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MacArthur and Wilson's model of island diversity predicts an increase in the 
number of species until colonization and extinction are balanced a t  a long-term 
steady state. W e  appraise this model on an evolutionary time scale by molecular 
phylogenetic analysis of the colonization of the Lesser Antilles by small land 
birds. The pattern of accumulation of species with time, estimated by genetic 
divergence between island and source lineages, rejects a homogeneous model 
of colonization and extinction. Rather, our results suggest an abrupt, roughly 
10-fold increase in colonization rate or a 90% mass extinction event 0.55 t o  
0.75 million years ago. 

MacArthur and Wilson's ( I)  equilibrium the- 
ory of biogeography explains the number of 
species on islands as representing a balance 
between colonization and extinction. Accord- 
ingly, the biota of an island reaches a steady 
state at which the appearance of new species 
equals the disappearance of residents. Lack 
(2) argued instead that colonization was not 
limiting and that the ecological space on is- 
lands was filled with established populations 
that resisted replacement by new colonists. 
Both theories hold that the number of species 
on an island should be stable over long peri- 
ods, but they differ with respect to the rate of 
accumulation of species and the prediction of 
species turnover. 

Some aspects of the equilibrium theory of 
biogeography have been supported (3-7). 
However, most studies to date have ad- 
dressed dynamics on ecological time scales 
(typically <I00 years). Evolutionary time 
scales (> - lo4 years), which are applicable 
to the biotas of large islands and archipela- 
goes (8-12), have been inaccessible because 
of the absence of detailed fossil records from 
islands. 

Here, we use a molecular phylogenetic 
approach based on mitochondria1 DNA 
(mtDNA) sequences to estimate relative col- 
onization times of the avifauna of the Lesser 
Antilles. Many of these species are endemic 
(13), indicating that patterns of avian distri- 
bution and diversity in the archipelago are 
established over evolutionary time. We con- 
structed phylogenetic hypotheses on the basis 
of mtDNA sequences (14) for island popula- 
tions and continental sister populations or 
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sister taxa representing 39 lineages observed 
in 37 of the 65 species of land birds in the 
Lesser Antilles, including 30 of 38 passerine 
species (Passeriformes) (IS). The relative 
time of colonization of each lineage was de- 
termined by the average genetic divergence 
(d,) between Lesser Antillean populations 
and the closest sister population or sister 
species in Trinidad or Venezuela to the south 
or in the Greater Antilles to the north (Fig. 1). 

We characterized the temporal pattern of 
colonization of the contemporary avifauna of 
the Lesser Antilles by plotting the cumulative 
number of species as a function of d, be- 
tween island and continental or Greater An- 
tillean populations (Fig. 2). The resulting cu- 
mulative divergence curve shows a distinct 
change in slope at about 1 to 2% genetic 
divergence. 

The simplest model for the gain and loss 
of taxa from an archipelago features constant 
colonization and extinction rates (6). Accord- 
ingly, lineages would become established in 
the Lesser Antilles at rate C, which is inde- 

pendent of the number of lineages in the 
archipelago, and they would become extinct 
at rate M, which is independent of lineage age 
in the archipelago. The survival of Lesser 
Antillean lineages would be an exponentially 
declining function of time (x) since their ar- 
rival. Thus, the density distribution of extant 
lineages (L) with respect to time x since 
initial colonization of the archipelago would 

For this model, the cumulative number of 
lineages at time t is the integral of the density 
function from x = 0 to t, that is 

I 

This function is exponentially asymptotic to 
L = CIM, which represents the equilibrium 
number of lineages within the system (16). 

The cumulative lineages function was fit- 
ted to the data in Fig. 2 (17) by nonlinear 
curve fitting (la), which estimated C = 
1701 + 132 SE and M = 55.2 + 5.0 SE (Fig. 
3A). Thus, the estimated equilibrium number 
of lineages (CIM) would be 30.8, i.e., consid- 
erably fewer than the number of extant lin- 
eages of land birds in the Lesser Antilles. 
Using the error mean square (MSE) as a 
goodness-of-fit criterion, we determined that 
this model fits the observed data poorly (P = 
0.995) (19). The apparent lack of homogene- 
ity in colonization and extinction rates of 
Lesser Antillean birds prompted us to explore 
heterogeneous models incorporating an 
abrupt change in these rates or an extinction 
event at some time in the past superimposed 
on homogeneous "background" rates of col- 
onization and extinction. 

A stepwise change in either colonization 
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or extinction rates would imply a similarly 
dramatic change in ecological conditions 
within the Caribbean Basin. Application of a 
molecular clock indicates that the change in 
slope of the lineage accumulation curve cor-
responds approximately to the onset of major 
Pleistocene glaciation, suggesting that cli-
mate and associated habitat change might 
have been a causative factor. A n  increase in 
arid, open habitat, possibly associated with 
drier climates during glacial periods (20) and 
combined with lowered sea levels and greater 
extent of exposed land, might have led to 
higher colonization rates. Climate fluctua-
tions during the latter part of the Pleistocene 
could have resulted in higher extinction rates. 

We constructed a model with different 
colonization and extinction rates before and 
after a break point (B) corresponding approx-
imately to the inflection of the lineage accu-
mulation curve in Fig. 2 (21). Comparably 
good fits were obtained for break-point val-
ues of genetic divergence (dB) between 0.02 
and 0.04; however, the estimated extinction 
rate before the break point [M(>dB)] did not 
differ significantly from 0. We then estimated 
the value of M(<dB) associated with an un-
changing colonization rate and M(>dB) = 0. 
The error mean square was minimized when 
dB was 0.026, at which point the estimated 
colonization rate ( C )  was 2433 ? 56 and 
M(<dB) was 110 ? 2, or more than 100% per 
1% sequence divergence (Fig. 3B). At such a 
high rate of archipelago-wide extinction one 
would expect frequent extinction of individ-
ual island populations. However, none of the 
younger lineages in the Lesser Antilles have 
gaps in their distributions indicative of ex-
tinct island populations. Thus, we feel that 
elevated archipelago-wide extinction is 
unlikely. 

We also fitted a model with constant ex-

Genetic distance (d,) 

Fig. 2. Cumulative number of lineages of Lesser 
Antillean birds with increasing relative coloni-
zation time (genetic distance, d,). The open 
symbols indicate two species for which dA is 
probably overestimated owing t o  inadequate 
sampling of potential continental sister taxa. 
These are not included in the present analyses. 

tinction rate and a change in colonization rate 
between C(>dB) and C(<dB) at break point 
B. The best fit occurred at dB = 0.011, for 
which the estimate of M (3.8 2 2.4) did not 
differ significantly from 0. With background 
extinction removed from the model, dB = 
0.011 continued to provide the best fit, for 
which C(<dB) = 1618 2 35 and C(>dB) = 
151 2 6 (Fig. 3C). 

As an alternative to a stepwise change in 
the colonization rate, we included a transient 
extinction event in an otherwise homoge-
neous colonization and extinction model. Po-
tential causes would include a tsunami pro-
duced by a marine landslide (22) or deep-
water bolide impact (23), which rarely leave 
superficial geological evidence (24). Hurri-
canes and volcanic eruptions are probably too 
localized to cause widespread extinction (25, 
26), but loss of habitat following abrupt cli-
mate change might have a regional impact. 
To model an extinction event, we supposed 
that proportion S of existing lineages sur-
vived an event at time E. The best fit of this 
model to the data occurred at d, = 0.0 11, for 
which C = 1616 ? 36, M = 3.8 ? 2.5 (not 
significantly different from O), and S = 

0.120 ? 0.020. When background extinction 
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Homogeneouscolonization model 
with an extinction event at d = 0.011 
C =  1618and S =  0.093 
MSE = 1.74 
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Fig. 3. (A) Best f i t  of a homogeneous rates 
model t o  the observed lineage accumulation 
curve. (B) Heterogeneous extinction rates mod-
el  with a breakpoint at  dA = 0.026. (C) Heter-
ogeneous colonization model or homogeneous 
colonization model with an extinction event 
(5 = 0.094) at dA = 0.011. 

was deleted from the model (M = 0), C = 
1618 ? 35 and S = 0.093 ? 0.005. The fit is 
identical to the model of step-wise increase in 
colonization rate (Fig. 3C) because the ex-
tinction of 1 - S lineages is equivalent to 
reducing the colonization rate to proportion S 
of its previous value. 

Deleting background extinction (M) from 
the model of lineage dynamics eliminates the 
curvature in the lineage accumulation relation 
(Fig. 3B), which provided a better fit to the 
data for recent colonization events [i.e., dA< 
dB; compare Fig. 3B (MSE = 0.88) with Fig. 
3C (MSE = 1.74)]. However, this curvature 
can be produced in the absence of back-
ground extinction by the stochasticity of nu-
cleotide substitution combined with a change 
in colonization rates or a mass extinction 
event (Fig. 4). For a particular time of colo-
nization (A), the number of nucleotide chang-
es between a colonist and its source popula-
tion is binomially distributed with mean knA, 
where k is the rate of nucleotide substitution 
and n is the number of nucleotides (842 for 
ATPase 6 and 8). We simulated the genetic 
divergence of 37 lineages colonizing the ar-
chipelago between the present and a point in 
the past equivalent to a genetic divergence 
(dA = k4)  of 0.15. In the model, the coloni-
zation rate increases in stepwise fashion by 
factor R at break point B. This is equivalent to 
a mass extinction event at time B with pro-
portion l/R of lineages surviving (27). The 
best fit of this stochastic substitution model 
was obtained for B = 0.01 1 and R = 13 (or 
S = 0.077) (28). For these parameters, 51% 
of the colonization events occurred during the 
more recent period (A < B) and the apparent 
colonization rates were 1705 (A <B) and 131 
(A >B). As shown by the close fit to the data 

Stochast~cnucleotidesubst~tutionmodel w~th 
13-foldincrease In colon~zat~onrate or 
92.3% mass extinction at d, = 0 011 

1 No background extinction 
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Fig. 4. Model of lineage accumulation with 
relative age in which genetic distance is esti-
mated by a stochastic model of nucleotide 
substitution with a change in the colonization 
rate at  B = 0.011. The apparent colonization 
rates are 1705 (A < B) and 131 (A > 6). The 
genetic distance scale extends only t o  0.08 t o  
emphasize the f i t  t o  the more recent accumu-
lation of lineages. 
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in Fig. 4, this model does not require back- 
ground extinction within the archipelago. 

Regardless of the cause of temporal hetero- 
geneity, it is clear that Lesser Antillean avian 
biogeography has been dominated by nonequi- 
librium dynamics and that the number of spe- 
cies in the avifauna of the Lesser Antilles is, at 
present, far from equilibrium. The earliest ex- 
tant colonists to the archipelago have d, values 
on the order of 0.15, which because of the 
absence of significant background extinction 
may represent the beginning of the present avi- 
faunal build up. Estimated times of subsequent 
colonization are consistent with two contrasting 
scenarios. One has a homogeneous colonization 
rate of about 1700 per unit sequence divergence 
(17 per 1% sequence divergence) and a tran-
sient extinction event involving more than 
90% of all lineages at a relative time about d, 
= 0.011 in the past. The other postulates a 
change in colonization rate from about 130 to 
1700 per unit sequence divergence at about 
the same time. Calibrations for avian mito- 
chondrial molecular clocks [- 1.5 to 2% se- 
quence divergence per million years (My)] 
(8, 29) place the origin of the contemporary 
avifauna at 7.5 to 10 million years ago (Ma) 
and the change in colonization rates or mass 
extinction event at 0.55 to 0.75 Ma. A colo- 
nization rate of 1700 is equivalent to only 26 
to 34 new arrivals per My, or an average 
interval between arrivals of 29 to 39 thousand 
years. 

Because there is no statistically detectable 
background extinction, the number of lineag- 
es in the Lesser Antilles apparently is not 
currently regulated by extinction around a 
stable number. The pool of potential colonists 
ultimately must limit the number of lineages 
in the archipelago; however, such an effect 
has not yet left a strong imprint on the ob- 
served lineage accumulation curve. When the 
number of lineages on an island approaches 
that of the pool of colonists in a linear model, 
new lineages should appear infrequently be- 
cause most have already colonized the island 
and the lineage accumulation curve should 
decelerate and approach an asymptote (30). It 
does not. This suggests that the long-term 
pool of potential colonists is larger than the 
number of suitable taxa in the source area at 
any given time. 

Dramatic events, possibly including mass 
extinction or the opening of a region to ac- 
celerated colonization, have kept the contem- 
porary avifauna of the Lesser Antilles far 
from a steady state. History has left an en- 
during imprint on this system. MacArthur 
and Wilson's (1) emphasis on extinction and 
turnover appears not to apply to Lesser An- 
tillean birds on an archipelago-wide basis, 
although extinction may be a prominent fea- 
ture of individual island populations. In this 
case, the paucity of pre-human extinction 
among small land birds in the Lesser Antilles 

as a whole may be due to occasional coloni- 
zation phases of endemic taxa that re-estab- 
lish individual island populations from within 
the archipelago, referred to as the taxon cycle 
(31, 32). Lack's idea of ecological limitation 
(2) also must be re-evaluated because the 
number of lineages in the Lesser Antillean 
avifauna appears to be limited by the rate of 
colonization and the archipelago is not close 
to saturation. 

Clearly, one must exercise caution in ap- 
plying equilibrium theories of homogeneous 
colonization and extinction to the numbers of 
species in island archipelagoes. Beyond the 
possible mass extinction event detected in the 
Lesser Antilles, there is little evidence for a 
"background level of extinction. Moreover, 
the islands of the Lesser Antilles were no-
where near ecologically saturated with bird 
species (33) even before the arrival of human 
populations. Human-caused extinctions of 
birds and other animals have decimated is- 
land biotas in many parts of the world, in- 
cluding the West Indies (34). However, it is 
evident that the pre-human biotas of some of 
these islands were shaped by natural environ- 
mental changes or catastrophes of an even 
greater magnitude (35). 
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