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The importance of founder events in promoting evolutionary
changes on islands has been a subject of long-running controversy.
Resolution of this debate has been hindered by a lack of empirical
evidence from naturally founded island populations. Here we
undertake a genetic analysis of a series of historically documented,
natural colonization events by the silvereye species-complex (Zosterops lateralis), a group used to illustrate the process of island
colonization in the original founder effect model. Our results
indicate that single founder events do not affect levels of heterozygosity or allelic diversity, nor do they result in immediate
genetic differentiation between populations. Instead, four to five
successive founder events are required before indices of diversity
and divergence approach that seen in evolutionarily old forms. A
Bayesian analysis based on computer simulation allows inferences
to be made on the number of effective founders and indicates that
founder effects are weak because island populations are established from relatively large flocks. Indeed, statistical support for a
founder event model was not significantly higher than for a
gradual-drift model for all recently colonized islands. Taken together, these results suggest that single colonization events in this
species complex are rarely accompanied by severe founder effects,
and multiple founder events and兾or long-term genetic drift have
been of greater consequence for neutral genetic diversity.
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he idea that establishing a population from a small number
of founders can result in a cascade of genetic changes leading
to evolutionary differentiation was first developed by Mayr (1)
in his seminal ‘‘genetic revolution’’ model. In this model, the key
role of the founder event is to reduce levels of heterozygosity that
subsequently affect the nature of coadapted gene complexes (1).
Other founder-effect models have since been developed (2, 3),
leading to much controversy surrounding the role of founder
events in population differentiation (4–10).
One way to estimate the likelihood that founder events play an
important role in natural island systems is to determine whether
neutral genetic changes occur abruptly (by means of initial
founder events) or in a more gradual manner (by long-term drift
and new mutations). The rate of genetic change can be estimated
by comparing the level of neutral genetic variation in island
populations that have been established over a range of time
periods. Recently founded populations can be used to gauge the
relative impact of drift associated with the founding event itself,
whereas older populations will bear additional genetic consequences of persisting as relatively small populations over evolutionary time.
The major difficulty faced when attempting to compare island
forms of different ages is lack of information on the timing of
natural founding events. As a result, most studies of the genetic
consequences of founder events in free-living animals have been
on populations artificially introduced by humans (11–18, but see
ref. 19). Such studies illustrate whether extreme founder events
can influence genetic parameters, but tell us little about the
genetic consequences of the sorts of colonizations that really do
www.pnas.org兾cgi兾doi兾10.1073兾pnas.102583399

occur in nature. Hence, they cannot tell us whether founder
events are important in explaining natural diversity.
Members of the silvereye species complex (Zosterops lateralis),
which have repeatedly colonized islands in the southwest Pacific
from the Australian mainland (20; Fig. 1a), provide an unusual
opportunity to redress this lack of evidence. Because of the
silvereye’s propensity to colonize islands and subsequently differentiate with respect to morphology (Fig. 1b), Mayr used this
species complex to support his original genetic revolution
founder effect model of differentiation (1). The Tasmanian
subspecies, Z. l. lateralis, is particularly useful in this context,
because a detailed record exists of its colonization history for the
past 200 years (20–22) (Fig. 1a). This detailed account of
‘‘recent’’ colonization events is complemented by many island
silvereye forms representing evolutionarily old colonization
events, including those on Norfolk Island (Z. tenuirostris), Lord
Howe Island (Z. tephropleurus), and Heron Island (Z. l. chlorocephalus) (Fig. 1a; refs. 23 and 24). Based on a combination of
molecular and paleobiological evidence, the ages of these three
evolutionarily ‘‘old’’ forms are in the order of millions of years,
hundreds of thousands of years, and between 3,000 and 4,000
years, respectively (25–27). By using this system, therefore, we
could make the crucial contrast between genetic changes in
recent vs. old island populations.
Here, we examine nuclear DNA variation across six microsatellite loci in ten silvereye populations representing source
mainland populations, the recent island populations, and evolutionarily old island populations, to examine the genetic consequences of island dwelling. First, we made comparisons between populations with respect to within-population indices of
genetic diversity: expected heterozygosity and allelic diversity.
Reduced variation in both measures may result from population
bottlenecks (28). Second, we used the degree of genetic differentiation of a population from its source as an indicator of
genetic drift. In the presence of a bottleneck, especially a narrow
one, genetic distance can increase rapidly (29).
If single founder events have been important in shaping
genetic diversity and differentiation of island silvereye forms,
then recently colonized populations of Z. l. lateralis are expected
to have reduced diversity compared with their immediate source
populations (28, 30), and the degree of genetic differentiation,
could be ‘‘instantaneous’’ and bear no relationship to the age of
the population (29, 31). The level of genetic change for recent
populations should be of similar magnitude to that in old
populations. Alternatively, if long-term drift has been more
important in shaping the level of genetic diversity and differentiation of island forms, then loss of diversity and increased levels
of differentiation will occur gradually over time (29, 32). Under
this scenario, the extent of divergence in recent populations
should be less than that in old populations.
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Australia and southwest Pacific islands. Samples from the nine
sites represented three species, three subspecies, and six populations (Fig. 1a). A population from the east coast of the
Australian mainland was used as a representative of a large,
outbreeding continental population, and it was assumed that this
population was equivalent to the ancestral mainland population
for island populations. Likewise, we assumed that contemporary
samples from the initial source (Tasmania, Fig. 1a) of the recent
colonization sequence are representative of the population at
the time of colonization. Birds were caught by using mist nets or
traps and 20–40 l of blood from the subbrachial wing vein was
sampled and stored in 1 ml of lysis buffer (33). All sampling was
nondestructive and birds were released at point of capture. DNA
was extracted by using either standard phenol-chloroform protocols (34) or a ‘‘salting-out’’ method (35).
DNA variation was assayed at five microsatellite loci developed from a Zosterops lateralis chlorocephalus library (36) and at
one locus developed from a swallow (Hirundo rustica) library
(37). PCR conditions for Zosterops primer sets were as described
(36), whereas the conditions for the swallow primer set were
according to ref. 37, except that the PCR annealing temperature
was lowered from 63°C to 55°C. A size standard was produced
by sequencing 2 g of pBluescript KS (⫹) plasmid (Stratagene)
with [␥-33P]ATP end-labeled universal primer with standard
cycle sequence conditions (38). The size standard and microsatellite PCR products were electrophoresed on a 6% denaturing
polyacrylamide gel. Gels were exposed to Hyperfilm-MP (Amersham Pharmacia) for 1 to 5 days. Allele sizes were scored
manually by comparison against the size standard.

Fig. 1. The distribution of silvereye forms used in this study, with the timing
and sequence of colonization events by Z. l. lateralis indicated by dates and
arrows. (a) Geographic pattern of silvereye colonization. White and black
circles show sampling locations for the recent colonizer, Z. l. lateralis, and
evolutionarily old populations (Australian mainland; Norfolk Island; Lord
Howe Island; and Heron Island), respectively. (b) Morphological divergence
among silvereye forms. Abbreviations: ML, Australian mainland Z. l. familiaris;
T, Tasmania; SI, South Island New Zealand; CI, Chatham Island; PN Palmerston
North, south end of North Island New Zealand; NIlat, Norfolk Island (all Z. l.
lateralis); HI, Heron Island Z. l. chlorocephalus; LHI, Lord Howe Island Z.
tephropleurus; NIten, Norfolk Island Z. tenuirostris. Note that no morphological information is available for Auckland and that some SE bars are smaller
than data points.

Finally, we use a Bayesian approach based on computer
simulations to investigate the demographic factors that have led
to the observed pattern of genetic differentiation. On the basis
of the findings of our empirical microsatellite data and the
historically known pattern of colonization, we used the simulations to estimate the effective size of flocks that founded the
recent populations. If founder events are important in this
system, we expect the estimated effective founder flocks to be
small. We then test whether or not it is necessary for the model
to incorporate founder events at all by comparing the explanatory power of two models. The first is the ‘‘founder-event’’ model
that incorporates population bottlenecks in each population, and
thereby allows for a strong pulse of drift at founding. The second
model, the ‘‘gradual-drift’’ model does not incorporate population bottlenecks and assumes a long-term effective population
size equal to or less than the original source. Again, if founder
events are important in this system, we expect the founder-event
model to be a better fit than the model assuming gradual drift
alone.
Downloaded by guest on January 21, 2021

Methods
Sampling and Laboratory Techniques. Blood samples for DNA
analysis were collected from Zosterops taxa from nine sites in
8128 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.102583399

Statistical Analyses. Tests for linkage disequilibrium and heterozygote deficit were conducted in GENEPOP V.3.1d (39). The
significance of linkage disequilibrium was determined for each
locus pair across all populations. (With Bonferroni correction,
the critical value was corrected for 60 multiple comparisons;
adjusted ␣ ⫽ 0.0008.) Global tests of heterozygote deficit were
conducted for each population (with Bonferroni correction,
critical value corrected for 10 comparisons; adjusted ␣ ⫽ 0.005),
each locus (critical value corrected for six comparisons; adjusted
␣ ⫽ 0.008), and then for each locus-population comparison
(critical value corrected for 60 comparisons; ␣ ⫽ 0.0008).
Genetic diversity within populations was measured as unbiased expected heterozygosity (HE; ref. 40) and average number
of alleles per locus (allelic diversity) by using the software TFPGA
V.1.3 (41). Allelic diversity was corrected for sample size by using
a personal program according to ref. 42. Significance of pairwise
differences in heterozygosity and allelic diversity between each
island population and its immediate source were assessed by
two-sample t tests. Standard errors were calculated across loci.
For the recently colonized populations, Spearman’s Rank Correlation was used to test for associations between genetic diversity and the number of preceding colonization events. For
example, Tasmania has zero preceding colonization events, and
Norfolk Island has four such events. For Spearman’s tests,
islands were the independent data points.
Genetic divergence between taxa was quantified by using a
relative measure of differentiation, the FST statistic of Weir and
Cockerham (43). Pairwise FST values, and 95% confidence limits
around each pairwise comparison, were generated by using the
software TFPGA, version 1.3 (41), with 1,000 bootstrap replicates
across loci. The absolute measure of divergence, Nei’s standard
genetic distance, DS (44), was also calculated. As the data is in
matrix form, Mantel tests were used to test for associations
between the number of colonization steps separating any two
populations and average pairwise FST values and then average
pairwise Nei’s DS values, respectively, by using 10,000 randomizations in the program ADE-4 (45).
Clegg et al.
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Results
Heterozygote Deficit and Linkage Disequilibrium. No global hetero-

zygote deficit was observed in any population, indicating that
samples were representative of each population. One locus,
HrU6, showed a significant global heterozygote deficit (P ⬍
0.001, adjusted ␣ ⫽ 0.005) because of a heterozygote deficit in
one population (Lord Howe Island, P ⬍ 0.0001, adjusted ␣ ⫽
0.0008). Because other populations had an expected number of
heterozygotes at this locus, the locus itself is not faulty (i.e., it is
not affected by null alleles), and the results for Lord Howe Island
are likely to be a random sampling effect. We therefore kept this
locus in the analysis. Significant linkage disequilibrium was
observed between two pairs of loci of 60 pairwise comparisons,
ZL12兾ZL22 and ZL22兾HrU6 (P ⬍ 0.0001, adjusted ␣ ⫽ 0.0008),
but the association between these loci is limited to one population (Auckland). All comparisons between these two sets of loci
in the nine other populations were not significant; therefore, it
is reasonable to consider these loci independent.
Genetic Diversity and Differentiation in Recently Colonized Populations. We found very little evidence that single founder events led

to significant changes in genetic diversity or significant population differentiation. When each recently colonized population
was compared with its immediate source population, no significant differences were found in terms of either allelic diversity
(Fig. 2a; t ⬍ 1.95, P ⬎ 0.1 in all cases) or heterozygosity (Fig. 2b;
t ⬍ 1.05, P ⬎ 0.2 in all cases). In any single founder event, allelic
diversity decreased by between 0.1 and 21.5% and 0 and 3.1% for
heterozygosity. The degree of divergence was generally low with
little evidence of significant divergence between single-step
source-founder population pairs in terms of FST (Fig. 2c; 95%
confidence intervals for FST include zero in 4 of 5 source-founder
comparisons). Estimates of divergence based on Nei’s DS showed
the same qualitative pattern (Fig. 2d).
In contrast, we did find evidence that the level of genetic
diversity and the extent of genetic differentiation are influenced
by multiple colonization events. The number of preceding
colonization events affected measures of diversity and differentiation in the recently founded populations. Spearman’s Rank
Correlation showed that an increased number of founder steps
was associated with a significant decrease in allelic diversity
(Rho ⫽ ⫺0.99, P ⬍ 0.05), corresponding to a 40% reduction in
average allelic diversity between the Tasmanian and Norfolk
Island populations. Also, a significant positive association was
found between both pairwise FST and pairwise Nei’s DS and the
number of colonization steps separating each population pair
(Mantel test of matrix comparisons, r ⫽ 0.50, P ⬍ 0.05 and r ⫽
0.52, P ⬍ 0.05 for FST and Nei’s DS, respectively). The number
of previous colonization events did not significantly affect
heterozygosity levels (Spearman’s test, Rho ⫽ ⫺0.64, P ⬎ 0.10)
with only a 5.5% difference in mean heterozygosity levels
between the Tasmanian and Norfolk Island populations.
Genetic Diversity and Differentiation in Evolutionary Old Island Populations. The evolutionarily old island forms almost always con-

tained significantly fewer alleles (Fig. 2a; t tests between each
island population and the mainland: in 5 of 6 cases, t ⬎ 2.5, P ⬍
0.05, for Lord Howe Island, t ⫽ 2.29, P ⫽ 0.07) and significantly
fewer heterozygotes (Fig. 2b; t ⬎ 2.5, P ⬍ 0.05 in all cases) than
the source Australian mainland population. Significant genetic
divergence also occurred between evolutionarily old populations
in terms of FST (Fig. 2c, FST ⬎ 0 in all cases, and is highest for
comparisons involving the oldest form, Z. tenuirostris). Nei’s DS
showed an association with age of the island form, with the oldest
form being the most differentiated (Fig. 2d).
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Bayesian Analysis of Colonization. In our founder-event model,
inferences about the effective number of founding individuals
(Nfd) for each recently colonized population were made by using
a Bayesian approach (46, 47). The analysis based on computer
simulation combines microsatellite data with historical and
demographical information on island colonization. The simulations were conducted according to methods outlined in ref. 47.
A prior probability distribution for Nfd was set, being a uniform
distribution between 2 and 300. This distribution was based on
information about the size of migrating silvereye flocks (48).
Prior distributions for other demographic parameters formulating our founder-event model were chosen according to published
(20) and unpublished demographic information for the study
species: a generation time of 3 years, a short duration of the
bottleneck associated with the founding of any new island (i.e.,
one, two, or three generation(s) with equal probability for each
duration) and a lognormal (6, 2) distribution (median Ne ⫽ 874,
mean Ne ⫽ 4247) for the stable effective population size (i.e., in
the source population and the colonized population following
recovery). Parameters pertaining to the microsatellite markers
(mutation rate of microsatellite loci and variance of the geometric distribution modeling the change in the number of repeats
of mutant alleles) were determined as described in ref. 47. For
reasons of tractability, the populations were treated by pair, with
Tasmania as source population in each pair. We thus had four
pairs, Tasmania–South Island, Tasmania–Chatham Island,
Tasmania–North Island, and Tasmania–Norfolk Island. For
each population pair, our founder-event model included all
previous colonization steps. Posterior distributions of Nfd (and
other parameters of the model) for each island population were
then estimated by using a rejection algorithm (47), taking into
account seven statistics summarizing the mean number of alleles
(across loci), expected heterozygosity and variance in repeat
number in the source (Tasmania) and the island population
considered, and the level of differentiation between the source
and island population as estimated by FST. A posterior distribution for Nfd was constructed for each island population from
1,000 values accepted by the rejection algorithm and compared
with the original prior distributions. Mean, 5%, 50%, and 95%
quantile values of Nfd were summarized for each population. It
is noteworthy that the posterior distributions of Nfd were robust
to prior beliefs on the demographic and mutation parameters formulating our colonization model (A.E. and S.M.C.,
unpublished results).
Additionally, to investigate the overall importance of founder
events in this system, we examined an alternative form of our
model, which we refer to as the gradual-drift model. This model
assumed that the postcolonization effective population size in
each island population has remained constant and equal to or
less than that in the original source population. In contrast to the
founder-event model, the gradual-drift model contains only two
demographic parameters: the stable effective population size in
the source (Tasmanian) population, Ns, and the stable effective
population size in the colonized island population, Ni, the prior
distribution for Ni being a lognormal (6,2) with Ni ⱕ Ns. We then
opposed the two models in a Bayesian framework by giving each
model a prior weight probability of 0.5. The relative fit of the two
models was then assessed for each population by using the
acceptance rate of the rejection algorithm as an estimate of the
posterior weight probability (47). The significance of differences
between the posterior weight probabilities for each model were
assessed by using the statistic G ⫽ 2ln(pm2兾pm1) which follows a
2 distribution with degrees of freedom equal to the difference
in number of parameters in the founder-event and gradual-drift
models (i.e., df ⫽ 1). This is analogous to a likelihood ratio test
for nested models (49).

Fig. 2. Genetic diversity and divergence of silvereye forms as measured by (a) heterozygosity; (b) allelic diversity; (c) pairwise FST, and (d) Nei’s DS. Error bars
indicate standard errors calculated across loci. Arrows indicate recent colonization sequence. Abbreviations for populations are the same as in Fig. 1b, with the
addition of A, Auckland, north end of North Island of New Zealand. Number of founder events is the number of island colonizations separating any two
populations. Numbers in parentheses indicate the number of pairwise comparisons among populations or among subspecies兾species. Age of divergence among
subspecies and species were based on molecular and paleobiological evidence (26, 27).

Bayesian Analysis of Colonization. Our founder-event model did

not support the expectation of small effective founder sizes.
Posterior distributions for founder sizes were shifted toward
large values for all but one of the islands, giving low statistical
support for small founding flocks. Point estimates (50% quantiles) for the effective size of the founding flocks ranged from 132
to 216 effective founders and 5% quantiles were greater than 34
(Table 1). The one exception was Norfolk Island, where the
posterior distribution gave strong statistical support to small
values of effective founders, with a 50% quantile of 24 and a 5%
quantile as small as 8 (Table 1).
When we opposed the founder-event model and the gradualdrift model in a Bayesian framework, the posterior weight
probability was higher for the gradual-drift model for three of
the four populations (South Island NZ, North Island NZ, and
Chatham Island), and higher for the founder-event model in only
one population (Norfolk Island) (Table 2). However none of
these differences were statistically significant (South Island, NZ,

pG ⫽ 0.12; North Island NZ, pG ⫽ 0.20; Chatham Island, pG ⫽
0.23; Norfolk Island, pG ⫽ 0.23).
Discussion
Our results show that, for most of the recently established island
populations studied here, single founding events have had a
limited effect on levels of neutral genetic diversity and divergence. Neither allelic diversity nor heterozygosity within populations show significant reductions after any single founder
event. Heterozygosity is an effective indicator of population
bottlenecks only if the event was severe in strength or duration
(28, 29, 50); therefore, this result may be partly because of the
low sensitivity of this particular measure. However, allelic diversity is a more sensitive indicator of changes in population size
than heterozygosity, because rare alleles can be lost easily (28).
Our results therefore support laboratory-based experimental
work that has suggested that single colonization events are
unlikely to have a marked effect on genetic diversity (8, 51, 52).
Table 2. Comparison of the fit of the founder-event model vs.
the gradual-drift model by using posterior weight probabilities
of islands colonized by Z. l. lateralis

Table 1. Prior and posterior values for effective number of
founding individuals (Nfd) of Z. l. lateralis on each island (Is.)
based on 20,000 and 1,000 values, respectively

Posterior probabilities
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Quantiles
Population

Mean

5%

50%

95%

Opposing model

Prior
Posterior
South Is.
North Is.
Chatham
Norfolk

152

17

152

286

198
143
207
24

72
34
90
8

207
132
216
24

292
278
294
43
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SI

PN

CI

NI

Founder event
vs.
Gradual drift

0.84
vs.
0.16

0.80
vs.
0.20

0.67
vs.
0.33

0.41
vs.
0.59

Significance test (pG)

0.12

0.20

0.23

0.23

Abbreviations: SI, South Island New Zealand; PN, Palmerston North, south
end of North Island New Zealand; CI, Chatham Island; NI, Norfolk Island.
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genetically representative of the source population. When the
founder-event model was opposed to the gradual-drift model, we
could not clearly reject one model in favor of the other for any
recently colonized population. Taken together, these results
indicate that the focus on founder effects in this species complex
has been overemphasized and that large flock sizes and兾or
gradual drift are more parsimonious explanations for the observed genetic changes.
The most recent colonization event of Z. l. lateralis to Norfolk
Island provides the exception to most of the general trends
described above. This population is the most differentiated at
neutral loci of all of the recently colonized populations. Two
explanations are possible for this. First, it is possible that
introgressive hybridization between the new arrival and Z.
tenuirostris may have occurred. Initial hybridization between the
two species immediately after colonization has been suggested
but is not thought to have continued (20, 56). No evidence was
found of introgressive hybridization between Z. tenuirostris and
Z. l. lateralis from the mtDNA analysis (S.M.D., L. Kelleman,
and C.M., unpublished results) or from the distribution of
microsatellite alleles characteristic of Z. tenuirostris. A more
likely explanation, therefore, is that a smaller flock founded this
geographically remote population, or greater variance occurred
in reproductive success than in other cases examined. The
estimates of the effective founder size of this population are
consistent with this explanation, being approximately an order of
magnitude less than other recently colonized populations. This
population was also the only one for which better statistical
support existed for the founder-event model, although this
difference was not statistically significant.
In sum, our results demonstrate that the natural colonization
behavior of the silvereye is not consistent with the assumptions
of traditional, single-step founder-effect models of divergence.
Instead, the evidence suggests that the low genetic variation and
pronounced genetic differentiation of old island forms is a result
of multiple founder events possibly by large numbers of individuals, gradual drift in relatively small isolated populations (57),
or a combination of these two mechanisms. Future work will
assess whether the same mechanisms can be applied to the
phenotypic divergence observed in the recently colonized
populations.

Likewise, the degree of genetic differentiation associated with
any single colonization event suggests that colonization itself
does not result in a strong pulse of genetic drift. Pairwise
estimates of relative and absolute divergence measures between
each recently colonized population and its source indicates that
the prevalent pattern is one of little genetic differentiation. The
one possible exception is the most recently colonized population
on Norfolk Island, which is discussed below. Overall however,
these results indicate that single-step founder events are unlikely
to provide sufficient genetic perturbation to lead to the reductions in genetic variation and pronounced genetic differentiation
assumed by the original founder effect model (1).
Although single founder events had a negligible effect on
genetic diversity and differentiation, we did find evidence for the
effects of sequential founder events. Allelic diversity significantly decreased and genetic differentiation significantly increased as the number of founder events separating populations
increased. Heterozygosity levels were not affected, despite the
increased potential for multiple vs. single population bottlenecks
to affect this measure (30, 53). To test the potential evolutionary
impact of sequential founder effects we compared the level of
change among the recently founded populations with that seen
among evolutionarily old populations, corresponding to colonizations that took place between several thousand and millions of
years ago. Three or four sequential founder events are required
for recently colonized populations to reach levels of (allelic)
diversity and divergence similar to the levels of the youngest of
the old island forms. This result is interesting given that the
former populations have only been separated from one another
for about 50 generations, while the latter (Heron Island, Z. l.
chlorocephalus) has been genetically isolated for more than a
thousand generations (20, 25) and has likely persisted with
relatively small population sizes (current Ne for Heron Island is
approximately 173 individuals, based on demographic data (the
mean age of breeding birds and the survival of young to that age)
J. Kikkawa, unpublished data). This finding again supports
models and laboratory-based experimental work that has confirmed the potential power of sequential founder events (53, 54).
The general lack of strong founder effects accompanying
island colonization by silvereyes is particularly striking given that
members of the species complex have been repeatedly invoked
by evolutionary biologists in discussions of island colonization
and founder effects (1, 55). Why then do founder effects seem
to be so weak in this species complex? Our simulations of the
colonization process suggest that new island populations are
probably not founded by small flocks. Instead, our estimates of
effective founding flock size were relatively large with mean
values of more than 100 individuals. Large founding-flock sizes
would increase the likelihood of the new population being
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