular
communities, and most studies tend to overlook colonisation
events that have not produced endemic species or in situ radi-
ations (Warren et al. 2015). Hence, phylogenetic data sets
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with across-lineage sampling of members of a higher taxon,
ecological guild or trophic level comprising independent col-
onising lineages in the same insular system are still rare, espe-
cially for remote settings. At present, the Gal�apagos avian
data set is the only one that meets these criteria. While it has
only a moderate number of avian species compared to other
more species-rich communities, we have made a thorough
examination of the ability of our framework to correctly esti-
mate parameters and distinguish between models, which con-
vincingly showed that our data set is large enough to produce
robust conclusions. We hope that the availability of DAISIE
will encourage island biologists to collect phylogenetic data
sets that encompass whole communities and include estimates
of stem ages of independent island lineages, thus enabling
tests of equilibrium dynamics over evolutionary time scales on
a variety of insular systems.
In conclusion, our key finding that both equilibrium and

non-equilibrium dynamics can simultaneously operate within
the same community within a single geographical region,
calls for a re-examination of equilibrium theory in order to
incorporate across-lineage heterogeneity in the processes that
govern species accumulation. We provide a framework (DAI-
SIE) for testing for equilibrium on isolated communities
incorporating immigration, speciation and extinction, thereby
offering new opportunities for islands to remain natural lab-
oratories furthering our understanding of insular community
assembly.

ACKNOWLEDGMENTS

We thank Alex Pigot, Bart Haegeman, Charles Marshall,
Lisa Becking, Will Pearse, Menno Schilthuizen, Dolph Sch-
luter, the editors and two anonymous referees for valuable
comments on the manuscript. Ralph Tiedemann, Thijs Jan-
zen, Jason Ali, Chris Cooney, James Rosindell, Pablo Var-
gas, Diana Robledo, Frida Lona and Vincent Savolainen for
help and advice; Lucinda Lawson and Kenneth Petren for
providing Darwin’s finch DNA matrices; Ruben Heleno and
Steve Arlow for permission to use their photographs of
Gal�apagos birds; Dick Visser for help with figures; ZEIK
(University of Potsdam) and Millipede (University of Gron-
ingen) clusters for computational resources. This work was
funded by an Alexander von Humboldt Postdoctoral Fellow-
ship to LMV, a NERC fellowship to ABP and a NWO-
VICI grant to RSE.

AUTHORSHIP

All authors contributed to conceptual framework, model
development, interpretation of results and manuscript writing.
ABP and LMV initiated the research. RSE developed the like-
lihood approach. LMV compiled the phylogenetic data and
wrote the first draft. LMV and RSE conducted the analyses.

REFERENCES

Ali, J.R. & Aitchison, J.C. (2014). Exploring the combined role of eustasy

and oceanic island thermal subsidence in shaping biodiversity on the

Gal�apagos. J. Biogeogr., 41, 1227–1241.

Baldwin, B.G. & Sanderson, M.J. (1998). Age and rate of diversification

of the Hawaiian silversword alliance (Compositae). Proc. Natl. Acad.

Sci. USA, 95, 9402–9406.
Barraclough, T.G. (2010). Evolving entities: towards a unified framework

for understanding diversity at the species and higher levels. Philos.

Trans. R. Soc. Lond. B Biol. Sci., 365, 1801–1813.
Burns, K.J., Hackett, S.J. & Klein, N.K. (2002). Phylogenetic

relationships and morphological diversity in Darwin’s finches and their

relatives. Evolution, 56, 1240–1252.
Emerson, B.C. (2002). Evolution on oceanic islands: molecular

phylogenetic approaches to understanding pattern and process. Mol.

Ecol., 11, 951–966.
Etienne, R.S. & Haegeman, B. (2012). A conceptual and statistical

framework for adaptive radiations with a key role for diversity

dependence. Am. Nat., 180, E75–E89.
Etienne, R.S. & Rosindell, J. (2012). Prolonging the past counteracts the

pull of the present: protracted speciation can explain observed

slowdowns in diversification. Syst. Biol., 61, 204–213.
Etienne, R.S., Haegeman, B., Stadler, T., Aze, T., Pearson, P.N., Purvis,

A., et al. (2012). Diversity-dependence brings molecular phylogenies

closer to agreement with the fossil record. Proc. R. Soc. B Biol. Sci.,

279, 1300–1309.
Farrington, H.L., Lawson, L.P., Clark, C.M. & Petren, K. (2014). The

evolutionary history of Darwin’s finches: speciation, gene flow, and

introgression in a fragmented landscape. Evolution, 68, 2932–2944.
Geist, D., Snell, H., Snell, H., Goddard, C. & Kurz, M. (2014). A

paleogeographic model of the Gal�apagos islands and biogeographical

and evolutionary implications. In: The Gal�apagos: A Natural

Laboratory for the Earth Sciences (eds. Harpp, K., Mittelstaedt, E.,

D’Ozouville, N. & Graham, D.). John Wiley & Sons, Inc, Hoboken,

New Jersey. doi: 10.1002/9781118852538.ch8

Gillespie, D.T. (1976). A general method for numerically simulating the

stochastic time evolution of coupled chemical reactions. J. Comput.

Phys., 22, 403–434.
Gillespie, R. (2004). Community assembly through adaptive radiation in

Hawaiian spiders. Science, 303, 356–359.
Gillespie, R.G. & Baldwin, B.G. (2010). Island biogeography of remote

archipelagos. In: Theory of Island Biogeography Revisited (eds. Losos, J.

& Ricklefs, R.E.). Princeton University Press, Princeton, pp. 358–387.
Gillespie, R. & Roderick, G. (2014). Evolution: geology and climate drive

diversification. Nature, 509, 297–298.
Grant, P.R. & Grant, B.R. (2008). How and Why Species Multiply: The

Radiation of Darwin’s Finches. Princeton University Press, Princeton.

Heaney, L.R. (2000). Dynamic disequilibrium: a long-term, large-scale

perspective on the equilibrium model of island biogeography. Glob.

Ecol. Biogeogr., 9, 59–74.
Hey, J. (1992). Using phylogenetic trees to study speciation and

extinction. Evolution, 46, 627–640.
Humphreys, A.M. & Barraclough, T.G. (2014). The evolutionary reality

of higher taxa in mammals. Proc. Biol. Sci., 281, 20132750.

Jim�enez-Uzc�ategui, G., Wiedenfeld, D., Vargas, F. & Snell, H. (2014).

CDF Checklist of Gal�apagos Birds. In: Charles Darwin Foundation

Galapagos Species Checklist (ed. Bungartz, F., Herrera, H., Jaramillo,

P., Tirado, N., Jim�enez-Uzc�ategui, G., Ruiz, D., Gu�ezou, A. &

Ziemmeck, F.). Charles Darwin Foundation, Puerto Ayora, (http://

www.darwinfoundation.org/datazone/checklists/vertebrates/aves/).

Kisel, Y. & Barraclough, T.G. (2010). Speciation has a spatial scale that

depends on levels of gene flow. Am. Nat., 175, 316–334.
Lamichhaney, S., Berglund, J., Alm�en, M.S., Maqbool, K., Grabherr, M.,

Martinez-Barrio, A. et al. (2015). Evolution of Darwin’s finches and

their beaks revealed by genome sequencing. Nature, 518, 371–375.
Losos, J.B. & Ricklefs, R.E. (2009). Adaptation and diversification on

islands. Nature, 457, 830–836.
Lovette, I.J., Arbogast, B.S., Curry, R.L., Zink, R.M., Botero, C.A.,

Sullivan, J.P. et al. (2012). Phylogenetic relationships of the

mockingbirds and thrashers (Aves: Mimidae). Mol. Phylogenet. Evol.,

63, 219–229.

© 2015 The Authors Ecology Letters published by John Wiley & Sons Ltd and CNRS.

Letter Assembly of the Gal�apagos avifauna 851

http://dx.doi.org/10.1002/9781118852538.ch8
http://www.darwinfoundation.org/datazone/checklists/vertebrates/aves/
http://www.darwinfoundation.org/datazone/checklists/vertebrates/aves/


MacArthur, R.H. & Wilson, E.O. (1963). An equilibrium theory of

insular zoogeography. Evolution, 17, 373–387.
MacArthur, R.H. & Wilson, E.O. (1967). The Theory of Island

Biogeography. Princeton University Press, Princeton.

Manceau, M., Lambert, A. & Morlon, H. (2015). Phylogenies support

out-of-equilibrium models of biodiversity. Ecol. Lett., 18, 347–356.
Marshall, L.G., Webb, S.D., Sepkoski, J.J. & Raup, D.M. (1982).

Mammalian evolution and the great american interchange. Science,

215, 1351–1357.
Moen, D. & Morlon, H. (2014). Why does diversification slow down?.

Trends Ecol. Evol., 29, 190–197.
Narwani, A., Alexandrou, M.A., Oakley, T.H., Carroll, I.T. & Cardinale,

B.J. (2013). Experimental evidence that evolutionary relatedness does

not affect the ecological mechanisms of coexistence in freshwater green

algae. Ecol. Lett., 16, 1373–1381.
Nee, S., Mooers, A.O. & Harvey, P.H. (1992). Tempo and mode of

evolution revealed from molecular phylogenies. Proc. Natl. Acad. Sci.

USA, 89, 8322–8326.
Papadopulos, A.S.T., Baker, W.J., Crayn, D., Butlin, R.K., Kynast,

R.G., Hutton, I. et al. (2011). Speciation with gene flow on Lord Howe

Island. Proc. Natl. Acad. Sci. USA, 108, 13188–13193.
Parent, C.E. & Crespi, B.J. (2006). Sequential colonization and

diversification of Galapagos endemic land snail genus Bulimulus

(Gastropoda, Stylommatophora). Evolution, 60, 2311–2328.
Parent, C.E., Caccone, A. & Petren, K. (2008). Colonization and

diversification of Gal�apagos terrestrial fauna: a phylogenetic and

biogeographical synthesis. Philos. Trans. R. Soc. Lond. B Biol. Sci.,

363, 3347–3361.
Pigot, A.L., Phillimore, A.B., Owens, I.P.F. & Orme, C.D.L. (2010). The

shape and temporal dynamics of phylogenetic trees arising from

geographic speciation. Syst. Biol., 59, 660–673.
Price, T.D. (2011). Adaptive radiations: there’s something about finches.

Curr. Biol., 21, R953–R955.

Price, T.D., Hooper, D.M., Buchanan, C.D., Johansson, U.S., Tietze,

D.T., Alstr€om, P. et al. (2014). Niche filling slows the diversification of

Himalayan songbirds. Nature, 509, 222–225.
Quental, T.B. & Marshall, C.R. (2013). How the Red Queen drives

terrestrial mammals to extinction. Science, 341, 290–292.
Rabosky, D.L. & Glor, R.E. (2010). Equilibrium speciation dynamics in a

model adaptive radiation of island lizards. Proc. Natl. Acad. Sci. USA,

107, 22178–22183.
Rabosky, D.L. & Lovette, I.J. (2008). Density-dependent diversification in

North American wood warblers. Proc. Biol. Sci., 275, 2363–2371.
Rabosky, D.L., Donnellan, S.C., Talaba, A.L. & Lovette, I.J. (2007).

Exceptional among-lineage variation in diversification rates during the

radiation of Australia’s most diverse vertebrate clade. Proc. Biol. Sci.,

274, 2915–2923.

Raup, D.M., Gould, S.J., Schopf, T.J.M. & Simberloff, D.S. (1973).

Stochastic models of phylogeny and the evolution of diversity. J. Geol.,

81, 525–542.
Ricklefs, R.E. & Bermingham, E. (2001). Nonequilibrium diversity

dynamics of the Lesser Antillean avifauna. Science, 294, 1522–1524.
Rosindell, J. & Phillimore, A.B. (2011). A unified model of island

biogeography sheds light on the zone of radiation. Ecol. Lett., 14, 552–560.
Rundell, R. & Price, T. (2009). Adaptive radiation, nonadaptive

radiation, ecological speciation and nonecological speciation. Trends

Ecol. Evol., 24, 394–399.
Scantlebury, D.P. (2013). Diversification rates have declined in the

Malagasy herpetofauna. Proc. Biol. Sci., 280, 20131109.

Triantis, K.A., Economo, E.P., Guilhaumon, F. & Ricklefs, R.E. (2015).

Diversity regulation at macro-scales: species richness on oceanic

archipelagos. Global Ecology and Biogeography, 24, 594–605.
Valente, L.M., Etienne, R.S. & Phillimore, A.B. (2014). The effects of

island ontogeny on species diversity and phylogeny. Proc. Biol. Sci.,

281, 20133227.

Violle, C., Nemergut, D.R., Pu, Z. & Jiang, L. (2011). Phylogenetic

limiting similarity and competitive exclusion. Ecol. Lett., 14, 782–787.
Wagner, C.E., Harmon, L.J. & Seehausen, O. (2012). Ecological

opportunity and sexual selection together predict adaptive radiation.

Nature, 487, 366–369.
Warren, B., Simberloff, D., Ricklefs, R., Aguil�ee, R., Condamine, F.,

Gillespie, R. et al. (2015). Islands as model systems in ecology and

evolution : progress and prospects fifty years after MacArthur-Wilson.

Ecol. Lett., 18, 200–217.
Werner, R., Hoernle, K., van den Bogaard, P., Ranero, C., von Huene,

R. & Korich, D. (1999). Drowned 14-m.y.-old Gal�apagos archipelago

off the coast of Costa Rica: implications for tectonic and evolutionary

models. Geology, 27, 499–502.
Whittaker, R.J., Triantis, K.A. & Ladle, R.J. (2008). A general dynamic

theory of oceanic island biogeography. J. Biogeogr., 35, 977–994.

SUPPORTING INFORMATION

Additional Supporting Information may be downloaded via
the online version of this article at Wiley Online Library
(www.ecologyletters.com).

Editor, Luke Harmon
Manuscript received 28 January 2015
First decision made 10 March 2015
Manuscript accepted 13 May 2015

© 2015 The Authors Ecology Letters published by John Wiley & Sons Ltd and CNRS.

852 L. M. Valente, A. B. Phillimore and R. S. Etienne Letter


