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The degree of faithfulness to natal site or
to social group is often sex-biased. For ex
ample, lion prides consist of matrilineally
related females, and most inter-pride move
ment is by males (Schaller, 1972). Con
versely, Florida scrub jays live in extended
family groups in which accession of terri
tories is patrilineal, and most dispersal is
by females (Woolfenden and Fitzpatrick,
1984). In general, most mammalian species
with asymmetric philopatry exhibit male
biased dispersal, whereas most such avian
species exhibit female-biased dispersal
(Greenwood, 1980; Greenwood and Har
vey, 1982). One likely consequence of sex
biased dispersal and gene flow is that a
species may exhibit qualitatively different
patterns of geographic population structure
at genes with biparental transmission (most
nuclear loci) versus those at which trans-
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Abstract.-We employ mitochondrial (mt) DNA markers to examine the matrilineal component
of population genetic structure in the snow goose Chen caerulescens. From banding returns, it is
known that females typically nest at their natal or prior nest site, whereas males pair with females
on mixed wintering grounds and mediate considerable nuclear gene flow between geographically
separate breeding colonies. Despite site philopatry documented for females, mtDNA markers show
no clear distinctions between nesting populations across the species' range from Wrangel Island,
USSR to Baffin Island in the eastern Canadian Arctic. Two major mtDNA clades (as well as rare
haplotypes) are distributed widely and provide one of the few available examples of a phylogeo
graphic pattern in which phylogenetic discontinuity in a gene tree exists without obvious geographic
localization within a species' range. The major mtDNA clades may have differentiated in Pleistocene
refugia, and colonized current nesting sites through recent range expansion via pulsed or continual
low-level dispersal by females. The contrast between results of banding returns and mtDNA
distributions in the snow goose raises general issues regarding population structure: direct contem
porary observations on dispersal and gene flow can in some cases convey a misleading impression
of phylogeographic population structure, because they fail to access the evolutionary component
of population connectedness; conversely, geographic distributions of genetic markers can provide
a misleading impression of contemporary dispersal and gene flow because they retain a record of
evolutionary events and past demographic parameters that may differ from those of the present.
An understanding of population structure requires integration of both evolutionary (genetic) and
contemporary (direct observational) perspectives.

Key words.-Gene flow, matrilines, mitochondrial DNA, natal homing, phylogeography, popula
tion structure.
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mission occurs through only one sex [e.g.,
mitochondrial (mt) DNA, the mammalian
Y chromosome ofheterogametic males, and
the avian W chromosome of heterogametic
females (Cooke et al., 1975; Rabenold et al.,
1991)].

Waterfowl (Anatidae) provide exceptions
to the prevalent pattern ofmale biased phi
lopatry in birds. In many species of migra
tory geese and ducks, pair formation occurs
on the wintering grounds, where consider
able mixing of birds from different nesting
areas can take place (e.g., Cooke, 1987; Wel
ler, 1965). Yet a mated pair commonly re
turns to the female's natal or prior nesting
area, such that most flow of nuclear genes
is thought to be male-mediated. According
to Greenwood (1980; p. 1144), among all
bird species "The lesser snow goose is the
best documented example of male biased
natal and breeding dispersal. ..." For ex
ample, among 223 banded goslings ofsnow
geese that returned to breed at their natal
colony, only eight (3.6%) were males;
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whereas among 55 banded goslings recov
ered from a breeding colony other than their
natal site, only four (7.3%) were females
(Cooke et al., 1975). This life history pattern
suggests considerable intercolony gene flow
mediated by males, an expectation consis
tent with results of both allozyme (Cooke
et al., 1988) and nuclear RFLP studies
(Quinn, 1988; see also Quinn and White,
1987). It also suggests that female-mediated
gene flow may be quite limited.

Here we assess the matrilineal component
of population structure within and among
geographic samples of lesser and greater
snow geese (Chen caerulescens caerulescens
and C. c. atlantica, respectively) represent
ing distinct nesting colonies, and their close
relative the Ross' goose (c. rossi), through
analyses of restriction site variation in mi
tochondrial DNA. Despite the evidence for
philopatry by female snow geese, it is not a
foregone conclusion that significant mt
DNA differences will exist among colonies,
for at least two reasons: (a) females occa
sionally do breed at non-natal locales (Gera
mita and Cooke, 1982; Hanson et al., 1972),
and even a low level ofintercolony exchange
of breeding individuals may override the
effects of genetic drift of neutral alleles un
der an equilibrium model of population
structure (Slatkin, 1985, 1987); and (b) most
of the current breeding range of the snow
goose, which extends from Wrangel Island,
USSR across the Canadian Arctic to Baffin
Island, was no doubt uninhabitable during
the last ice age, and therefore must have
been colonized within the last several thou
sand years. Thus breeding colonies that to
day may be relatively isolated with respect
to matrilineal exchange could nonetheless
be closely related through recent evolution
ary interconnections.

Because extant mtDNA genotypes retain
a phylogenetic record of matrilineal rela
tionship (Avise, 1989; Moritz et al., 1987;
Wilson et al., 1985), issues of past as well
as contemporary gene flow can be ad
dressed. Many vertebrate species, including
some birds (Avise and Ball, 1991), exhibit
strong mtDNA phylogeographic differenti
ation across their ranges (Avise et al., 1987).
If colonies of snow geese also prove to be
strongly subdivided for mtDNA, the site
philopatry of females would likely be an

important factor contributing to the main
tenance of this contemporary population
genetic structure. Furthermore, colony-spe
cific mtDNA markers would be ofgreat util
ity in determining the natal origins, migra
tion pathways, and wintering grounds of
wild-caught individuals of either sex. On
the other hand, an absence of significant
mtDNA differentiation among snow geese
colonies would indicate that contemporary
observations on dispersal behavior can be
inadequate or even misleading predictors of
evolutionary components of population ge
netic structure of this (or other) species.

MATERIALS AND METHODS

A total of 160 geese was collected on nest
ing grounds, or on migration or wintering
sites from which general nesting locale could
in some cases be inferred from prior expe
rience with band returns and colony-specific
migration pathways (Fig. 1).Geese collected
on nesting territory included: lesser snow
goose from Queen Maud Gulf, Northwest
Territories, Canada (N = 50) and from the
Anderson River Delta, Northwest Territo
ries (N = 21); and Ross' goose from Queen
Maud Gulf, Northwest Territories (N = 31).
Birds collected away from breeding areas
included lesser snow geese from Skagit Co.,
Washington [from banding returns, these are
thought with high certainty to nest on
Wrangel Island, USSR (N = 10)], Southern
Manitoba [assignable with high probability
to eastern breeding locales in Hudson Bay
or Baffin Island, Canada (N = 23)], and cen
tral California [that nest either at Wrangel
Island, Anderson River Delta, or Queen
Maud Gulf(N = 12)];and greater snow geese
from Cap Tourmente, Quebec [known to
nest in region 6 in Fig. 1 (N = 13)]. No
sampled geese were known to be close rel
atives (e.g., nestmates, or parent-offspring).
To minimize the potential confounding fac
tor of intercolony movement by males on
mtDNA distributions, most individuals
collected (81%) were females.

Fresh heart and liver were shipped to the
lab on the MSB-Ca++ buffer of Lansman et
al. (1981). Within seven days of collection,
isolation ofclosed-circular mtDNA through
CsCI-gradients was initiated. Purified
mtDNA was then digested with restriction
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FIG. 1. Major nesting areas for lesser snow geese (I, Wrangel Island, USSR; 2, Anderson River Delta,
Northwest Territories, Canada; 3, Queen Maud Gulf, Northwest Territories, Canada; 4, Southampton Island/
Baffin Island, Canada; 5, Hudson Bay, Canada) and for greater snow geese (6, Bylot Island, Canada). Major
migration pathways are also shown, as shaded corridors (from Bellrose, 1976). Heavy arrows indicate collection
sites, two of which were nesting locales and four were from migration or wintering areas. Lesser snow geese
collected in Skagit Co., Washington are known to nest at colony I; those from Southern Manitoba, Canada most
likely are from nesting colonies in areas 4 and 5; and those collected in central California probably derive from
nesting areas 1,2, and/or 3. Greater snow geese from Cap Tourmente, Quebec, Canada come from nesting area
6. Ross' geese nest almost exclusively at Queen Maud Gulf (location 3).
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TABLE I. Descriptions of the mtDNA clones observed in samples of the white geese complex. Letters (from
left to right) designate multi-fragment gel profiles produced by digestion with Aval, AvaIl, BamHI, Ben, Bgli,
EstEll, Clal, EeoRI, Hincll, HindIII, Mspl, Pstl, Pvull, Sac!, Spel, SstII, Stul, and XbaI. Letters in boldface
type indicate digestion profiles that differed from those in the most common haplotype, clone "a."

MtDNA
Numbers of geese

clone Genotypic description Snow Ross'

a C C C C C C C C C C C C C C C C C C 63 3
b C C C C C C C C C C C C C C D C C C 6
c C C C C C C C C C C C C C C E C C C 4
d C C C C C C C C C C C B C C C C C C I
e C C C C C C C C C C C C C C C C B C 1
f C C C C C C C C D C C C C C C C C C 2
g C D C B C C B C C C D D C C B C E C 8
h D D C B C C B C C C D D C C B C E C 32 28

C D C B C C B C C B D D C C B C E C 6
j D D C B C C B C C B D D C C B C E C 5
k D D C B C C B C C C E D C C B C E C I

Totals 129 31

enzymes according to manufacturers' rec
ommendations. Resulting fragments were
radioactively end-labeled with 35S nucleo
tides and separated by molecular weight
through 1.0-1.6% agarose gels, according to
standard procedures (Lansman et al., 1981;
Maniatis et al., 1982). Autoradiographs re
vealed mtDNA digestion profiles that con
stitute the "raw" data. Eighteen informative
restriction endonucleases (those producing
at least two cuts in the mtDNA molecule)
were employed in this study (Table 1). An
additional enzyme (BglII) produced only
one cut in our assays, and is considered fur
ther only in the context of map construc
tion. Maps for selected restriction sites were
developed by double-digestion procedures.

For most enzymes, differences between
mtDNA digestion profiles clearly were at
tributable to particular restriction site gains
or losses (the only possible exceptions in
volved MspI and StuI, where it was nec
essary to posit two or three site changes to
account for some profile interconversions).
Data were thus coded into a presence-ab
sence site matrix, and used to generate par
simony networks by the exhaustive search
algorithm of PAUP (Phylogenetic Analysis
Using Parsimony, version 3.0, provided by
D. L. Swofford). Bootstrap confidence val
ues on putative clades were determined from
200 replicates. The computer program
MacClade was employed for additional vi
sual inspection of alternative branching ar
rangements, and for generation of consis
tency index (c. I.) values.

The restriction site matrix was also used
to estimate sequence divergence (P) values
between mtDNA clones (Nei and Li, 1979),
and these were clustered by the unweighted
pair-group method with arithmetic means
(UPGMA) (Sneath and Sokal, 1973). Ge
notypic ("nucleon") and nucleotide diver
sities were calculated following Nei and Ta
jima (1981) and Nei (1987; p. 256).

RESULTS AND DISCUSSION

Restriction Site Variation
A mean of 81 restriction sites per indi

vidual was scored, representing approxi
mately 438 base-pairs of enzyme recogni
tion sequence. Among the 160 assayed geese,
a total of 11 different mtDNA genotypes
was observed (Table 1). For the snow goose
samples considered collectively, genotypic
diversity (the probability that randomly
drawn pairs of individuals differ detectably
in mtDNA genotype) was g = 0.69, and
nucleotide diversity (mean estimated se
quence divergence between individuals) was
Pmean = 0.006. These values are similar to
those for several other avian species simi
larly assayed (Avise and Ball, 1991). Re
spective values in the sample ofRoss' goose
were considerably lower, g = 0.18 and Pmean

= 0.002. Snow geese are relatively abundant
(~2,000,000pairs) with a broad geographic
breeding range across the Nearctic, whereas
the Ross' goose is less common (~200,000

pairs) with nearly all nesting at Queen Maud
Gulf. Thus the greater composite mtDNA
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FIG. 2. Bell and SpeI digests of 17 representative snow geese (arranged in the same order on the two gels).
In each gel, the eleventh lane from the left is a I-kilobase molecular weight standard with selected sizes (in
kilobase pairs) indicated in the margins. Differences between the "8" and "C" digestion patterns for Bell and
Sp eI each are due to a single restriction site gain/loss; the variable sites map to distinct positions in the mtDNA
genom e (Fig. 3).

variability in snow geese might be expected.
However, caution is required in interpreting
these variability estimates, because as shown
below the primary determinant of level of
mtDNA variation in any assayed goose
population was the particular frequency dis
tribution (and equitability) of haplotypes
representing two highly distinct mtDNA
clonal lineages. Some snow goose breeding
populations exhibited both mtDNA lin
eages in high frequency, so variability es
timates were essentially as great as those for
the species continent-wide (e.g., genotypic
and nucleotide diversities in Queen Maud
snow geese were g = 0.64 andpmean = 0.006,
respectively). From this perspective, the
lower variability in the Ross' goose can be
attributed in part to the preponderance there
(90% frequency) of one of the two major
mtDNA clades.

Among all assayed geese, two mtDNA
haplotypes ("a" and "h") were common,
collectively accounting for 79% of all spec
imens, whereas each of the remaining ge
notypes was observed in only 1-8 individ
uals (Table I). Haplotypes " a" and "h"

differed in digestion profiles for 8 of the 18
informative restriction enzymes (examples
in Fig. 2), and estimated sequence diver
gence was p = 0.011 . All rare genotypes
were genetically close to one or the other of
these two common forms, typically differing
at only one or two assayed restriction sites.

To confirm that the multi-enzyme dis
tinction betwen genotypes "a" and 'h" was
not due to a single molecular event such as
a localized genomic re-arrangement [see
Desjardins and Morais (1990) for docu
mentation of a change in mtDNA gene or
der in birds relative to mammals] or to a
duplication/deletion that might simulta
neously have altered several mtDNA di
gestion profiles, particular restriction sites
were mapped using double digestion pro
cedures (Fig. 3). Included among the en
zymes distinguishing "a" and "h" were Pstl ,
Spel, Clal, and Bell, each of which exhib
ited a site in " a" that was missing from " h"
(AvaIl , Mspl, and Stul show site gains in
the same direction of comparison). These
mapped variable sites were scattered widely
about the mtDNA genome. Thus the diges-
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Ipstll
/

FIG. 3. Map of restriction sites for selected endon
ucleases in the snow goose-Ross' goose complex. Ap
proximate distances between sites are given in kilo
bases. The presence versus absence of the four sites
enclosed within boxes contributed to the distinction
between the two major mtDNA clades.

MIDNA
genotype

SNOW GOOSE

SEQUENCE DIVERGENCE (%)

, , !

1.4 1.2 1.0 0.8 0.6 0.4 0.2

FIG. 4. Estimated phylogeny for the II mtDNA
genotypes observed in snow geese, presented here as a
UPGMA phenogram. In parsimony analyses, this and
several alternative minimum-length networks (17 steps)
were found, but all involved minor rearrangements
within clades I and II. The distinction between these
two clades was supported at the 100% level by boot
strapping, whereas no other lineage was identified in
more than 65% of the bootstrap replicates. The con
sistency index in the associated parsimony network
was 0.94.

Representatives of both mtDNA clades
were ubiquitously distributed in the white
goose complex (Tables 2 and 3), being pres
ent in samples from: (I) all nesting colonies,
migration, and wintering locales; (2) both
taxonomic subspecies ofthe snow goose (the
greater and lesser races); (3) both sexes; (4)
both color morphs (blue and white) of the
lesser snow goose (see beyond); and (5) Ross'
goose [albeit with a low frequency (10%) for
clade I].

With available sample sizes, there is high
ly significant heterogeneity in frequency of

whereas the nearest assayed outgroup (the
white-fronted goose, Anser albifrons) dif
fered from either by p > 0.025. Based on
these authors' descriptions of fragment pat
terns, several of which involved the same
enzymes employed in the current study, their
specimen of snow goose belonged to mt
DNA clade I whereas their Ross' goose sam
ple belonged to clade II. Thus the differences
they reported between Ross' and snow geese
currently can be found as polymorphisms
within both species.

Plumage Colors, Taxonomic Units, and the
Major mtDNA Clades

Bell

Psll I

ICla11

Bgill
Spel

Pvull

tion profile differences distinguishing "a"
and "h" reflect numerous independently
arisen mutations.

A grouping of mtDNA haplotypes into
two distinct lineages (henceforth designated
clades I and II) was evident in both the par
simony and UPGMA analyses (Fig. 4). Thus
in the UPGMA phenogram, the largest
clustering distance within either assemblage
was p ~ 0.002, whereas the two distinct
groups joined at a clustering level six times
higher, p ~ 0.012; and in the parsimony
networks, bootstrapping supported the sep
aration of two major clades at the 100%
level, whereas no other putative clade was
identified in more than 65% of bootstrap
replicates. Furthermore, rearrangements of
branches within clades I or II (relative to
Fig. 4) sometimes resulted in equally par
simonious networks. For all of these rea
sons, most attention will henceforth be fo
cused on the distributions of the two highly
differentiated and statistically supportable
mtDNA clades.

Shields and Wilson (1987) previously as
sayed mtDNA from one specimen each of
snow and Ross' goose and three other spe
cies of Anser (=Chen) and a related genus
Branta. In their phylogeny reconstruction,
snow and Ross' geese were one another's
closest relatives, differing by an estimated
mtDNA sequence divergence ofp = 0.008,



1090 JOHN C. AVISE ET AL.

TABLE 2. Observed numbers of individuals belonging to mtDNA clades I and II in various collections of snow
and Ross' geese. G-tests for heterogeneity are described in Sokal and Rohlf (I 969).

Collection mtDNA clade ( mtDNA clade II (Freq. of clade I)

Nesting locale known
Lesser snow goose

(I) Wrangel Island
(2) Anderson River Delta
(3) Queen Maud Gulf

Greater snow goose
(4) Cap Tourmente

Ross' goose
(5) Queen Maud Gulf

Nesting locale uncertain
Lesser snow goose

(6) Southern Manitoba migrants
(7) Central California winterers

G-tests for heterogeneity among collections:
All collections [(I }-{7)]
Snow geese only [(1}-{4), (6), (7)]
Snow goose nesting locales [(I}-{4)]
Snow goose nesting locale females

4 6 (0.40)
15 6 (0.71)
32 18 (0.64)

7 6 (0.54)

3 28 (0.10)

12 II (0.52)
7 5 (0.58)

GH = 32.1; df= 6; P < 0.005
GH = 3.9; df= 5; NS
GH = 3.2; df= 3; NS
GH = 2.0; df= 3; NS

I For these pooled collections, tests for association between mtDNA
clade and plumage color were also non-significant: G = t .24.

TABLE 3. G-tests for independence (with Yate's cor
rection for small sample size, Sokal and Rohlf, 1969)
between mtDNA clade and color morph in collections
of lesser snow geese where both plumage phases were
present in high frequency.'

South Manitoba migrants
Blue color

phase 5 3
White color

phase 7 8 G = 0.06; NS

Queen Maud Gulf nesters
Blue color

phase 14 5
White color

phase 18 13 G = 0.68; NS

the two major mtDNA clades across all col
lections (Table 2). However, removal ofthe
frequency outlier (Ross' goose) eliminates
the statistical significance, such that no het
erogeneity can be demonstrated among the
six collections of snow geese. This lack of
heterogeneity is not attributable to the in
clusion of wintering and migratory popu
lations (which may involve mixtures ofbirds
from separate nesting sites) because the
G-statistic among nesting locales alone re
mains non-significant with our sample sizes

(Table 2). Nor is the lack of heterogeneity
among nesting locales due to the inclusion
of males, because their removal does not
alter the outcome of the statistical test (Ta
ble 2).

Lesser snow geese exhibit two distinctive
plumage color phases, blue and white. From
pedigree studies, the polymorphism appears
attributable to a single major gene with an
allele for blue incompletely dominant over
a recessive allele for white (Cooke, 1987).
Birds exhibit positive assortative mating
with respect to these morphs, with mate
choice influenced via a developmental
mechanism whereby goslings imprint and
later preferentially mate with the color phase
of their parents and siblings (Cooch and
Beardmore, 1959; Cooke and Cooch, 1968;
Cooke et aI., 1972; Cooke and McNally,
1975; Cooke et aI., 1976). However, im
printing is incomplete, and perhaps 10-15%
of individuals "err" when selecting a mate
(Cooke, 1987). Cooke et al. (1988) review
historical and other evidence that the two
color phases were formerly allopatric (blue
predominating in eastern populations), that
range shifts over the last 70 years have re
sulted from changes in winter feeding rang
es, and that the current merger is taking
place without evidence of reduced hybrid
fitness.

Test statistic
mtDNA mtDNA
clade I clade II

Collection site
Plumage morph
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Has the divergence between mtDNA
clades I and II resulted from the same al
lopatric population separation proposed to
be involved with the evoluton of plumage
color differences? If so, genetic associations
might yet be retained between the nuclear
alleles for plumage coloration and mtDNA
genotypes. However, with our samples we
have no evidence for such associations, ei
ther between or within populations. Thus
an east to west decline in frequency of the
blue color morph across breeding popula
tions ofthe lesser snow goose (Cooke, 1987)
is not paralleled by a similar frequency cline
for the mtDNA clades (Table2). Within lo
cales where both color phases co-occur in
high frequency and thereby permit tests for
correlation (such as at Queen Maud Gulf
and among the southern Manitoba mi
grants), no mtDNAIplumage color associ
ations are evident in our samples (Table 3).
Finally, blue plumage is undocumented in
the greater snow goose and is extremely rare
in the Ross' goose (McLandress and Me
Landress, 1979), yet both taxa contained
representatives of both mtDNA clades.
Overall, we have no evidence that the dis
tinction between mtDNA clades was gen
erated by the same evolutionary vicariant
events hypothesized to have influenced the
plumage color polymorphism.

The presence of the particular genotypes
"a" and "h" in the Ross' and snow goose
suggests that mtDNA sequences were dis
tributed to these species at a recent time
postdating the split in the mtDNA gene tree.
Whether this distribution reflects a recent
speciation involving retention by both spe
cies of the ancestral polymorphism, and/or
whether secondary hybridization and in
trogression are responsible, remains uncer
tain. However, a secondary hybridization
scenario appears favored on two grounds:
(a) Ross' and snow geese are known to hy
bridize in captivity (Sibley, 1938) and are
thought also to do so in nature, as judged
by the occasional appearance of morpho
logically intermediate forms (Palmer, 1976;
Trauger et al., 1971; Alisauskas, unpubl.
data); and (b) the low frequency ofmtDNA
clade I in the Ross' goose makes it unlikely
to have been long-retained as part of an
ancestral polymorphism. Available evi
dence from the nuclear genome is consistent

with either recent speciation or secondary
introgression scenarios: Ross' and Snow
Geese were essentially indistinguishable in
allelic composition [Nei's (1972) D ~ 0.002]
at 18 allozyme loci assayed (Patton and Av
ise, 1985).

The Bimodal Distribution of
mtDNA Distances

The salient finding of this study is the
ubiquitous distribution of two distinct
mtDNA clades throughout populations of
the snow (and Ross') goose complex. This
phylogeographic pattern, in which a deep
phylogenetic discontinuity in the mtDNA
gene tree exists without clade localization
(category II in the classification scheme of
Avise et al., 1987), is most unusual, having
been reported previously in only a few spe
cies (Avise et al., 1984a, 1990; Wayne et
al., 1990). Normally, mtDNA clades distin
guished by large sequence gaps are localized,
and geographically oriented in ways sugges
tive of origins through long-term zoogeo
graphic impediments to gene flow (Avise,
1992; Avise et al., 1987).

Figure 5 (bottom) plots the frequency his
togram of estimated mtDNA genetic dis
tances among all 12,720 pairwise compar
isons ofthe 160 assayed geese. As expected,
the distribution is strongly bimodal, and de
parts dramatically from the unimodal geo
metric distributions predicted at equilibri
um under neutrality theory for a single
population or series ofpopulations with high
gene flow (Avise et al., 1988). In most other
species, such multimodal mtDNA distance
distributions are attributable to within- ver
sus between-region comparisons associated
with sharp biogeographic discontinuities in
mtDNA phylogeny. For example, both the
sharp-tailed sparrow (Ammodramus cau
dacutus) and the seaside sparrow (A. mariti
mus) exhibit bimodal mtDNA distance dis
tributions remarkably similar to that for the
snow goose (Fig. 5), but in these species,
results stem from the occurrence of two di
vergent mtDNA clades confined to separate
regions within the respective species' ranges
(Avise and Nelson, 1989; Rising and Avise,
unpubl. data).

Avise et al. (1987) suggest that examples
of phylogeographic category II are most
likely to result from secondary admixture
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tutions/bp/lineage/Myr (Brown et aI., 1979)
applies to geese as well. Using this calibra
tion, the putative population separation in
the snow goose dates to about 550,000 years
before present.

Alternatively, it is conceivable that dis
tinct mtDNA lineages were by chance re
tained within snow geese in the absence of
historical population separation. Under
neutrality theory, retention of long-separat
ed mtDNA lineages is most likely when the
evolutionary effective population size of fe
males (Nf(e») is large (Avise et aI., 1984b).
However, this scenario appears unlikely for
the following reasons. First, as already men
tioned, the bimodal distribution ofmtDNA
distances (Fig. 5) is dramatically different
from mean equilibrium expectations for
gene genealogies within a non-subdivided
population [but see Ball et al. (1990) for
examples of idiosyncrasy in gene tree struc
tures within random-mating organismal
pedigrees] . Second, if N.f(e) was very large,
considerably greater mtDNA variation
within either mtDNA clade might be ex
pected. However, nucleotide diversities
within clades I and II were relatively low:
Pmean = 0.0003 and 0.0009, respectively.
Using the approach of Avise et al. (1988),
and assuming a generation length in snow
geese ofthree years, these nucleotide diver
sities translate into estimates ofN.f(e)= 5,000
and 15,000 for snow goose populations con
stituting the two respective clades. (These
values are much smaller than current-day
census sizes of particular snow goose colo
nies, which can contain a few hundred thou
sand pairs.)

A final possibility is that representatives
of the two mtDNA clades are not neutral,
but rather have been buffered against lin
eage extinction via some form of balancing
selection. In theory, conditions for the
maintenance of mtDNA polymorphism
through selection alone are especially re
strictive due to uniparental, haploid trans
mission (Clark and Lyckegaard, 1988; Gre
gorius and Ross , 1984). However, even if
balancing selection is currently at work, ad
ditional factors involving evolutionary pop
ulation separation (or a large N.f(e») are also
required to account for accumulation of the
numerous mutational differences that dis
tinguish clades I and II.
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FIG. 5. Frequency histograms of mtDNA genetic
distance estimates within sharp-tailed sparrows(Rising
and Avise, unpubl. data), seaside sparrow (Avise and
Nelson , 1989), and the snow-Ross' goose complex.
Within each of the sparrow species , the bimodal dis
tributions are attributable to pronounced phylogeo
graphic partitions. However, in the snow geese the two
distinct clades underlying the bimodal distribution are
not geographically localized, but rather occur in all
surveyed populations. A total of 12,720 pairwise com
parisons ofindividuals is included in the histogram for
geese.

between allopatrically evolved populations
from which deep splits in the gene tree de
rive. In the current context, this implies the
existence oftwo Pleistocene population iso
lates from which snow goose females sub
sequently dispersed and mixed widely. The
net nucleotide divergence between the ma
jor snow goose mtDNA clades (after cor
rection for within-clade variation) is P ~

0.011. Shields and Wilson (1987) present
evidence that a conventional vertebrate
mtDNA "clock" calibration of 0.0 1 substi-
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Female-Mediated Gene Flow
Whatever the origin of the two mtDNA

clades, their shared presence across snow
goose locales strongly suggests considerable
population connectedness and gene flow in
volving females. It is highly ironic that a
lack of geographic localization for distinct
mtDNA clades appears in the one avian
species prominently cited as the best doc
umented example of female-biased philop
atryto nest site (Greenwood, 1980). Indeed,
with respect to the major clades, we cannot
demonstrate with current sample sizes that
the collections represent other than random
draws from a single matriarchal gene pool.
[Therefore, beyond the conclusion of con
siderable genetic connection, attempts to
further refine or quantify estimates of gene
flow (Nm) are unwarranted with current
data.]

Several authors have discussed the philo
sophical distinctions between contempo
rary gene flow and the recent evolutionary
connectedness between populations (Lar
son et al., 1984; Slatkin, 1987; Avise, 1989).
In the current context, several types of past
and present population contact likely con
tribute to the observed similarity in mt
DNA composition between snow goose
nesting locales. First, the current nesting
range of the snow goose was largely unin
habitable during Pleistocene glacial epi
sodes, so most present-day nest sites must
have been colonized within about the past
5,000 years, perhaps by females from two
or more postulated refugia. Second, inter
colony mixing may occur by massive but
episodic pulses of gene flow during periods
of colony perturbation. For example, a re
cent mass exodus ofboth sexes is suspected
for colonies along the west coast of Hudson
Bay, where overpopulation and food deple
tion have prompted a permanent switch of
nesting colonies by both males and females
(Dzubin, 1979; Macinnes and Kerbes, 1987;
Kerbes et al., 1983, 1990). Speculation is
that the tremendous recent growth of the
Queen Maud colony is due in part to the
immigration of birds from the diminishing
Hudson Bay colonies. Finally, even under
"normal" population demographic condi
tions, a steady trickle of intercoloy female
dispersal undoubtedly takes place. Indis
putable evidence from band returns shows

TABLE 4. Geographic distributions of rare mtDNA
haplotypes in the snow goose.

Number
mtDNA of indi-

haplotype viduals Collection locale (number of individuals)

b 6 Anderson River Delta (3); Queen
Maud Gulf (3).

c 4 Anderson River Delta (2); Skagit
Co., WA. (I); Queen Maud Gulf
(I).

f 2 Queen Maud Gulf(l); Cap Tour-
mente (I).

g 8 Anderson River Delta (4); Queen
Maud Gulf (2); central CA. win-
terers (2).

6 Anderson River Delta (2); south
Manitoba migrants (3); central
CA. winterers (I).

5 Queen Maud Gulf (I); Skagit Co.,
WA. (4).

that small numbers of females do nest at
non-natal sites and in some cases even
change nesting locales in different years. For
example, one banded female nested in suc
cessive years at locales separated by more
than 1200 km, and several such instances
of shorter movements between nesting lo
cales are documented (Cooke et al., 1975).

No matter how the gene flow has oc
curred, mtDNA data indicate that snow
goose populations have had extensive and
recent matrilineal contact. Not only are the
two major mtDNA clades shared between
locations, but also rare mtDNA genotypes
within clades commonly appear at multiple
nesting sites (Table 4). For example, among
four individuals exhibiting the rare mtDNA
genotype "c" (distinguished by gain ofa SpeI
site relative to the common "a" haplotype),
two derive from the nesting locale at An
derson River Delta, and one each from
Wrangel Island and Queen Maud Gulf (Ta
ble 4). Indeed, no haplotype observed in
more than one individual was confined to
a single nesting locale. Thus inter-colony
exchange appears to have dispersed even
those microevolutionary twigs in the
mtDNA tree that probably arose relatively
recently.

CONCLUSIONS

The genetic and behavioral results for
snow geese prompt the following observa
tions on interpretations ofpopulation struc-
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ture in any species. First, direct behavioral
or marking studies on contemporary pop
ulations can in some cases provide a mis
leading picture of the geographic distribu
tions of genetic traits, because they fail to
access the important evolutionary aspects
of population connectedness. Conversely,
geographic distributions of genetic markers
can in some cases provide a misleading pic
ture of contemporary dispersal and gene
flow, because they retain a record of evo
lutionary events and demographic param
eters that may differ from those of the pres
ent. Thus both evolutionary (genetic) and
contemporary (behavioral) perspectives are
required for a full appreciation of the geo
graphic population structure of a species.

Second, the lack ofdramatic mtDNA dif
ferentiation in an avian species with well
documented female site philopatry makes
even more impressive the mtDNA phylo
geographic discontinuities characterizing
regional populations of other species for
which data on female movements are large
ly unavailable (such as the seaside and sharp
tailed sparrows, Fig. 5). Apparently, such
species have experienced even less female
mediated interpopulational exchange than
has the "site philopatric" snow goose.

Finally, the lack of sharp mtDNA differ
entiation among populations of the snow
goose contrasts with the situation reported
in another migratory species thought to ex
hibit female nesting site philopatry, the green
sea turtle (Chelonia mydas). Many nesting
rookeries of the green turtle are distinguish
able by fixed or nearly fixed mtDNA hap
lotype differences (Meylan et aI., 1990;
Bowen et aI., 1992), a finding consistent with
the hypothesis of strong natal homing by
females despite extensive movements by ju
veniles and by adults during the non-nesting
season. Given the contrast ofmtDNA phy
logeographic patterns between species
thought to have similar life histories with
respect to female dispersal, it is apparent
that population genetic structures ofvarious
species will require evaluation on a case-by
case basis.
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