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MITOCHONDRIAL GENE GENEALOGY AND GENE FLOW AMONG
ISLAND AND MAINLAND POPULATIONS OF A SEDENTARY
SONGBIRD, THE GREY-CROWNED BABBLER
(POMATOSTOMUS TEMPORALIS)

ScotrT V. EDWARDS!
Division of Biochemistry and Molecular Biology,
in the Department of Molecular and Cell Biology,
and the Museum of Vertebrate Zoology,
University of California, Berkeley, California 94720 USA

Abstract.—Distinguishing between ongoing gene flow and purely historical association of popula-
tions can be difficult without data on times of population separation and effective population sizes.
To help discriminate between these two scenarios, I examined mitochondrial DNA sequence
diversity in three geographically close populations of the grey-crowned babbler (Pomatostomus
temporalis) separated by water barriers of known age in the Northern Territory, Australia, using
the polymerase chain reaction (PCR), direct sequencing, and genealogical methods of inference.
PCR primers were designed to obtain sequences from region I, a highly variable segment of the
control region. Sequence diversity in all populations was consistent with neutrality. In the popu-
lation on Melville Island, a Pleistocene land-bridge island, sequence variability is as high as on
the mainland and consists of two mitochondrial lineages differing by 2%. Phylogenetic analyses of
the sequence variation observed among 44 individuals suggest that the number of times lineages
in one population trace back to ancestors of a different population (between-population coalescent
events) was too high to be compatible with a model of population divergence solely by drift since
rising of the water barriers, implying instead recent or ongoing gene flow across water barriers.
Similar estimates of F,,, the fraction of genetic diversity apportioned among populations, were
obtained when calculated using the divergence times of alleles and when estimated from Nm values
derived from trees and ranging from 0.29-0.55. Both the phylogenies and patterns of allelic di-
vergence suggest that the population on Melville Island exchanges migrants with both continental
populations, although statistical tests indicated that some alternative phylogenies implying re-
stricted gene flow among the populations could not be discounted.

Key words.—Coalescent process, control-region sequences, intraspecific phylogeny, island popu-
lations, mitochondrial DNA.
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Population genetics is undergoing a minor rev-
olution. The polymerase chain reaction (PCR)
and direct-sequencing methods are for the first
time making feasible large-scale surveys of pop-
ulation variation at the nucleotide level (Vigilant
etal. 1989, 1991; Thomas et al. 1990; Di Rienzo
and Wilson 1991; Schaeffer and Miller 1991; Ed-
wards 1993; Prager et al. 1993). Sequence data
provide a closer view of the molecular evolu-
tionary process than does restriction analysis and
have the potential to resolve better the branching
pattern and depths of intraspecific phylogenetic
trees (Kocher and Wilson 1991; Di Rienzo and
Wilson 1991). Coincident with this technical ad-
vance is the development of theory (“‘genealog-
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ical” or ‘coalescent” theory) specifically de-
signed to predict expected patterns in genealogical
trees under a wide variety of population genetic
models (Tajima 1983; Tavaré 1984; Takahata
and Nei 1985; Slatkin 1989; Slatkin and Mad-
dison 1989, 1990; Takahata 1989). Appropri-
ately, the common ground of these two avenues
is the phylogenetic tree, which unlike the fre-
quencies of electrophoretic variants, can sum-
marize both the history and extent of divergence
of alleles (reviewed in Hudson 1991; Kreitman
1991).

Because of its lack of recombination, rapid
evolutionary rate, and clonal (i.e., usually ma-
ternal) inheritance in animals, mitochondrial
DNA (mtDNA) is especially suited for the study
of closely related populations using genealogical
trees (Avise et al. 1987; Avise 1989). The mtDNA
control region, the major noncoding region con-
taining the origin of heavy strand replication and
the displacement loop (“D loop’’), is well known
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as the most variable part of the animal mito-
chondrial genome (Brown 1985). In particular,
a highly variable segment of the control region,
region I, contains the highest proportion of vari-
able sites of any mitochondrial segment and has
been useful in defining closely related mitochon-
drial lineages within species (Vigilant et al. 1989,
1991; Thomas et al. 1990; Di Rienzo and Wilson
1991; Edwards 1993).

Importance of Genealogical Analysis

Initial surveys of sequence variation in region
I and other parts of the control region revealed
high levels of sequence diversity; Vigilant et al.’s
(1989) survey of 83 human control regions yield-
ed 71 distinct mtNDA types. Such high rates of
base substitution not only facilitate phylogenetic
analysis of closely related genomes but necessi-
tate the use of the newer genealogical models.
This necessity arises in part from the fact that
the levels of polymorphism now detectable using
PCR can obscure the record of other population
processes, such as migration when the mutation
rate is high. For example, as pointed out by Slat-
kin and Maddison (1989), traditional calculation
of Wright’s (1951) F,, (the fraction of genetic
diversity apportioned among populations) from
the frequencies of haplotypes in different popu-
lations would yield a statistic that incorporated
the effects of both mutation and migration. The
recent studies of human mtDNA show that the
rate of mutation to new sequences keeps the pop-
ulation frequency of any one sequence and the
chance of detecting identical sequences in sepa-
rate localities quite low. Such data are dealt with
poorly by traditional measures of F,,, which were
designed under the assumption that migration,
not mutation, was the primary factor producing
the distribution of allelic types among popula-
tions. Additionally, like other phylogenetic
methods of comparison (e.g., Ridley 1983; Har-
vey and Pagel 1991), genealogical analyses of
alleles permit the explicit counting of historical
events (e.g., migration events; Slatkin 1989; Slat-
kin and Maddison 1989, 1990). Of course, as
with any method relying on a phylogeny, uncer-
tainty in the phylogeny itself may prove a hin-
drance in the inference of population processes.

Avian mtDNA and
Grey-Crowned Babblers
The conclusion that most bird species show
little population subdivision is based primarily
on protein electrophoretic surveys of migratory
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species (Barrowclough 1983) and may need to
be expanded to incorporate the results of recent
mtDNA studies (e.g., Zink 1991; Taberlet et al.
1992) and electrophoretic surveys of sedentary
species (Baker and Moeed 1987; Peterson 1992);
nonetheless, some avian mtDNAs exhibit pat-
terns with little phylogeographic structure (e.g.,
Ball et al. 1988). Initial results of the PCR ap-
proach, although directed toward more slowly
evolving mtDNA segments than those available
now (Quinn 1992), suggested that analyses of
sequence diversity will provide additional details
on the evolutionary history of bird populations
(Edwards and Wilson 1990; Birt-Friesen et al.
1992).

Grey-crowned babblers (Pomatostomus tem-
poralis) are a sedentary, social species with an
extensive range throughout Australia and south-
ern New Guinea. Although grey-crowned bab-
blers have been traditionally classified into sev-
eral subspecies, including a distinct form on
Melville Island (P. t. bamba; Deignan 1964), more
recent analyses showed that much of the mor-
phological variation was clinal (Hall 1974; R.
Schodde pers. comm. 1990) and suggested
grouping the Australian populations into two
major taxa (eastern ‘“‘grey-crowned” P. t. tem-
poralis and western “red-breasted” P. t. rube-
culus). This division was supported by phylo-
genetic analysis of sequences from a portion of
the cytochrome b gene (Edwards and Wilson
1990). However, this mtDNA segment proved
useful for defining only major branches in the
lineage of grey-crowned babblers and offered lit-
tle resolution of more recent branching events.

Here I report on sequence variation in a 400-
bp segment of region I among three geographi-
cally close populations of babblers in the
Northern Territory, one of which is found on a
land-bridge island, Melville Island. Unusual bio-
geographic settings such as water barriers are of
particular interest in the study of sedentary spe-
cies, because frequently the barriers can be dated
and expectations of their effect on gene flow can
be tested (e.g., Busack 1986; Capparella 1988).
I use the gene genealogies derived from the se-
quences and the times of separation of the pop-
ulations inferred from palynological data (see be-
low) to help distinguish between two plausible
explanations for the observation of shared mi-
tochondrial lineages among populations (Avise
et al. 1984; Neigel and Avise 1986; Takahata
1989; Slatkin and Maddison 1989): (1) ongoing
gene flow and (2) retention (incomplete “‘sort-
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Fic. 1. Map showing the three sampling localities of babblers in the Northern Territory, Australia, in relation
to Pleistocene water lines (modified from Woodroffe and Mulrennan [1991] with permission from the authors).
The black circle, triangle, and square mark the locations of the Darwin, Melville Island, and Cobourg Peninsula
populations, respectively. Inset: Distribution of the grey-crowned babbler in Australia (indicated by stippling).

ing”) of ancestral mtDNA lineages in the absence  tions (Darwin, Melville Island, Cobourg Penin-
of gene flow caused by large effective population sula; fig. 1); four individuals from the grey-
size (N,). crowned subspecies were used as outgroups
(table 1). In 1987, I collected tissues from indi-

MATERIALS AND METHODS viduals in the Darwin population for mtDNA

Field Methods and Sampling of Babbler Pop-  isolation (N = 15; see Edwards and Wilson 1990
ulations.—In the present study, I used a total of and below). Populations on Melville Island (N
44 individuals from three red-breasted popula- = 15) and the Cobourg Peninsula (N = 14) were
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sampled nondestructively. We lured individuals
into triangulated mist nets using tape recordings
of “yahoo” and distress calls (King 1980). We
pierced the brachial vein with a sterile syringe,
collected 200—400 uL of blood in 500 uL of an
EDTA (ethylenediamine tetraacetate)-based
storage buffer (Arctander 1988), and kept sam-
ples at room temperature until refrigeration or
permanent storage at —70°C was available (from
2 h to 14 d). The iris color of each individual
indicated age; we used categories described in
Counsilman and King (1977) and J. L. Brown et
al. (1982) and lumped their “medium brown”
and ““dark brown” irises as ‘““brown” (see legend,
table 1). Because babblers are highly social, with
social units generally consisting of a mated pair
and 1-15 auxiliary “helpers at the nest” (Brown
et al. 1983; Brown 1987; Ford 1989; pers. obs.),
we usually caught multiple individuals from sin-
gle, easily delimited social units (table 1). I con-
sider the potential influence of this social struc-
ture on the interpretation of results presented
(see below). The 44 individuals studied came
from 19 social units and included five brown-
eyed juveniles; one of these juveniles was the sole
representative of its social unit (table 1). Some
individuals from the Darwin population were
previously screened for variation in a short piece
of the cytochrome b gene (see table 1 and Ed-
wards and Wilson 1990; see also Edwards 1993).

Melville Island is a low-lying Pleistocene land-
bridge island situated approximately 20 km from
the closest mainland point. Submergence of the
van Diemen Gulf is thought to have last sepa-
rated Melville Island from the mainland and ad-
jacent Cobourg Peninsula about 8000 and 10,000
B.P., respectively, before which the gulf under-
went repeated fluctuations like much of the Ara-
fura Sea to the north (Veevers 1969; Jongsma
1970; reviewed in Woodroffe and Mulrennan
1991; R. Fensham pers. comm. 1992). Thus, in
the model of population divergence based solely
on genetic drift, I use these times as operational,
maximum times of separation of populations of
babblers, which were presumably distributed
continuously throughout suitable habitats in the
region during periods of land emergence. Such
distributions have been suggested for other an-
imal and plant species separated elsewhere in the
Australian region by contemporary water bar-
riers (Schodde and Calaby 1972; Moran et al.
1989).

DNA Isolation, Polymerase Chain Reaction,
and Direct Sequencing.—mtDNAs from the
Darwin population and one of the outgroup in-
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TABLE 1. Pomatostomus temporalis rubeculus indi-
viduals and social units sampled and mtDNAs ob-
served in three localities in the Northern Territory. All
individuals are adults (> 3" yr old, cream irises) unless
marked with a letter in parentheses indicating eye color
as follows: B, brown, juvenile; L, light brown, ca. 3 yr;
F, flecked, ca. 3% yr. After the colon following each
individual or set of individuals is the social unit des-
ignation of those individuals. Asterisks by individuals
in the Darwin population denote those also character-
ized for sequence variation in the cytochrome b gene
(Edwards and Wilson 1990). See Materials and Meth-
ods for details.

mtDNA  Individual number:
Locality type social unit
100 km E Darwin 1 152, 153(B),
155(L)*: 13
2 156*: 13
3 157, 158: 14; 160:
15; 161, 162,
164, 165(L),
167 (B): 16
4 159: 15
5 168*: 17
6 170*: 18
Totals 15: 6
Pikertaramoor, Mel- 7 483: 43; 489(B): 46;

490, 491, 493: 47
8 484: 44; 495(F): 49;

ville Island

497(L): 50
9 485: 44
10 487: 45
11 486, 488: 45
12 494: 48
13 496(L): 49
14 498: 50
Totals 15:8
Cobourg Peninsula 15 520: 57
16 521: 57
17 522: 57; 523(F): 58
18 524(B): 59
19 525: 59
20 527(F): 59
21 528: 59; 529: 60
22 530(B), 531(F): 60;
532,533, 534: 61
Totals 14: 5
All places and social 44: 19
units
P. t. temporalis (out- O1-04 4

groups)

dividuals (table 1) were isolated by CsCl gradient
centrifugation as described (Brown 1980; Shields
and Wilson 1987; see Edwards and Wilson 1990).
For the remaining samples, total gecnomic DNA
was isolated by digesting 50-100 uL of the com-
bination of blood plus storage buffer for 3-12 h
with 7 uL of 25% SDS (sodium dodecyl sulfate)
and 15 uL of proteinase K (15 ug/mL) in 450 uL



1122

ND6  Region! Region Il tRNAPhe

L == —.'f‘* PRESAAY
Ly [QINRE RN

Central region
1

—

il | |

- —-— -—
5 3 2

Control region
100 bp

Babbler
mtDNA

F1G. 2. Strategy for primer design, amplification, and
sequencing of the 5’ end of the babbler control region
(region I). Arrows indicate primers on either the light
(L) or heavy (H) strand. Initial sequences of the control
region were obtained with primer 1, directed toward
the conserved “D” box as shown, and primer 2, com-
plementary to the phenylalanine tRNA (Quinn and
Wilson 1993). From knowledge of this sequence and
partial alignment with the homologous region in chick-
en mtDNA (Desjardins and Morais 1990), I designed
primer 3, which was used in conjunction with a primer
nested in the center of the gene for NADH dehydro-
genase subunit 6 (primer 4, designed by Alan Cooper,
University of Wellington, New Zealand) to amplify a
1.3-kb segment spanning the entire 5’ half of the control
region, tRNAs#" (not shown) and nearly all of the ND6
gene. Partial sequences of this segment were utilized
to design primers 5-7, which are used to define region
I in this study (see Materials and Methods). The primer
sequences, in the 5’ — 3’ direction and with laboratory
designations in parentheses, are: 3 (HD4), CCCGAC-
CAGCTGCATCTGTG; 4 (ND6C), CCGAGACAAC-
CCACGCACAAG; 5 (HD14), GGGGAATGTAG-
GCTCCT; 6 (LD11), GGGTATGTATATCTTGCAT-
ACAATTAT,; 7 (HD6), TCGTTTACGTGAGG-
TCGT. Primers 3 and 4 as well as primer 3 in con-
junction with NDGE (CCATAACCAACAACCTGT-
CAAT; not shown, located to the right of primer 4),
amplify a homologous segment of mtDNA in a wide
range of passerine and nonpasserine bird species,
whereas the sequences of primers 5-7 were designed
specifically to amplify Pomatostomus temporalis
mtDNA.

of SET buffer (0.15 M NaCl, 0.05 M Tris, ] mM
EDTA, pH 8.0; Wetton et al. 1987). Proteins and
other cellular debris were precipitated with 350
uL of 5 M NacCl, after which the tubes were spun
at 14,000 rpm for 30 min (Medrano et al. 1990).
DNA in 450 uL of the supernatant was precip-
itated, dried, and stored in 10 mM Tris (pH 8.0)
and 1 mM EDTA for enzymatic amplification.

Double-stranded PCR amplification, genera-
tion of single-stranded templates by the unbal-
anced primer method (Gyllensten and Erlich
1988), and direct sequencing were performed as
described (Kocher et al. 1989). Amplifications
were performed in a Perkin Elmer Cetus Ther-
mocycler, generally for 30 cycles, with each cycle
consisting of 40 s at 94°C, 1 min at 50°C, and 1
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min at 72°C and with the limiting primer diluted
100- to 200-fold for production of single-strand-
ed templates for sequencing. Three primers (5,
6, and 7 in fig. 2) were used to amplify and se-
quence region I. These primers span a 429-bp
segment of babbler region I, from which 400 bp
of sequence were routinely obtained. Sequences
were aligned by eye using the sequence editor
ESEE (Cabot and Beckenbach 1989).

Phylogenetic Analyses

Estimates of Sequence Divergence, Phyloge-
netic Trees, and Population Parameters.—The
computer package PHYLIP (version 3.4, Felsen-
stein 1991) on a SUN SPARC station was used
for all calculations of sequence divergence and
tree building (except generation of user trees, see
below). Biased base composition of the sequenc-
es and the potential for rate heterogeneity among
nucleotide sites influenced the choice of methods
for calculating sequence divergence (Edwards
1992). I used the maximume-likelihood model of
Hasegawa et al. (1985) as implemented in PHY -
LIP’s DNADIST program, with a transition/
transversion ratio of 20:1 and the assumption of
equal rates of change among all sites. Because
there is evidence (Wakeley 1993) that rates of
change among sites in these sequences are het-
erogeneous, I also estimated sequence divergence
with an assumption of a gamma distribution of
rates among sites (Jin and Nei 1990). With the
latter approach, I assumed a rate parameter («)
of 0.5, which specifies a high level of skew in
rates; this value was suggested by the mtDNA
analysis of Wilson et al. (1989). For phylogenetic
reconstructions, I employed maximum-likeli-
hood (DNAML,; Felsenstein 1981) and distance
algorithms. The distance methods included the
Fitch-Margoliash (1967) algorithm; KITSCH
(assumes equal evolutionary rates among lin-
eages; Felsenstein 1984); and the neighbor-join-
ing method (Saitou and Nei 1985).

I used cladistic methods to estimate the extent
and pattern of gene flow among populations and
to test for population structure. The minimum
number of inferred migration events, s, was
counted using a parsimony reconstruction of geo-
graphic states (MacClade version 3.08; Maddi-
son and Maddison 1992) as described in Slat-
kin and Maddison (1989). Situations in which
lineages stemming from common ancestors are
currently found in different contemporary pop-
ulations could also be caused by historical as-
sociation of populations in the absence of gene
flow (e.g., fig. 8 of Slatkin and Maddison 1989).
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When the values of s are assumed to reflect gene
flow, they are referred to as migration events and
are converted to estimates of Nm (the average
number of migrants per generation between pop-
ulations, where N is the effective population size
in a Wright-Fisher model and m is the fraction
of each population undergoing migration) using
table 1 in Slatkin and Maddison (1989). In such
cases, although the value of s is usually unam-
biguous, there can be ambiguity as to which
branches of the tree to assign migration events
most parsimoniously. I reconstructed migration
events on the trees using DELTRAN (in which
events are delayed as much as possible), as op-
posed to ACCTRAN (in which events are forced
to occur as soon as possible moving from the
root to the tips of the tree). An important as-
sumption of the cladistic method is that the se-
quences being analyzed are evolving in a selec-
tively neutral fashion. The method proposed by
Tajima (1989) was used to test this hypothesis.
Assuming equilibrium, I calculated F, in two
ways to compare the results of different methods:
(1) by equating F,, with 1/(1 + 2Nm), where Nm
was estimated from s (Hudson et al. 1992); and
(2) using an approach relying on average coales-
cence times of alleles within and between pop-
ulations (modification of eq. 8 in Slatkin [1991]
and M. Slatkin [pers. comm. 1992]; cf. Lynch
and Crease [1990]):
Fo=tT
ly
where 7, and 7, are the mean times to common
ancestry of all alleles between and within pop-
ulations, respectively. If we assume a strict mo-
lecular clock (which follows from neutrality as-
sumptions of the equation), then

0

A @
where d, and d,, are the mean sequence diver-
gence of all alleles between and within popula-
tions, respectively, calculated from the distance
matrix. Lynch and Crease’s (1990) method, which
uses a Jukes and Cantor (1969) correction for
restriction site data but is otherwise similar to
equation (2), was also used by treating each nu-
cleotide as a restriction site (M. Lynch pers.
comm. 1992). Whereas the first method of cal-
culating F,, incorporates information on the phy-
logenetic relationships of the sampled alleles, the
second method (eq. 2) incorporates information
on the extent of divergence among alleles and
their frequency in each population.
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Cladistic Hypothesis Testing and Statistical
Analysis. —Trees generated under alternate as-
sumptions of gene flow provided a statistical
framework for testing both the robustness of the
patterns of gene flow observed in the “best” trees
and the ability of the sequence data to discrim-
inate between alternate hypotheses of gene flow.
To test for the significance of the levels of pop-
ulation subdivision detected, I compared the ob-
served s with a null distribution of s observed in
500 random trees generated using the “random
joining” procedure (Maddison and Slatkin 1991)
in MacClade (Maddison and Maddison 1992).
Because individuals within social units may not
be a random sample from each population as a
whole, I repeated this procedure using (1) the
subset of sequences that were all distinct from
one another and (2) a subset consisting of one
randomly chosen individual from each of the 19
social units. This action was taken so as not to
inflate s by including essentially “redundant” in-
dividuals, that is, individuals that may be ge-
netically correlated primarily because of group
structure. In testing the significance of the num-
ber of geographic transitions on a tree, the cla-
distic method assumes that the tree used to cal-
culate the observed s is the true tree. To test the
power of the sequence data to discriminate be-
tween the best topologies and those specifying
extended isolation of populations (Neigel and
Avise 1986; Slatkin 1989), I used the constraints
option in PAUP (version 3.0r, Swofford 1991)
to build the most parsimonious trees constrained
to assume a topology minimizing s over the tree,
that is, in which the mtDNAs of each population
were monophyletic. I applied the User Trees op-
tion in DNAML in PHYLIP to evaluate the like-
lihood of such trees relative to that of the best
tree using the Kishino and Hasegawa (1989) test.
Computational limitations make it difficult to
use likelihood tests such as the Kishino-Hase-
gawa test to compare large samples of trees with
the ““best” observed tree, although methods of
identifying complete sets of trees that are com-
patible with a given data set are being developed
in the context of parsimony (Templeton et al.
1992).

RESULTS

The Sequences Compared. —Using primers 5
and 7 in figure 2, a total of 400 bp were read
from each of the 48 babbler mtDNAs (figs. 2, 3).
Alignment of the sequences was achieved by as-
suming 1-bp gaps at position 203 in the 44 ru-
beculus sequences and at positions 198 and 235



1124

SCOTT V. EDWARDS

1 CCCCCCCATCATACATTAAGTCAATGTAGGATAACTGACATAACACACAATGCCTAACCTAACCAAAACCAAATATTATCCTCTACAACAACACCAAACG 100

..T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

FiG. 3. Twenty-two region I sequences from 44 grey-crowned babblers in the Northern Territory aligned with
four outgroup sequences. Individual sequences are designated by a number indicating the mtDNA type (see
table 1: 1-6, Darwin; 7-14, Melville Island; 15-22, Cobourg Peninsula). The four Pomatostomus temporalis

in the four outgroup temporalis sequences (fig.
3). A total of 21 sites were variable among the
rubeculus sequences, 15 of which were “phylo-
genetically informative” from a strict parsimony
perspective. There were 22 distinct sequences
(“types” or “haplotypes’’) in the three study pop-
ulations; all four temporalis outgroups were dis-
tinct from rubeculus and from one another. As
expected for bird mtDNA (Kocher et al. 1989;
Edwards et al. 1991), the base composition of
the sequences is significantly biased, with a de-
ficiency of guanines (G, mean = 12.6%) and thy-

mines (T, 19.8%), and an excess of adenines (A,
36.2%) and cytosines (C, 31.5%). Only 2 of the
21 variable sites displayed polymorphisms in-
volving transversions (all types of substitutions
other than C < T or A < G), a pattern also
consistent with patterns of base substitution found
in other closely related vertebrate mtDNAs (W.
M. Brown et al. 1982; Aquadro and Greenberg
1983; Wilson et al. 1985; Kocher et al. 1989).
Neutrality, Population Variability, and Infer-
ences from Phylogenetic Trees.—Table 2 sum-
marizes the sequence variation and presents tests
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temporalis individuals used as outgroups are indicated by O1 (Morehead, Western Province, Papua New Guinea),
02 (Hughenden, Queensland), O3 (Parkes, New South Wales), and O4 (Coen, Queensland). Gaps were inserted

at bases 198, 203, and 235 to improve alignment.

of neutrality within and among each of the three
populations. Tajima (1989) suggested that the
difference in the estimate of ® = 4Npu derived
from the number of segregating (polymorphic)
sites (S) and the average number of nucleotide
differences (Ié) could be used to detect deviations
from neutral evolution. (Here, as below, N is the
effective population size and u the substitution
rate per genome per generation.) His D statistic
evaluates differences in these two estimates, with
alarge absolute value indicating a deviation from
neutrality. The sequence variability within each

of the three populations and in the pooled sample
was entirely consistent with neutrality (table 2).

Sequences in the Melville Island population
exhibited the highest mean divergence. No
mtDNA types were found in more than one pop-
ulation (table 1). The 22 distinct sequences
(“types”) were analyzed using the DNAML pro-
gram and the matrix of nucleotide divergence
estimates (table 3) was analyzed with three meth-
ods (fig. 4). Estimates of sequence divergence us-
ing the gamma approach were generally higher
than those using the maximum-likelihood ap-
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TABLE 2. Summary of sequence variation and tests of neutrality within and among three populations of

Pomatostomus temporalis rubeculus.

Tests of neutralityf

Number Mean percent
Number of vari- divergence
of Maximum able (mean number
mtDNA  (percent) sites of differences, D
Population N types divergence* Diversityt ) k) statistic
Darwin 15 6 2.32 0.71 12 0.88 (3.52) —0.18 (NS)
Melville Island 15 8 2.85 0.87 12 1.24 (4.96) 1.34 (NS)
Cobourg Peninsula 14 8 1.53 0.87 8 0.66 (2.64) 0.09 (NS)
All places 44 22 2.85 0.94 21 0.94 (3.76) —0.72 (NS)

* Calculated using maximum-likelihood divergences and assuming a 20:1 transition/transversion ratio.
T Calculated according to the equation 2 = (1 — Ex,z )n/(n — 1), where x; is the frequency of the ith mtDNA type (Nei

1987).

1 Calculated according to Tajima (1989). None of the values for D can reject an hypothesis of neutrality (NS). See Results.

proach (table 3). Distance trees based on the
gamma distances were highly concordant with
analyses based on maximum-likelihood distanc-
es (not shown). All trees show that mtDNAs from
Melville Island fall into two distinct clusters, one
of which (types 7, 9, 12-14) consists of a lineage
or lineages near the base of the entire clade, and
the other of which (types 8, 10, 11) is more close-
ly related to the lineages from other populations.
In none of the trees do the mtDNAs from any
population form a monophyletic group.

Gene Flow or Retention of Ancestral Mito-
chondrial Lineages?—In principle, the pattern of
population para- and polyphyly observed in fig-
ure 4 could be caused by either ongoing gene flow
(Slatkin and Maddison 1989, 1990) or retention
of ancestral alleles in contemporary populations
(Takahata 1989). To help distinguish between
these two possibilities, I counted the total in-
ferred number of between-population coalescent
events (s) for each tree in figure 4, which was
either 4, 5, or 6, for the Kitsch, Fitch-Margoliash
and neighbor-joining, and maximum-likelihood
trees, respectively (mean = 5; for trees based on
gamma distances, s increased to 5 for the Kitsch
tree and decreased to 4 for the neighbor-joining
tree). Figure 8 of Slatkin and Maddison (1989)
shows a simulation of the relationship between
the expectation of s (5) and ¢/N,, the ratio of the
time since divergence (in generations) of two

populations and the effective population size for
mitochondrial genes, assuming divergence caused
solely by random drift (lineage extinction) with
no migration. As expected under such a model,
s will be high immediately after separation of the
populations (low ¢/N,), reflecting retention of mi-
tochondrial lineages, but is expected to decrease
as the time because divergence increases relative
to N, reflecting the approach to fixation (mono-
phyly of mtDNAs in each population).

Because Slatkin and Maddison (1989) per-
formed simulations of s for two populations, I
needed to scale the s value observed among the
three study populations (i.e., 5) by a factor 2/r
(where r is the number of populations, or 3) to
compute the s value expected under a similar
amount of gene flow or drift for two populations
(s*; Slatkin and Maddison 1989); this yields s*
=~ 3.3. For s* = 3.3, t/N, = 0.25 (Fig. 8 in Slatkin
and Maddison 1989). First-year breeders among
babblers are on average about 3 yr old (Brown
1987), which implies approximately 2700-3300
generations (¢) in the 8000-10,000 yr since the
assumed separation of the populations by water
barriers. Thus, an N, of t/0.25 = 10,800-13,200
would be required to observe 3.3 between-pop-
ulation coalescent events in contemporary pop-
ulations after a divergence time of this length.
Because this seems large for a long-term N, in a
passerine bird (Barrowclough and Shields 1984),

—

Fic. 4. Four phylogenetic trees built from the sequence data in figure 3. (a) Maximume-likelihood, using a 20:1
transition/transversion ratio; (b) Fitch-Margoliash; (c) Kitsch; (d) Neighbor-joining. The distance trees (b—d) are
based on a matrix of maximum-likelihood divergence estimates between each of the 26 distinct sequences (table
3). In each tree, sequences are designated by the type numbers (1-22) indicated in table 1 and figure 3. Black
circles, triangles, and squares represent individuals from the Darwin, Melville Island, and Cobourg Peninsula
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populations, respectively (fig. 1). The number of inferred between-population coalescent events, s, is indicated
for each tree, and inferred migration events are denoted by hollow bars on each tree. The particular reconstructions
of migration events delay character changes as one moves up the tree (DELTRAN option; Maddison and
Maddison 1992), and other equally parsimonious reconstructions are possible for each tree. The trees were
rooted using the four sequences from the temporalis subspecies as outgroups (O1-4; see legend, fig. 3). Branch
lengths are approximate.
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Fic. 5. Null expectations of the number of inferred

between-population coalescent events, s, along trees
containing various subsets of the 44 individuals. Dis-
tributions expected considering (a) all 44 individuals
from the three populations, (b) the 22 distinct sequenc-
es among the three populations, (c) one individual from
each of the 19 social groups in the sample. Each dis-
tribution was generated using 500 random trees built
on the random-joining procedure, in which pairs of
taxa join (coalesce) with equal probability (Maddison
and Slatkin 1991). The arrows in each panel indicate
the observed value of s (= 5) averaged over the four
trees in figure 4.

particularly a social one, I conclude that most or
all of the observed between-population coales-
cent events are in fact caused by recent migra-
tion. .

The s values derived from the trees suggest

SCOTT V. EDWARDS

TaBLE4. Estimates of average levels of gene flow (Nm)
and Fj; for three populations of babblers in the North-
ern Territory. In (a) the minimum number of inferred
migration events (s) was calculated for each tree in
figure 4 and converted to estimates of Nm as described
(Slatkin and Maddison 1989); Fy; here is calculated as
1/(1 + 2Nm). In (b), values of Fg were calculated from
the three types of sequence divergence estimates in the
table according to equation 2 (Materials and Methods)
and Lynch and Crease (1990); values of Nm values
were extracted from Fg assuming the above relation-
ship.

Confidence
interval
Method Nm for Nm¥ Fg
a) Migration eventst
DNAML 1.2 0.8-2.1 0.29
Fitch-Margoliash 09 0.4-1.6 0.36
Kitsch 0.6 0.3-1.1 0.45
Neighbor-joining 0.9 0.4-1.6 0.36
b) Coalescence times
ML distances 0.4 NAS§ 0.55
Gamma distances 0.8 NA 0.39
Jukes-Cantor|| 0.6 NA 0.46*

+ Confidence intervals are based on the observed s for each
tree + one standard deviation about s (Slatkin and Maddison
1989).

 Using values for N = 16 in table 1 of Slatkin and Maddison
(1989).

§ Not applicable.

|| Fyt calculated by methods for restriction site data in Lynch
and Crease (1990; see Materials and Methods).

* Significant geographic subdivision at the P < 0.01 level
(Lynch and Crease 1990).

Nm values of 0.6—1.2 (mean 0.9) among the three
populations (table 4). The conclusion of signifi-
cant population subdivision is reinforced by
comparison of the observed s with its null dis-
tribution given the number of populations and
individuals sampled (fig. 5) and random mating;
here complete panmixis can be rejected for all
but the case in which I assume independence of
only one individual per social group (fig. 5c).
Inspection of s values between each pair of pop-
ulations suggests that the Melville Island popu-
lation exchanges migrants with the Cobourg Pen-
insula and mainland populations in roughly equal
proportions, and that gene flow between the two
continental populations may be slightly higher
(table 5). If the number of randomly sampled
individuals from each population is in fact lower
than the actual sample sizes due to genetic sim-
ilarities within social groups, these estimates of
Nm would be biased downward from the true
values of Nm for these populations, suggesting
an even higher level of gene flow.

Table 4 shows that estimates of Nm using s
((Nm,); Hudson et al. 1992) were comparable
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TABLES. The number ofinferred between-population
coalescent events, s, for different phylogenetic trees (D,
Darwin; M, Melville Island; C, Cobourg Peninsula).
To calculate s values between pairs of populations, one
of the indicated trees (fig. 4) was assumed, all the
mtDNA types found in one of the three populations
were removed, and s was counted for the remaining
two populations. Thus, the sums of the s values in these
pairwise comparisons do not add up to the s values
observed over the entire tree for all three populations.
Assuming sample sizes of 16 per population, Nm val-
ues corresponding to an observed s of 1, 2, 3, or 4 are
less than 0.1, 0.3, 0.7, and 1.3, respectively (see Slatkin
and Maddison 1989, 1990).

s for pairs of populations

Tree DandM DandC MandC
DNAML 2 4 2
Fitch-Margoliash 2 3 2
Kitsch 2 2 1
Neighbor-joining 2 3 2

across tree-making methods; the average Nm is
only slightly higher than the average Nm esti-
mated using the divergences (coalescence times)
of alleles ((Nmg); Hudson et al. 1992). Because
Nm among these babbler populations is generally
small, Nmg is likely to provide a better estimate
of the true Nm than Nm, (Hudson et al. 1992).

Patterns of Allelic Divergence. —The mean and
distribution of pairwise divergences (coalescence
times) of sampled alleles also provide informa-
tion about the evolutionary history of popula-
tions (Tajima 1983; Slatkin 1987; Strobeck 1987;
Avise et al. 1988), but the lack of statistical in-
dependence of pairwise comparisons and the large
stochastic variance associated with the mean
make the distributions difficult to interpret (Ta-
jima 1983; Slatkin and Hudson 1991). Figure 6
shows the distribution of pairwise sequence di-
vergences within each of the three populations.
Both the Darwin and Melville populations show
distinctly bimodal distributions. This pattern is
reflected in the phylogenetic analyses (fig. 4),
which show at least two divergent lineages for
each of these populations; on Melville Island these
lineages differ by about 2% (about 6-11 sites).
The distribution in the Cobourg population is
more normal (fig. 6).

Strobeck (1987) devised a test for detecting
gene flow by comparing the average number of
site differences in sequences from a single sub-
population, ©®, which is equivalent to 4Nu re-
gardless of migration rates with other subpopu-
lations, with the number of distinct sequences
from the same subpopulation, ©’, which is in-
creased by alleles immigrating from other sub-
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Fi1G. 6. Distributions of all pairwise divergence esti-
mates (coalescence times) within each of the three pop-
ulations. The histograms plot all pairwise comparisons
of sequence divergences, regardless of whether some
sequences in a population were identical or not. Arrows
indicate mean divergences over all comparisons.

populations (see also Slatkin 1987). If the average
number of nucleotide differences in a population
is high relative to the number of distinct se-
quences, then migration from other subpopula-
tions can be inferred. For the Melville Island
population (N = 15), the number of distinct se-
quences is 8, whereas the average divergence
among sequences is 1.2%, corresponding to an
average difference of about 5 (table 2); these val-
ues suggest that the sequences are not divergent
enough to invoke migration from other subpop-
ulations (Strobeck 1987; table 1). However, the
evidence for gene flow contained in analyses of
mtDNA diversity in multiple populations prob-
ably exceeds that contained in a single popula-
tion (Strobeck 1987).

Statistical Significance of the Trees. — The phy-
logenetic hypotheses produced by the various
methods were tested against one another and
against phylogenies expected under different hy-
potheses of gene flow. For example, if no gene
flow were occurring among the populations, the
mtDNAs from each population would form
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monophyletic groups, assuming sufficient time
for complete sorting of lineages; with extreme
inbreeding and temporal stability of social units,
the mtDNAs within all populations and social
units would be monophyletic. The trees pro-
duced by the various methods were all statisti-
cally compatible with one another (table 6).
However, the data were consistently able to re-
ject evolutionary hypotheses in which both pop-
ulations and social units were monophyletic (trees
11-16, table 6). Yet the data could not distin-
guish between the “best” trees and those speci-
fying the most parsimonious arrangements as-
suming no gene flow (trees 5-9, table 6). Because
the competing hypotheses assuming no gene flow
were the most parsimonious hypotheses, they
represent stringent competing hypotheses, and
the likelihoods of these trees are nearly at the
rejection level. For example, given a tree speci-
fying no migration, movement of one individual
(#485) next to another member of its social unit
(#484) was enough to produce a significantly
poorer fit to the data than the best trees (tree 10,
table 6).

DiscussioN

Genealogical Analysis and
Inferences of Population History

The analysis of population processes in the
context of phylogenetic trees has important ad-
vantages over traditional, frequency-based pop-
ulation genetic models and will be particularly
important for interpretation of variability in rap-
idly evolving mtDNA segments (Avise 1989;
Slatkin and Maddison 1989; Takahata 1989;
Hudson 1991). For example, I found no sharing
of mtDNA sequences between localities, a situ-
ation implying that the mutation rate in this seg-
ment of the control region is high relative to the
rates of migration. Taken alone, however, such
a pattern is consistent both with no gene flow
and extensive gene flow among populations; thus
I could detect exchanges of individuals between
populations only using inferences drawn from a
phylogenetic tree. Recently Brown and Chapman
(1991) also used the genealogical approach to
infer gene flow in killifish, but the presence of
several mtDNA types common to two or more
populations provided at least some direct evi-
dence of the movement (or persistence) of genes
across populations. The mutation rate for the
mtDNA restriction sites employed by these au-
thors was low enough to ensure that estimates of

SCOTT V. EDWARDS

F,, based on traditional methods would not be
greatly compromised. However, the rate of evo-
lution in region I of the control region has been
estimated to be over ten times the average rate
detected across the entire mitochondrial genome
using the restriction approach (Vigilant et al.
1989; Kocher and Wilson 1991), and over 100
times faster than that of a nuclear pseudogene
(Hasegawa and Horai 1991). Such high mutation
rates necessitate using models that take into ac-
count mutation as well as migration as a signif-
icant evolutionary force (Slatkin and Maddison
1989; Lynch and Crease 1990; Slatkin 1991).

However, a purely genealogical approach to
inferences about gene flow has some practical
drawbacks, the most important of which is the
difficulty obtaining statistically significant phy-
logenies of closely related molecular lineages. Al-
though the number of coalescent events inferred
from the “best” trees was higher than that ex-
pected given no migration since the separation
of Melville Island from the mainland, the se-
quence data themselves were insufficient to reject
hypotheses of complete restriction of gene flow
among populations (Nm = 0; table 6). The lim-
ited resolution achievable among such closely
related populations is reflected in the extremely
short branches in the trees (fig. 4), although high-
er numbers of variable sites and levels of se-
quence divergence have been detected in a con-
tinent-wide study of this species (Edwards 1993).
Many gene genealogies among closely related lin-
eages have not been tested statistically against
alternative hypotheses, and it may be that many
of the branches on which migration events are
inferred will be short, particularly if there is high
gene flow. In the maximum-likelihood tree, for
example, the mean length of branches on which
migration events are inferred is longer than all
other branches in the tree, but the difference is
marginal depending on the assumptions used (e.g.,
ACCTRAN or DELTRAN) to reconstruct the
migration events (ACCTRAN: ¢,, = 2.39, P <
0.05; DELTRAN: t,, = 1.47, P > 0.10; excluding
the branch to the outgroup). Ultimately, the abil-
ity to distinguish “ongoing” gene flow from re-
cent cessation of gene flow will depend on the
resolution of the genetic data. Fortunately, the
situations in which genealogical methods have
their greatest power (i.e., low to moderate levels
of gene flow; Slatkin and Maddison 1989) are
also those in which significant resolution of ma-
jor branching events can best be achieved by
sequence data.
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TABLE 6. Evaluation of competing phylogenetic hypotheses of gene flow using the Kishino and Hasegawa (1989)
test (In L = natural log of the likelihood). Trees 5—16 represent a randomly chosen subset of equally parsimonious
trees fulfilling the particular constraint described under Pattern; see Materials and Methods and Results.

Reject-
Differ- ed?
Method of encein SDin (P <
Tree construction Pattern Hypothesis In L In L InL 0.05)
a) Trees in figure 4
1  Maximum-likelihood —1060.4  <——— Dbest
2 Fitch-Margoliash Observed level of —1065.5 -5.1 9.2 No
3 Kitsch Observed trees gene flow —1064.1 —3.7 10.1 No
4  Neighbor-joining —1071.9 —-11.5 17.2 No
b) Alternative hypotheses of gene flow
5 Parsimony —1081.4 —-21.0 149 No
6  Parsimony . —1081.4 —-21.0 149 No
7 Parsimony P"‘L‘ﬂ;‘;‘i‘(’:“s mono- No gene ﬂ(‘)’“iﬂ‘;‘zons ~1083.1 —22.7 168 No
8 Parsimony phy pop ~1080.1 —19.7 169 No
9  Parsimony —1087.1 —-26.7 174 No
10  Parsimony Populations mono- —1118.0 —57.6 204 Yes
phyletic with
type 8 next to
type 9
11  Parsimony —1150.5 —-90.1 26.1 Yes
12 Parsimony Populations mono- No gene flow. no —1152.2 —91.8 26.6 Yes
13 Parsimony phyletic, social dii ersal bétween —1153.5 —-93.1 26.5 Yes
14 Parsimony units monophy- soc?al units —1155.6 —-95.2 264 Yes
15 Parsimony letic —1162.7 —-102.4 26.7 Yes
16 Parsimony —1153.7 —93.3 274 Yes

Implications of Genetic Diversity in
Melville Island Babblers

The phylogenies inferred from the sequences
and the times of population divergence suggested
by geological data imply that under reasonable
assumptions about effective population sizes the
observed number of between-population coales-
cent events was too high to be explained solely
by retention of mitochondrial lineages since sep-
aration of the populations; thus ongoing gene
flow is probably occurring. The variation in re-
gion I detected within and among the three pop-
ulations, separated from one another by only 150
km, suggests that this part of the control region
will be useful in examining the evolutionary dy-
namics of closely related populations of birds.

Together the phylogenetic analyses, pairwise s
values, and the bimodal distribution of sequence
divergences in the Melville Island population (fig.
6) are consistent with Melville exchanging mi-
grants with both the Cobourg and the Darwin
populations (table 5), although at a level low
enough to permit the buildup of significant dif-
ferentiation across the water barriers separating
them. Although bimodal distributions such as
those in the top two panels of figure 6 are not

expected for randomly mating populations of
constant size (Slatkin and Hudson 1991), the
phylogenies suggest that migration could also be
a factor explaining the presence of divergent se-
quences. In contrast to studies reporting reduced
genetic diversity in island populations (e.g.,
Johnson and Martin 1988; Ashley and Wills
1987), the mtDNA diversity on Melville Island
is comparable to that on the Cobourg Peninsula
(table 2), implying that the water barrier has not
significantly influenced the number of survivng
mitochondrial lineages here.

In addition to the potential barrier to gene flow
imposed by the van Diemen Gulf (fig. 1), grey-
crowned babblers are thought to be ““sedentary,”
with little exchange of individuals between pop-
ulations. In the Neotropics, water barriers older
and narrower than the one involved here are
thought to limit gene flow and contribute to the
differentiation of avian species (Capparella 1988),
and recent surveys of birds (Johnson and Martin
1988; Degnan and Moritz 1992) and rodents
(Ashley and Wills 1987) suggest reduced gene
flow between island and mainland taxa (but see
Zink et al. 1987). My results suggest that babblers
are either blown over the Gulf by the frequent
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seasonal storms of the area, or are actively mi-
grating across, perhaps partly via the Vernon Is-
lands between Darwin and Melville Island. Such
movements have in some cases resulted in the
presence of divergent mitochondrial lineages
within single social units (e.g., lineages 8 and 9
in social unit 44; table 1, fig. 4), consistent with
results from restriction mapping (Edwards and
Wilson 1990). Such migration events have im-
portant consequences for levels of relatedness
within social units, the dynamics of kin selection,
and the divergence of babbler populations (Ed-
wards 1993).

Grey-crowned babblers are also found on an-
other land-bridge island in the Northern Terri-
tory, Groote Eylandt (fig. 1) and have been doc-
umented on islands off the tip of Cape York,
Queensland (Draffan et al. 1983). The analyses
suggest that passive or active migration to these
islands, as opposed to population persistence af-
ter rising post-Pleistocene water barriers, is a
plausible explanation for the occurrence of bab-
blers on such islands. If true, this finding has
implications for theories of species coexistence
in island communities. Diamond (1975) sug-
gested that the patterns of species distributions
and community structure on land-bridge islands
off New Guinea were the result of either inter-
specific competition or taxon-specific resistance
to crossing water barriers. In New Guinea, rufous
babblers (P. isidori) are found primarily in low-
land rainforest, both on the main island and on
two of the three land-bridge islands most remote
from the main island (Beehler et al. 1986; Dia-
mond 1987). If P. isidori possesses colonizing
capabilities similar to those implicated for P.
temporalis, it would be expected to occur on is-
lands closer to New Guinea as well. Thus, the
distributional pattern displayed by P. isidori is
more consistent with the presence of true Pleis-
tocene relicts than is that of P. temporalis. Mo-
lecular genealogical studies of conspecific pop-
ulations on New Guinea and satellite islands
should provide additional insight into the rela-
tive roles of competition, habitat availability, and
colonizing ability in shaping contemporary avian
communities.
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