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ABSTRACT

Whether speciation results more frequently from the genetic consequences of founder events or from
gradual genetic divergence of large populations is a matter of debate. In this study, multiple analyses were
applied to data from three loci (cytochrome b, a-enolase intron VIII, and MHC class II B) to test for
founder effects associated with speciation in Aethia (Aves: Alcidae), a genus of seabirds thought to have
undergone a rapid founder-induced radiation. Effective population sizes (Ne) were derived from esti-
mators of u based on allelic diversity and the coalescent and from data on trans-species polymorphism.
Results indicated that Ne has been on the order of 105–106 individuals throughout the evolutionary
histories of least and crested auklets (A. pusilla and A. cristatella, respectively) and that Ne of the ancestral
species was at least 16,000 individuals. Computer simulations of MHC evolution indicated that a single-
generation bottleneck at speciation could not have involved ,85 individuals for each species. More
moderate simulation scenarios indicated that population size could not have dropped below 2000 in-
dividuals at the time of species founding. Demographic history appears to have been stable for the auklets
throughout the past several million years, and a founder effect associated with their speciation is unlikely.

FOUNDER-INDUCED speciation is arguably one of
the most controversial of all potential mechanisms

of speciation (Mayr 1942; Barton and Charlesworth

1984; Carson and Templeton 1984; Templeton
1986; Provine 1989; Gavrilets and Hastings 1996;
Hollocher 1996; Clegg et al. 2002; Rundle 2003;
Coyne and Orr 2004). As a result of a founder event
(i.e., population founding by a small number of indi-
viduals), gene frequencies may change rapidly and par-
ticular alleles may be lost or fixed due to sampling error
alone. Founder events also may induce linkage disequi-
librium, and new or rare mutations and/or gene com-
binations (including those that are slightly deleterious)
have a higher probability of drifting to fixation in small
populations (Wright 1969; Gavrilets and Boake 1998).
Such founder effects, in concert with environmental
differences experienced by founder populations, have
the potential to precipitate speciation (but see Rundle
2003). For example, by accelerating divergence in small
populations, founder effects may facilitate rapid and/
or adaptive radiations of taxa. Founder effect specia-
tion is therefore among the speciational hypotheses con-
sidered most commonly for taxa whose histories appear
to have contained radiations (Carson 1983; D. Klein
et al. 1993; Hollocher 1996; Vincek et al. 1997; Clegg

et al. 2002). Founder effect speciation is consistent with
both vicariant and dispersal scenarios for population
isolation.

Although the incidence of a founder event alone is
not sufficient proof of the occurrence of speciation by
founder effect, a first assessment of the relevance of a
founder effect model to a given case of speciation in-
volves evaluation of whether or not a founder event
(such as a bottleneck in population size) plausibly oc-
curred in the history of the examined taxa. To date,
however, no empirical data have demonstrated a con-
vincing association between bottlenecks in population
size and speciation in vertebrates. Among animals, doc-
umented examples of what may be founder effect spe-
ciation exist, controversially, for Drosophila species
(Carson 1983; Hollocher 1996; Templeton 1996),
and cases of founder-induced speciation may have oc-
curred in seabirds such as the shy albatross (Thalassarche
cauta) (Abbott and Double 2003) and Armenian gull
(Larus armenicus) (Liebers et al.2001). The genus Droso-
phila, for example, has radiated throughout the Hawaiian
islands to comprise almost 1000 species in the few million
years since formation of the archipelago, and a founder-
flush mechanism of speciation has been proposed for
these flies (Carson 1983; Hollocher 1996).

Founder effect has been viewed as a theoretically at-
tractive mechanism for vertebrate speciation (Templeton
1986; Gavrilets and Hastings 1996; Gavrilets and
Boake 1998; Rundle et al. 1998; Turelliet al. 2001), but
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its occurrence may be rare (Gavrilets 2004) and it is
not supported in the few cases in which it has been
tested empirically. For example, hundreds of species of
cichlid fishes originated in the African Rift Lakes in ,1
million years (Meyer et al. 1990; Johnson et al. 1996),
but extensive intraspecific major histocompatibility
complex (MHC) variability suggests that their specia-
tion was not due to a founder effect (D. Klein et al.
1993). Similarly, despite evidence for rapid radiation,
no evidence indicates that speciation was associated
with founder effects in either threespine sticklebacks
(Gasterosteus aculeatus) (McKinnon and Rundle 2002)
or island-colonizing birds in the silvereye species com-
plex (Zosterops lateralis) (Clegg et al. 2002). On the basis
of human leukocyte antigen (HLA) polymorphism and
evidence from nuclear introns, several researchers con-
cluded that founder effect was not an important com-
ponent of human evolution (Takahata 1991, 1993;
Takahata et al. 1995; Ayala and Escalante 1996).
Likewise, founder effect has been discounted as the
primary mode of speciation among Darwin’s finches
(Geospiza spp.) since the discovery of extensive MHC
variability in these species (Vincek et al. 1997).

Methods have been developed for inferring both
long-term and ancestral effective population sizes (Ne

andNa, respectively) from DNA polymorphism in extant
populations, as well as from variation shared by closely
related species (e.g., Kimura 1969; Watterson 1975;
Kingman 1982a,b; Tajima 1983; Rogers and Harpending

1992; Takahata et al. 1995; Yang 1997, 2002; Rannala
and Yang 2003; Wall 2003). These methods allow tests
of explicit hypotheses on the origin and radiation of
taxa and have been particularly informative in the con-
troversy surrounding the origin of modern humans
(Takahata 1993; Rogers 1995; Takahata et al. 1995;
Ayala and Escalante 1996). In this study, we applied
several of these methods to test the hypothesis that
founder effects were involved in speciation in Aethia
auklets, a group of North Pacific seabirds.

Aethia (Charadriiformes: Alcidae) comprises four
species (Aethia cristatella, A. psittacula, A. pusilla, and A.
pygmaea) endemic to the North Pacific, Bering Sea, and
Sea of Okhotsk. As wing-propelled divers, auklets spend
most of their lives at sea, returning to islands and conti-
nental coasts to nest in sympatry in the spring. All four
species are sexually monomorphic and display facial
plumes and bill ornamentation during the breeding
season; they appear to be monogamous and can pro-
duce only a single chick per breeding pair each breed-
ing season (Gaston and Jones 1998; Jones 1999).
Phylogenetic relationships within the genus are unre-
solved, and power analysis suggested that internodes
between divergence events in this group were extremely
short (relative to population sizes) (Walsh et al. 1999).
The above results have led to the hypothesis that speci-
ation in the genus was facilitated by population bot-
tlenecking and/or founder events, precipitated by one

or more vicariant events (Jones 1999; Walsh et al.
1999). Contemporary census population sizes are on
the orders of millions of individuals for both least and
crested auklets (A. pusilla and A. cristatella, respectively)
(Stephensen and Irons 2003) and, on the basis of life
history tables, generation times are 6.7 and 8.3 years,
respectively (Walsh 1999; Walsh and Friesen 2003).
DNA sequences of the cytochrome b gene indicate that
lineages leading to least and crested auklets diverged
�2.8 MYA (Friesen et al. 1996; Walsh and Friesen
2003). Given this time frame, divergence of the auklets
may have followed isolation within glacial refugia of
the Plio-Pleistocene, consistent with the glacier-induced
speciation models proposed for many groups of spe-
cies native to the Americas (e.g., O’Reilly et al. 1993;
Hewitt 1996; Avise and Walker 1998; Holder et al.
1999; but see Klicka and Zink 1997, 1999). Auklets ex-
hibit both strong mutual sexual selection and behav-
ioral isolation among species ( Jones and Hunter 1993;
Gaston and Jones 1998), both of which are among the
proposed consequences of founder effect speciation
(Powell 1989).

Recent methods for estimating ancestral effective
population sizes (Na) rely on identifying conflicts be-
tween gene trees and the presumed known species tree
(Yang 2002; Rannala and Yang 2003) or on maximiz-
ing the likelihood of a given number of inferred mu-
tations along branches in a known phylogeny (Wall

2003). For auklets, however, the species tree is unknown
despite analyses of a large amount of sequence data
(Moum et al. 1994; Friesen et al. 1996; Walsh et al.
1999). Without a known species tree, some methods for
estimating Na cannot be applied; however, data from
loci that exhibit trans-species polymorphism can be
used to evaluate Na for species with unknown species
trees. Using data on genetic diversity and allelic gene-
alogy at three loci, we estimated Ne at several depths in
the evolutionary histories of least and crested auklets to
test the hypothesis that their speciation was associated
with a founder effect.

THEORY AND METHODS

Because genetic diversity is a function of long-term
Ne, estimates of Ne can be derived from the neutral
mutation parameter, u (¼ 4Nem for nuclear DNA and
2Nfm for mitochondrial DNA, where m is the neutral
mutation rate per sequence per generation, and Nf is
female effective population size). (In what follows, we
adopt the convention of Felsenstein to use Q to denote
4Nem per site and u to denote 4Nem per locus.)

Several methods have been advanced to estimate u

from DNA sequences (Kimura 1969; Watterson 1975;
Nei 1987; Felsenstein 1992; Griffiths and Tavaré

1993; Fu 1994a,b; Kuhner et al. 1995; Takahata et al.
1995; Tajima 1996), and it can be scaled for balancing
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selection by applying Takahata’s (1990) correction
factor. In this study, u was estimated using data on nu-
cleotide polymorphism previously collected for least
and crested auklets (Walsh and Friesen 2003). These
data include 306 bp of sequence from the 59 end of the
mitochondrial cytochrome b gene, intron VIII (248 bp)
from the nuclear gene for a-enolase, and a 154-bp
fragment of the second exon of an MHC class II B gene.
Analyses of 89 least auklets and 81 crested auklets
sampled from throughout their breeding ranges re-
vealed 5 and 8 alleles for cytochrome b, and 19 and 33
alleles for a-enolase, respectively. At least 40 alleles at
each of two MHC II B loci were observed for each species
(Walsh and Friesen 2003).

Substitution rates (m): Given the 2%/MY rate of cy-
tochrome b divergence reported by Avise and Walker

(1998), the substitution rate for cytochrome b is 2.1 3

10�5 and 2.5 3 10�5 substitutions per sequence per gen-
eration for least and crested auklets, respectively (given
generation times of 6.7 and 8.3 years, respectively). The
substitution rate for a-enolase intron VIII was estimated
at 3.7 3 10�6 and 4.5 3 10�6 substitutions per sequence
per generation for least and crested auklets, respec-
tively, by comparison of auklet sequences with marbled
murrelet sequences (Friesen et al. 1997) and assuming
a divergence time of 12 MYA (Friesen et al. 1996). The
substitution rate for the MHC II B fragment was esti-
mated on the basis of the rate of 3.5 3 10�9 substitutions
per site per year of Vincek et al. (1997), adjusted for
generation times of the auklets to yield m ¼ 3.6 3 10�6

and 4.5 3 10�6 substitutions per sequence per genera-
tion, respectively.

Estimating Ne: For cytochrome b and a-enolase, both
P (average pairwise differences) (Tajima 1983) and
uW (Watterson’s u) (Watterson 1975) were calculated.
Ne was derived from P and uW, assuming substitution
rates given above. We used the algorithm FLUCTUATE
(Kuhner et al. 1995) to estimate contemporary Q for
least and crested auklets, using data on intraspecific
allelic sequences for cytochrome b and a-enolase intron
VIII.

We used the maximum-likelihood methods of
Takahata et al. (1995) to estimate Ne for each species
and their associated Na, given substitution rates for each
locus. Ne for each species was estimated by evaluating
Takahata et al.’s (1995) Equation 2 at its maximum
(QML), given the data for cytochrome b and a-enolase.
The maximum-likelihood value for Na (and associated
95% confidence interval) was estimated numerically
from Takahata et al.’s (1995) Equation 3, with diver-
gence time fixed at 2.8 MYA and a mean of four sub-
stitutions between two random sequences (Walsh and
Friesen 2003).

Six polymorphisms are shared between least and
crested auklets in intron VIII of the gene for a-enolase
(i.e., SS ¼ 6), and no fixed differences were observed
between the two species for this locus. We thus used an

abbreviated form of the method developed by Wakeley

and Hey (1997) to estimate uA (¼ 4Nam) from the data
for a-enolase. We equated the number of polymorphisms
shared between least and crested auklets with E(SS), the
expectation for this quantity [given by Wakeley and
Hey’s (1997) Equation 12], substituting estimated u-
values from a-enolase intron VIII for u1 and u2. This
equation was solved for uA and the corresponding value
for Na was derived, assuming that the substitution rate
for this locus in auklets is 4 3 10�6 substitutions per se-
quence per generation (the average for the two species,
above).

Ne from trans-species polymorphism: If trans-species poly-
morphism exists in a sample of nucleotide sequences
(and is sufficiently common that it cannot reasonably be
attributed to convergence), then coalescence of alleles
within species predates speciation (Takahata 1991).
Measured genetic distances between alleles can be su-
perimposed on a genealogy to estimate k, the number of
lineages extant today that also were present prior to a
speciation event (Takahata 1991; J. Klein et al. 1993).

If time is measured in units of 2Ne generations [that
is, t9 ¼ t=ð2NeÞ, where t is the known number of gen-
erations since a speciation event], the probability gnk(t9)
that at t9 (in the past) there were k alleles in a popu-
lation, given that the population now carries n alleles, is
given by

gnkðt9Þ ¼
Xn

j¼k

ð2j � 1Þð�1Þ j�kkð j�1Þn½ j �
k!ð j � kÞ!nð jÞ

e�ð jð j�1Þt9=2Þ ð1Þ

when 2# k#n (Tavaré 1984), where aðjÞ ¼ aða1 1Þ . . .
ða1 j � 1Þ and a½ j � ¼ aða � 1Þ . . . ða � j 1 1Þ[a repre-
sents variables with subscripts in (1)]. k was determined
as described below.

Relationships among least and crested auklet alleles
for a-enolase intron VIII were estimated by the neighbor-
joining method using Jukes-Cantor distances in MEGA
v. 1.02 (Kumar et al. 1993). The expected Jukes-Cantor
corrected distance ( Jukes and Cantor 1969) between
sequences that diverged 2.8 MYA (i.e., about the time
of divergence of least and crested auklets) is 0.0125
substitutions per site. For each species, the minimum
number of allelic lineages present prior to the specia-
tion event, k, was estimated as the number of lineages
whose coalescence on the tree occurs prior to 0.0125
distance units ago ( J. Klein et al. 1993). For each spe-
cies, the maximum of Equation 1 was estimated numer-
ically andNe at this point was calculated from its relation
with t9.

The timescales over which our estimates of long-term
Ne apply are given by an exponentially distributed time
parameter with mean 4Ne[1 � (1/i)], where i is the
number of sampled alleles (4Ne is replaced with 2Nf for
mitochondrial DNA) (Kingman 1982a,b).

Ne by computer simulation: Extant lineages whose coa-
lescence predates speciation are lineages that persisted
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through any putative bottleneck at the time of species
founding. Thus, if the number of extant allelic lineages
whose coalescence occurred at or prior to species diver-
gence is known, then the minimum size of the founding
population can be inferred from results of computer
simulations. Allelic lineages for which coalescence pre-
dates speciation generally are observed at loci under
balancing selection, which acts to maintain variation
through time. Trans-species polymorphism also may be
evident at neutral loci when u is large with respect to
time since divergence, as noted by Takahata (19861 ,
1989) and observed in our study (see results, Figure 1).
Vincek et al. (1997) used a computer simulation to de-
termine the number of alleles retained in a population
through bottlenecks of various sizes, given data on poly-
morphism for the second exon of an MHC II B gene.
This locus is known to be under balancing selection of
an intensity on the order of s ¼ 0.01 in humans (Satta
et al. 1994).

In this study we used the simulation algorithm of
Vincek et al. (1997) to determine the minimum pop-
ulation size of the immediate ancestor of least and
crested auklets. We used available data on allelic poly-
morphism in a 154-bp fragment of the second exon of
an MHC class II B gene for the auklets, at which a min-
imum of 40 alleles have been documented in each of
least and crested auklets (Walsh and Friesen 2003).
The number of allelic lineages older than the speciation
event (2.8 MYA) was estimated by two methods. First, we
estimated the average time to coalescence of two alleles
under balancing selection, 2Nefs generations [where
fs is given by Takahata’s (1990) Equation 15], using
a selection intensity of 0.01 (Satta et al. 1994). Ne

was taken as 253,000 individuals for least auklets and
375,000 individuals for crested auklets (the average of
four estimates of long-term Ne based on neutral markers,
for each species; see results). Thus, the average time to
coalescence of two alleles for exon 2 of the class II MHC
B gene is 1.9 3 106 generations (12.6 3 106 years) for
least auklets and 2.4 3 106 generations (20.3 3 106

years) for crested auklets. This result is consistent with
the observation that some human allelic lineages at this
locus are .30 million years old (O’hUigin et al. 19912 ;
J. Klein et al. 1993). Given this result, most extant auk-
let alleles at this locus predate the divergence of least
and crested auklets.

To obtain a more conservative estimate of the number
of alleles at this locus that predate the speciation event,
we considered the observation that for some species that
diverged within the last 5 MY [Darwin’s finches (Vincek
et al. 1997) and several extant primate species (J. Klein
et al. 1993)], no less than 62% of the allelic lineages
present today (for MHC II B exon 2) also were present
prior to speciation. Given this generalization, we esti-
mated that of the (minimum) 40 alleles currently pres-
ent in each of least and crested auklets, 25 (�62%) were
present prior to speciation.

We ran the computer simulation to determine the
minimum number of founder individuals that would
allow persistence of 40 and 25 alleles for the second exon
of an MHC II B locus. The ultimate parental population
was assumed to have the same number and frequency of
alleles as a known human (Caucasoid) population (as in
Vincek et al. 1997). Simulations were run under con-
ditions of immediate expansion following an initial
bottleneck of size Nb and expansion following a bot-
tleneck 10 generations in duration. As in Vincek et al.
(1997), two growth rates were applied for each of the
expansion scenarios (5 and 50% per generation), and
an additional case, that of no expansion (growth ¼ 0%),
also was considered.
Historical demographic events inferred from mismatch dis-

tributions: Rogers and Harpending (1992) argued that
the distribution of pairwise nucleotide differences be-
tween individuals in a population sample (the mismatch
distribution) carries information on the demographic
history of the population (but see Di Rienzo and
Wilson 1991; Lundstrom et al. 1992). We plotted the
mismatch distributions for cytochrome b and a-enolase
intron VIII for our sample of least and crested auklets to
judge whether evidence exists for a population expan-
sion in either species. Comparisons between all pairs of
individuals were conducted using Arlequin ver. 2.000
(Schneider et al. 2000). Ninety-five percent confidence
intervals on the raggedness statistics (r) (Harpending

1994) were generated in DnaSP v 4.0 (Rozas et al. 2003)
by 5000 replicates in coalescent simulations based on
the observed genetic diversities and samples sizes, un-
der no recombination and under intermediate recom-
bination (R ¼ 10).

To address some of the assumptions of the above
methods, tests of intraspecies population differentiation
and of deviations from Hardy-Weinberg equilibrium
were conducted using GENEPOP (v. 3.1d) (Raymond
and Rousset 1995) and Arlequin (data given in Walsh

and Friesen 2003).

RESULTS

Estimates of u and Q and corresponding values for Ne

or Nf derived from variation in cytochrome b and the
a-enolase intron indicated that population sizes for the
auklets have been large throughout the course of their
evolution (minimum 201,000 and 220,000 individuals
for least and crested auklets, respectively; Tables 1 and 2).
Timescales over which estimates of u (or Q) and N apply
varied from 5.1 3 105 to 1.1 3 107 years (Tables 1 and 2).
Fixing divergence time at 2.8 MYA gave a maximum-
likelihood value of Na ¼ 3.4 3 104 individuals (95% C.I.
�0.0–1.9 3 106; maximum L¼�1.69) by the method of
Takahata et al. (1995).

Equating SS with Wakeley and Hey’s (1997) Equa-
tion 12 and substituting estimated uW values for u1 and
u2 gave a value of 0.256 for uA at the a-enolase locus. The
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corresponding value for the effective size of the ances-
tral population was 16,000 individuals. Substituting val-
ues obtained from other estimators of u (Tables 1 and 2)
for u1 and u2 produced higher values for Na (�117,000
using P and �123,000 using uML).

According to the phylogeny of least and crested
auklet alleles for a-enolase intron VIII (Figure 1), seven
allelic lineages predate the divergence of the two species,
three of which have descendants in our sample of mod-
ern least auklets and all seven of which have descen-
dants in our sample of modern crested auklets. The

maximum of Equation 1 occurred at t9 ¼ 0.673 for least
auklets (k ¼ 3, n ¼ 19) and at t9 ¼ 0.243 for crested
auklets (k ¼ 7, n ¼ 33), giving Ne’s of 3.13 3 105 and
6.99 3 105 individuals, respectively. These are long-term
Ne’s for the last 2.8 MY (i.e., since divergence of the
lineages leading to the two species; Tables 1 and 2).

Results of the computer simulations (Figure 2) showed
that the minimum population size required to maintain
25 MHC class II B allelic lineages through a founder
event was 85 individuals (under simulation of immediate
expansion from bottleneck size, with a population

TABLE 1

Estimates of u and Q and corresponding values for Ne or Nf for least auklets, based on data for
cytochrome b and a-enolase intron VIII

Estimator û or Q̂ Nf

Generations (yra) before present
throughout which estimates apply

Cytochrome b
P (Tajima 1983) 2.00 �48,000 �7.6 3 104 (5.1 3 105)
uW (Watterson 1975) 2.40 �57,000 �9.1 3 104 (6.1 3 105)
QP (Kuhner et al. 1995) 0.012 �87,000 Contemporary Nf

QML (Takahata et al. 1995) 0.0065 �47,000 �7.6 3 104 (5.1 3 105)

Estimator û or Q̂ Ne

Generations (yra) before present
throughout which estimates apply

a-Enolase
P (Tajima 1983) 3.08 �208,000 �7.9 3 105 (5.3 3 106)
uW (Watterson 1975) 4.29 �290,000 �1.1 3 106 (7.4 3 106)
QP (Kuhner et al. 1995) 0.043 �720,000 Contemporary Ne

QML (Takahata et al. 1995) 0.012 �201,000 �7.6 3 105 (5.1 3 106)
Trans-species polymorphism NAb 313,000 4.2 3 105 (2.8 3 106)

a Given a generation time of 6.7 years for least auklets (Walsh and Friesen 2003).
b Not applicable.

TABLE 2

Estimates of u and Q and corresponding values for Ne or Nf for crested auklets, based on data for
cytochrome b and a-enolase intron VIII

Estimator û or Q̂ Nf

Generations (yra) before present
throughout which estimates apply

Cytochrome b
P (Tajima 1983) 2.61 �52,000 �9.1 3 104 (7.6 3 105)
uW (Watterson 1975) 3.47 �69,000 �1.2 3 105 (1.0 3 106)
QP (Kuhner et al. 1995) 0.017 �104,000 Contemporary Nf

QML (Takahata et al. 1995) 0.0098 �60,000 �1.0 3 105 (8.7 3 105)

Estimator û or Q̂ Ne

Generations (yra) before present
throughout which estimates apply

a-Enolase
P (Tajima 1983) 3.96 �220,000 �8.5 3 105 (7.1 3 106)
uW (Watterson 1975) 6.41 �360,000 �1.4 3 106 (1.1 3 107)
QP (Kuhner et al. 1995) 0.092 �1,300,000 Contemporary Ne

QML (Takahata et al. 1995) 0.016 �220,000 �8.6 3 105 (7.1 3 106)
Trans-species polymorphism NAa 699,000 3.4 3 105 (2.8 3 106)

a Given a generation time of 8.3 years for crested auklets (Walsh and Friesen 2003).
b Not applicable.
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growth rate of 50% per generation). The largest esti-
mate was 650 founder individuals (under simulation of
expansion with a growth rate of 5% following a 10-
generation bottleneck). For retention of all or almost
all (90% of) 40 alleles through an initial founder event,
740 individuals were required under immediate expan-
sion with growth rate 50% and .2000 individuals were
required under expansion with growth rate 5% after

10 bottlenecked generations. Under a scenario of no
expansion, 310 and.2000 individuals were required for
retention of 25 and 40 alleles, respectively. In all cases,
allelic loss was minimal once the size of the population
was . �2000 individuals.

None of the frequency distributions of pairwise
nucleotide differences for cytochrome b and a-enolase
intron VIII in least and crested auklets (Figure 3) dis-
played a unimodal shape characteristic of a population
expansion following an extended bottleneck, nor were
many peaks observed at high numbers of differences, as
expected for a brief bottleneck (Rogers and Harpending

1992). Raggedness statistics (r ; Figure 3) all were within
95% confidence intervals for r under coalescent simu-
lations given observed sample sizes and nucleotide di-
versities, under conditions of both no recombination
and intermediate recombination.

Exact tests of population differentiation showed no
significant heterogeneity in haplotype or genotype dis-
tributions among populations for either cytochrome
b or a-enolase (P . 0.10). Similarly, pairwise FST values
detected no significant genetic structure among pop-
ulations (all P . 0.05), and no significant deviations
from Hardy-Weinberg equilibrium were observed (all
P . 0.21).

DISCUSSION

Population sizes unequivocally have been large for
least and crested auklets throughout the course of their
evolution. This conclusion is consistent across loci and
estimation methods (Tables 1 and 2). The absence of
detectable population bottlenecks during the evolu-
tionary history of the auklet species implies that founder
effect could not have been a causal factor in their spe-
ciation. Large values for estimates of Ne at different
depths in their history indicate that the observed ge-
netic variation has been maintained over the long term
and is not a product of a recent population expansion.
Absence of detectable genetic structure among popula-
tions indicates that estimated Ne values are unlikely to
have been inflated due to population subdivision.

Due to its haploid state and primarily maternal trans-
mission, Ne for mtDNA (i.e., Nf) is expected to be ap-
proximately one-quarter that for nuclear DNA (Tajima
1983). Effective population sizes estimated from mtDNA
in our study are consistent with this expectation (Tables
1 and 2).

Tajima (1996) showed that, given sufficient substitu-
tion rate variation across sites, estimates of u based on
the infinite-sites model will be substantial underesti-
mates. Although site-specific substitution rate variation
was not addressed in our work, such rate variation is
observed frequently for samples of DNA sequences (e.g.,
Wakeley 1993; Voelker and Edwards 1998), and
Tajima’s (1996) conclusion makes our estimates of Ne

more conservative.

Figure 2.—The number of alleles retained in a population
as a function of founder population size, after a 0- or 10-
generation bottleneck followed by 0, 5, or 50% per generation
population growth (from computer simulations). Bottleneck
duration and subsequent population growth rate are indi-
cated for each curve.

Figure 1.—Neighbor-joining tree of a-enolase alleles for
least (L) and crested (C) auklets, based on Jukes-Cantor dis-
tances. Allelic lineages present prior to the speciation event
(n ¼ 7) are those that cross the vertical line indicated in bold-
face type (which marks the estimated divergence time of lin-
eages leading to modern least and crested auklets). L12 and
C13 are identical, as are C1 and L3.
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The estimates of Ne in Tables 1 and 2 assume a single
panmictic population in mutation-drift equilibrium. To
address these assumptions, pairwise FST values and rag-
gedness statistics on mismatch distributions were com-
puted. FST values did not reveal any significant genetic
structure among populations, suggesting panmixia, and
r-values of all mismatch distributions fell within 95%
confidence intervals of r estimated by coalescent simu-
lations (Figure 3), suggesting equilibrium between mu-
tation and genetic drift.

Our estimate of Na derived by the method of
Takahata et al. (1995) may be biased in that it is based
on data for a single locus, using a method that originally
was developed to treat data for multiple loci (specifi-
cally, the variation of sequence divergences among loci).
This may explain the width of the confidence interval
on our estimate of Na by this method (Yang 1997).
However, we do not expect among-locus variation in
sequence divergences for these species to be very high
because their recent divergence (with respect to effec-
tive population sizes, so much so that trans-species
polymorphism is observed) predicts low divergence at
all loci. Therefore, per locus sequence divergence for
least and crested auklets may not be as biased by factors
such as substitution rate variation among loci (Yang
1997), and single-locus estimates of ancestral param-
eters may be more robust for these species than they
would be for species whose divergence times are older.

Bias is introduced into the estimation of uA when
using empirically derived values for u1 and u2 in the
evaluation of Wakeley and Hey’s (1997) Equation 12.
Watterson’s u, for example, assumes constant popula-
tion size through time, a hypothesis that has not been
rejected for these birds, but that remains an assumption
by virtue of it being a null hypothesis. The use of dif-
ferent u-estimators as variables in this equation sug-
gests, however, that uW-values are underestimates (see
results). Thus, our estimates of uA are conservatively low
within the framework of testing the plausibility of founder
effect as a mechanism for speciation of the auklets.

If fewer than seven allelic lineages for a-enolase in-
tron VIII actually predate the speciation event (as may
occur either if divergence of the two species is older
than estimated or due to error associated with phylog-
eny estimation), the resulting Ne is reduced, although
still sufficiently large to reject the hypothesis of founder
effect speciation in the auklets. For example, if k¼ 3 for
crested auklets, the maximum of Equation 1 occurs
approximately at t9 ¼ 0.8, and if k ¼ 2 (the minimum
value that k can take because trans-species polymor-
phism is observed), the maximum of (1) occurs approx-
imately at t9¼ 1.2. Given these values, estimates ofNe are
�212,000 and �142,000 individuals, respectively.

The computer simulations in this study were based on
conservative scenarios for the duration of population
bottlenecks and the rate of expansion following the
bottleneck phase and consider the minimum amount of
variability at an MHC II B locus for least and crested
auklets. Because single-generation bottlenecks allow
retention of a greater number of alleles than do multi-
generation bottlenecks, the estimates derived from com-
puter simulation represent the minimum number of
individuals required in a bottlenecked founder pop-
ulation. Given population bottlenecks of .10 gener-
ations, even larger population sizes would be required
for retention of the observed number of ancient alleles.

The assumption of the computer model that the
ancestral auklet population contained the same num-
ber and frequencies of alleles as in the current Cauca-
soid population is probably unrealistic, although less so
than in the original simulations of Vincek et al. (1997)
due to greater similarity of population size estimates for
auklets and humans than for Darwin’s finches and
humans (Vincek et al. 1997). The model also assumes
that mating is random and that rates of population
growth are constant through time, and thus it ignores
fluctuations due to sudden population explosions and/
or catastrophes in addition to the original bottleneck;
however, these assumptions are typical of similar models
(e.g., Kuo and Janzen 2004) and are necessary to assure

Figure 3.—Frequency distributions of nucleo-
tide differences among pairs of individuals in
population samples of least and crested auklets.
(A) Cytochrome b alleles among least auklets
[r ¼ 0.704; raggedness statistic (Harpending

1994)]; (B) cytochrome b alleles among crested
auklets (r ¼ 0.137); (C) a-enolase alleles among
least auklets (r ¼ 0.0926); (D) a-enolase alleles
among crested auklets (r ¼ 0.0472).

Testing Founder Effect Speciation 7



feasibility of the computer analysis. The intensity of
selection at MHC II B loci in least and crested auklets is
unknown and the value of s (0.01) used in the computer
model may not be accurate. However, empirical data for
humans (Satta et al. 1994) indicate that s for exon 2 of
MHC II B loci is generally less than or equal to this value.
Because balancing selection acts to maintain more vari-
ation than would be maintained by drift alone, a smaller
value for s (i.e., reduced selection intensity) would nec-
essitate larger population sizes through bottlenecks to
allow persistence of the same amount of variation.

Our simulations suggest that throughout the evolu-
tionary history of least and crested auklets and their
immediate ancestor, no population size reductions to
fewer than several thousand individuals occurred. This
result is similar to that obtained for human popula-
tions over the past several million years (Ayala and
Escalante 1996). In addition, mismatch distributions
for the auklets do not fit models of population expan-
sion subsequent to either long or brief bottlenecks. The
above results suggest that the demographic history of
the auklets has been relatively stable throughout the
past several million years. For effective population sizes
to be of the orders of magnitude reported in Tables 1
and 2, no dramatic bottlenecks, even for a single gener-
ation, could have occurred in the evolutionary histories
of least and crested auklets. To have maintained ob-
served levels of variability, even population reductions
of moderate size lasting many generations are unlikely.

Methods for estimating ancestral population param-
eters are in an early stage of development. As such, es-
timates presented herein incorporate the biases of their
respective models (e.g., model assumptions described
above). Future development of more realistic models
and their application to data for a large number of
unlinked loci will allow more accurate estimation of
ancestral population sizes (Rannala and Yang 2003).
Despite uncertainties in the estimation methods ap-
plied herein, results across multiple estimation methods
and three types of molecular markers provide unam-
biguous evidence that auklets did not speciate as a con-
sequence of founder effect. Alternative explanations for
both the relatively short internodes that separated
divergence events among species in this group and
their mode of speciation should focus on the demon-
strated strong and mutual sexual selection exhibited by
these species (Jones and Hunter 1993).

Though hypothesized to be a plausible and even
widespread mechanism of speciation, to date available
data do not support the hypothesis that speciation by
founder effect has occurred commonly in vertebrates.
Whether this is due to a deficit of relevant data or to lack
of the effect itself is difficult to determine. A systematic
evaluation across many vertebrate taxa, especially those
expected to have experienced a history of reduced pop-
ulation size (e.g., island species, refugial populations,
species in areas of wide ecological gradients), is required

before generalizations can be established regarding
the overall importance of this potential mechanism of
speciation.
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