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Abstract. Marbled Murrelets (Brachyramphusmarmoratus)are coastalseabirdsthat breed
predominantly in old-growth forestthroughoutthe North Pacific.Presentlythey are classified
into two phenotypicallydistinct subspecies:one in North America (B. m. marmoratus)and
one in Asia (B. m. perdix). The Asian form was classifiedas a separatespeciesin 1811, but
was lumped with B. marmoratus during the 20th century. Populations of both types are
consideredthreatened or endangeredand information about the extent of genetic differentiation among birds from different sites is required for their conservation. We compared
variation in 1,045 base pairs of the mitochondrial cytochrome b gene and 39 allozyme loci
among Marbled Murrelets and the closely related Kittlitz’s Murrelets (B. brevirostris)from
throughoutthe North Pacific. All analysesindicted that North American and Asian Marbled
Murrelets are geneticallydistinct: cytochromeb sequenceswere highly divergent, fixed allele
differences occurred at two allozyme loci, and estimated gene flow was essentially zero.
Phylogeneticanalysesof cytochrome b sequencesand allozymes both provided strong support for a monophyletic relationship among North American Marbled Murrelets andKittlitz’s Murrelets, with Long-billed Murrelets forming the basallineage.Long-billed and North
American Marbled Murrelets clearly representdistinct speciesby any definition, and must
be managed independently. Significant genetic differentiation also was found among both
Marbled and Kittlitz’s Murrelets from different sites within North America.
Key words: allozyme; Brachyramphus;cytochromeb; heteroduplex;murrelet;population
genetics;phylogenetics;
SSCP.

INTRODUCTION

Kitaysky 1995; Fig. 1). Long-billed Mm-relets
originally were classifiedas a speciesof guillemot
(Cepphus perdix; Pallas 1831) but were reclassified as B. perdix by Ridgeway in 19 19, and
eventually were lumped with North American
Marbled Murrelets by the American Ornithologists’Union (AOU 1983). Zink et al. (1995) and
Friesen et al. (1996a) documented differencesin
mitochondrial DNA (mtDNA) between Longbilled and North American Marbled Murrelets,
and suggestedthat the two forms may represent
separatespecies.
Marbled Murrelets are declining in numbers
throughout most of their range due to conflict
with logging interests, vulnerability to oil pollution, and drowning in gill nets (Sealy and Car’ Received 30 April 1996. Accepted 17 July 1996.
ter 1984, Carter and Kuletz 1995, Carter et al.
2 Present address and corresponding author: De1995). Murrelets have almost disappeared from
partment of Biology, Queen’s University, Kingston,
Ontario K7L 3N6, Canada, e-mail: friesenv@biology. several parts of their range, and are under presqueensu.ca
sure from loss of habitat in other areas.The speMarbled Murrelets (Brachyramphus marmoratus) are coastal seabirds that breed predominantly in old-growth forestthroughout the North
Pacific (Ralph et al. 1995). Presently they are
classifiedinto two subspecies:the nominate form
(B. m. marmoratus) has a partial white neck collar and rufous back, and breeds from California
to the Aleutian Islands; a distinctly larger, longbilled form with a white eye-ring (the Long-billed,
Partridge, or Asiatic Murrelet, B. m. perdix)
breeds from Japan through the Sea of Okhotsk
to the Kamchatka Peninsula (Konyukhov and
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ties is listed officially as Threatened in Canada Marbled Murrelets, and to obtain a preliminary
and Endangered in California, Oregon and indication of the extent of differentiation among
Washington; the size of the Asian population is Marbled Murrelets from different areas within
unknown, but it also is under increasing threat North America.
from logging.Design of a successfulconservation
plan for mm-reletsrequires knowledge of the ex- METHODS
tent of geneticdifferentiation among animals from
SAMPLING
different sites:if subpopulations differ genetically, then loss of a population will reduce the spe- Tissue samples were obtained from mm-relets
cies’ genetic resources, which may increase its from throughout their range (Fig. 1; Table 1).
vulnerability to extinction (Allendorf and Leary Most samples comprised freshly frozen heart,
1986, Gilpin and SoulC 1986). Furthermore, if liver and striated muscle from birds shot at sea
animals from different sites are genetically iso- for dietary analyses,but some samples were delated, they may not naturally recolonize areas rived from dead or dying mm-reletscollected by
the Marbled Murrelet Recovery Team of the Pafrom which they are extirpated. Genetic information also can lead to the identification of cryp- cific Seabird Group. Samples from California
tic species-animals that are similar in appear- consisted of stomachs from murrelets collected
ance but that represent distinct, reproductively in 1982 for dietary analysis and preserved in
isolated species. Pittochelli et al. (1995) com- ethanol; thesesamplescould not be used for protein electrophoresis.Tissue from four Long-billed
pared variation in morphology and mtDNA
among Marbled Mm-relets and the closelyrelated Murrelets from Magadan, Russia, were donated
Kittlitz’s Murrelet (B. brevirostris) from several by the Burke Museum of Natural History, Sesites in Alaska, but no large-scale surveys have attle. Tissues were stored between -70°C and
- 80°C until use.
been conducted. In the present paper, we compared variation in the mitochondrial cytochrome
B
b gene and allozymes among brachyramphine CYTOCHROME
mm-reletsfrom throughout the North Pacific. Our Variation in cytochrome b was assayedboth by
objectives were to measure the level of genetic direct nucleotide sequencingand by analyses of
divergence between Asian and North American single-stranded conformation polymorphisms
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TABLE 1. Collection sites, and frequenciesof cytochrome b genotypesfor murrelets.

~otype
Site

Bml

Bm2 Bm3 Bm4 Bm5 Bm6 Bm7 Bm8 Bm9

Marbled Murrelets
Magadan, Russia
Attu I., AK
Mitrofania B., AK
Kodiak I., AK
Kachemak B., AK
Unakwik F., AK
Yakutat, AK
Humboldt In., WA
SouthwestOR

000000000000040000
410000000000000000
8 0
1 1 1 1000001
100000000
300000100010000000
600000012000000000
100000000000000000
400000000000000000
300000000000000000

Kittlitz’s Mm-relet
Attu I., AK
Kachemak B., AK

000000000000000012
000000000000003

(SSCPs) and heteroduplexes (HDs; Lessa and
Applebaum 1993). Combination of these techniques provides a relatively rapid and inexpensive method of screeningfor variation. Analysis
of SSCPsis basedon the fact that single-stranded
DNA forms a characteristic secondary structure
that dependson the sequenceof nucleotides, and
that the rate at which a segmentof DNA migrates
through a non-denaturing gel in response to an
electrical current is determined in part by its secondary structure. Segments of DNA that differ
by even a single base have slightly different secondary structuresand migrate at different rates.
In HD analysis, DNA from a sample that serves
as a standard is mixed with an equal amount of
DNA from an unknown sample. The DNA is
denatured, then cooled slowly to allow complementary strandsto reanneal. The result is a mixture of double-stranded products consisting of
two types of homoduplexes (with complementary strands from the same samples), and two
types of heteroduplexes (with complementary
strandsfrom different samples).If nucleotide sequences of the two samples are the same, then
homo- and heteroduplexes will have identical
eletrophoretic profiles, but if samples differ by
even a single mutation, electrophoretic profiles
of the four products will differ.
In the present study, DNA was extracted from
tissue samples, and a 1,045 base pair (bp) fragment of cytochrome b was amplified using the
primersL14841 (Kocher et al. 1989)andH16065
(located in the tRNAthr; Bit-t and Baker, unpubl.
data) using standard protocols (Bitt and Baker,
unpubl. data). Amplification products were sub-
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jected to electrophoresisin 2% agarosegels containing 1 lg/mL ethidium bromide, then excised
from the gel. Gel sliceswere diluted with 100 PL
H,O and melted at 90°C and 1 CLLwas used as
template for a secondamplification that included
1 PCi 35S-a-dATP. Becausethe efficiency of detection of either SSCPs or HDs declines as the
length of the amplification product increases,the
fragment analyzed in the present study was
cleaved into two segments,one - 500 bp and one
- 550 bp, using the restriction endonucleaseMbo
I. For analysis of SSCPs, 1 FL of radiolabeled
DNA was combined with 9 HL of a loading buffer
containing 95% formamide, 10 mM NaOH,
0.05% bromophenol blue and 0.05% xylene cyanol. Samples were heated to 95°C for 5 min,
then plunged into ice-water for 2 min. 5 rL of
the product was subjected to electrophoresisin
a 20 cm x 45 cm, 0.5 x HydroLinkn MDE (J.
T. Baker, Phillipsburg, NJ) polyacrylamide gel
at 6 W for 48 hr at ambient temperatures.Results
were visualized by autoradiography for - 18 hr.
For HD analysis, 1 WLof radiolabeled DNA was
combined with 1 FL of a standard and 2 PL water,
heated to 95 “C for 3 min, then cooled to 25°C
over 30 min. 1 ,uL of tracking dye (50% sucrose,
5 x TBE buffer, 0.05% bromophenol blue and
0.05% xylene cyanol) was added and samples
were run in a 1 x MDE gel at 600 V for 24 hours.
Results were visualized by autoradiography for
-18 hr.
Complete nucleotide sequences were determined for individuals with variant genotypesusing standard protocols (Bit-t and Baker, unpubl.
data). Briefly, DNA remaining from the first set
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of amplifications (above) was purified using
GeneClean@ II kits (Bio-101; Vista, CA) according to the manufacturer’s directions, and
double-stranded sequencingwas conducted with
Sequenase@kits (U.S. Biochemicals; Cleveland,
OH) using one of the amplification primers or
four internal primers as described in Birt and
Baker (unpubl. data). Ten birds that appeared
from analysis of SSCPs and HDs to possessthe
most common genotype for North American
Marbled Murrelets (type Bml) also were sequenced to estimate the proportion of variation
that was undetected from SSCPs and HDs. Sequenceswere aligned by eye and were confirmed
by sequencingcomplementary strands (approximately 40% of base pairs).
The extent of differentiation of cytochrome b
sequencesamong sampling siteswas assessedusing three indices. The among-site component of
variation (GST)was calculated using the program
AMOVA and was tested for significanceby randomization (Excoffier et al. 1992). Because G,,
tends to decline as the number of genotypesincreases, we also calculated the mutational divergenceamong sites(y), which is the probability
that any two individuals chosenat random from
different siteswill have different genotypes(Lynch
and Baker 1994, Friesen et al. 1996b). y was
tested for significanceusing a computerized randomization program (A. Lynch, University of
Toronto, unpubl. data). G,, and y do not incorporate information on sequence divergence
among genotypes, so may under-represent the
extent of genetic differentiation among sites; we
therefore used an analysis of molecular variance
(AMOVA) to calculate &-, or the extent to which
sequence variation is partitioned among sites
(Excoffier et al. 1992). dSTwas tested for significance using a randomization procedure (Excoffier et al. 1992). Gene flow (N,m, females per
generation) was calculated from G,, as described
by Birky et al. (1983). Although other methods
for calculatinggeneflow from sequencedata have
been developed recently (e.g., Slatkin and Maddison 1989, Neigel and Avise 1993), the present
data were not amenable to these approachesdue
to the lack of clear phylogenetic relationships
among many genotypes (see Results).
Maximum parsimony analysis of cytochrome
b sequenceswas conducted on PAUP (version
3.1.1; Swoffordand Begle 1993) using the branchand-bound search algorithm with mid-point
rooting and no specifiedoutgroup. Starting trees

were generated using the ‘closest’ addition option, and ‘tree bisection-reconstruction’ was used
for branch-swapping. Support for phylogenetic
relationships was evaluated by bootstrapping. A
neighbor-joining tree (Saitou and Nei 1987) also
was constructed using Kimura’s (1980) two-parameter correction for multiple hits (MEGA version 1.0; Kumar et al. 1993). Support for phylogenetic relationships was assessedusing both
standard error tests (Rzhetsky and Nei 1992,
1993) and bootstrap values (Felsenstein 1985).
ALLOZYMES

A preliminary screeningof electrophoretic variation in allozymes in 10 murrelets (five Marbled,
one Long-billed and four Kittlitz’s Murrelets) was
conducted for 39 presumptive loci using standard starchgel protocols (Baker et al. 1985, Friesen et al. 1996a; Table 2); 36 additional samples
were assayedfor variation at those loci found to
be variable in the preliminary survey. Allele frequencies were tested for deviation from HardyWeinberg equilibrium using a Chi-square analysis with pooling of classesand Levene’s correction for small sample sizes (Biosys-1; Swofford
and Selander 198 1). Wright’s F,, was calculated
as a weighted mean (Kirby 1975) using Biosys1, and was tested for significance by jackknifing
across loci (Weir 1990). Gene flow (N,m; individuals per generation) was estimated as ((l/F,,)
- 1)/4 (Wright 1965). Phylogeneticrelationships
among siteswere investigated using a maximum
likelihood analysis of allele frequencies (Felsenstein 1981) on PHYLIP (version 3.41; Felsenstein 1989).
RESULTS
CYTOCHROME B

Analyses of SSCPs and HDs clearly distinguished cytochrome b genotypes of Long-billed,
North American Marbled, and Kittlitz’s Murrelets. Nucleotide sequencing revealed that the
most common genotypes of Long-billed and
North American Marbled Mm-relets differed by
100 substitutions in 1045 bp (including 11 transversions and nine amino acid replacements),and
those of Long-billed and Kittlitz’s Murrelets differed by 84 substitutions (including 9 transversions and nine amino acid replacements),whereas those of North American Marbled and Kittlitz’s Murrelets differed only by 59 substitutions
(including four transversionsand one amino acid
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TABLE 2. Loci, samplesizes(n), and allelefrequencies
at eightpolymorphicloci for populationsof Marbled
and Kittlitz’s Murrelets.

Locus’/Allele

Ada (n)

A
B
C
D
Est-1 (n)

A
B
Got-l (n)

A
B
C
wGpd (n)

A
:
D
Mdh-2 (n)

A
:
Me (4
A
:
6-Pgd (n)

A
:
D
Sod (n)

A
:

Marbled Murelet
Kachemak
U&?kWik

Attu

Kodiak

5
1.00
0.00
0.00
0.00

12
1.00
0.00
0.00
0.00
12
1.oo
0.00

5
1.00
0.00
0.00
0.00
5
0.90
0.10

12
0.42
0.42
0.16
12
0.71
0.29
0.00
0.00
12
0.92
0.04
0.04
12
0.33
0.67
0.00
12
0.92
0.08
0.00
0.00
12
0.96
0.04
0.00

5
0.30
0.50
0.20
5
0.50
0.50
0.00
0.00

5
1.00
0.00
5
0.90
0.10
0.00
5
0.50
0.50
0.00
0.00
5
0.60
0.40
0.00
3
0.33
0.61
0.00
5
0.80
0.20
0.00
0.00
5
1.oo
0.00
0.00

5
0.90
0.10
0.00
5
0.50
0.50
0.00
5
0.80
0.20
0.00
0.00
5
1.oo
0.00
0.00

Kittlitz’s Mumlet
Attu
Kachemak

Oregon

Magadan

9
0.94
0.06

4
1.00
0.00
0.00
0.00
3
1.oo
0.00

3
1.oo
0.00
0.00
0.00
1
1.oo
0.00

9
0.50
0.28
0.22
9
0.56
0.44
0.00
0.00
9
0.94
0.06
0.00
9
0.50
0.50
0.00
9
0.89
0.11
0.00
0.00
9
1.oo
0.00
0.00

3
0.50
0.33
0.17
2
0.25
0.75
0.00
0.00
4
1.oo
0.00
0.00
2
0.25
0.75
0.00
1
1.00
0.00
0.00
0.00
4
1.oo
0.00
0.00

4
0.88
0.00
0.00
0.12
4
1.oo
0.00
4
1.00
0.00
0.00
4
0.12
0.75
0.12
0.00
4
1.00
0.00
0.00
4
0.00
0.00
1.oo
4
0.00
0.00
0.88
0.12

3
0.17
0.83
0.00
3
1.00
0.00
0.00
0.00

4
1.oo
0.00
0.00
4
1.00
0.00
0.00
4
1.oo
0.00
0.00
0.00

4
0.12
0.88
0.00

3
0.00
0.00
1.oo

4
0.00
0.00
1.00

9
0.89

0.06
0.06
0.00

3
0.00
0.00
1.00
3
0.00
0.67
0.00
0.33
3
1.00
0.00
0.00

4
1.oo
0.00
0.00
0.00
3
0.83
0.17
4
0.62
0.00
0.38
4
0.00
0.12
0.00
0.88

‘Loci surveyed:Acon (enzymecommissionnumber 4.2.1.3), Ada (3.5.4.4), Adh (l.l.l.l), Ak-I (2.7.4.3), Ak-2 (2.7.4.3), Ca-I (4.2.1.1), Ca-2
(4.2.1.1),Ck-1(2.7.3.2),Ck-2(2.7.3.2),Eap-1(3.1.3.2) Eap-2(3.1.3.2),Est-I(3.1.1.1),Esl-4(3.1.l.l),Gdo(3.5.4.3),GIud(1.4.1.3),Gor-1(2.6.1.1),
Got-2(2.6.1.1),GP-I,GP-2 GP-~,a-Gpd(l.l.l.8),Idh-1(1.1.1.42),Idh-2(1.1.1.42),Ldh-1(1.1.1.27),Ldh-2(1.1.1.27),Mdh-I(l.l.l.37),Mdh-2
(1.1.1.37),~e(l.l.l.4O),~~i(5.3.1.8),P~-A(3.4.11),Pep-B(3.4.1I),Pep-D(3.4.11),6-Pgd(1.1.1.44),Pgi(5.3.1.9),Pgm-I(2.7.5.1),Pgm-2(2.7.5.1),

Sdh(l.l.l.l4),Sod-1(1.15.1.1),andS

-2(1.15.1.1).

replacement; sequenceshave been deposited in
GenBank, accessionnumbers U63044-6 1).
No variation was found among cytochrome b
sequences of the four Long-billed Murrelets.
Thirteen genotypes,differing by one to four substitutions, were found among North American
Marbled Murrelets. One substitution resulted in
replacement of an alanine by a threonine in type
Bm2; all other substitutions were silent. Most
genotypes occurred in a single individual each
(Table 1). Two lineages that differed by a mini-

mum of 11 substitutions were found among Kittlitz’s Murrelets: one lineage comprised two genotypes that differed by two replacement substitutions and that were confined to the sample
from Attu Island; the other included two genotypes that differed by one silent and one replacement transition and that occurred only in the
sample from Kachemak Bay (Table 1). Direct
sequence analysis revealed one new genotype
among ten murrelets that appeared from SSCPs
and HDs to possesstype Bm 1; this new genotype
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TABLE 3. Estimatesof among-sitecomponentsof geneticvariance (G&, among-sitecomponentsof sequence
variation (&.,), mutational divergence (y), and gene flow (N,m, females per generation) for populations of
murrelets.

Marbled Murrelet
Kittlitz’s Murrelet

***P

All populations
Magadan/North America
North America populations
Attu IKachemak Bay

0.24***
0.59***
0.01
0.43***

0.97***
0.99***
0.02
0.91***

0.36***
1.oo***
0.00
1.oo***

1.6
0.3
50
0.7

< 0.001

(type Bml 1) differed from the most common
type by a single silent transition.
All three indices of genetic structure indicated
strong differentiation among Marbled Murrelets
from different sites (Table 3). Most of this variation was due to the Long-billed Murrelets; no
significant differentiation was found among Marbled Murrelets from different siteswithin North
America. Kittlitz’s Murrelets from the two sites
were clearly differentiated despite small sample
sizes.
Both maximum parsimony analysis and
neighbor-joining grouped sequences of North
American Marbled and Kittlitz’s Mm-relets together to the exclusion of the Long-billed Murre-

let (Fig. 2). This relationship received strongsupport both from bootstrap analysesand from standard error tests. Genotypes of Kittlitz’s Murrelets from Attu Island and Kachemak Bay also
were clearly distinct, but relationships among genotypes of North American Marbled Murrelets
could not be resolved. No evidence of phylogeographic structure was found among Marbled
Murrelets from different sites within North
America.
ALLOZYMES
Electrophoretic variation was found at eight presumptive protein loci in a preliminary analysis
of five North American Marbled Murrelets (X f
Bml
Bm2
Bm3
Bm4
Bm5
100/99/l

00

Bm6
Bm7

Marbled
Murrelets

Bm8
Bm9
BmlO

100/100/100

Bmll
Bm12
Bm13

4

B_b_3_ 1 Murrelets

99198199 L Bb4

J
BPI

Long-Billed
> Murrelet

FIGURE 2. Consensusof nine shortesttrees obtained by parsimony analysiswith mid-point rooting of cytochrome b sequencesof murrelets(length = 144 steps;consistencyindex excludinguninformative sites= 0.09).
Branch lengths are proportional to numbers of substitutions.Numbers at nodes are indices of support from
bootstrap analysis(100 replications) of the maximum parsimony trees, and standarderror testsand bootstrap
analysis(100 replications) of the neighbor-joining tree, respectively.
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SE heterozygosityA = 2.6 f 1.1%; Table 3) one
Long-billed Murrelet (Z?= 1.6 + 6.6%) and four
Kittlitz’s Murrelets (R = 2.6 * 1.3%; Friesen et
al. 1996a). The remaining murrelets were
screenedfor variation at these eight loci, as well
as at Mdh-2 and Sod, which appear during staining for Me and Sdh, respectively. Because the
larger survey does not represent a random selection of loci, it could not be used to estimate
heterozygosity.
Chi-square analysis of allele frequencies revealed that almost all loci were in Hardy-Weinberg equilibrium within each sampling site for
Marbled Mm-relets (Table 3). However, analysis
of the total sample of Marbled Murrelets, including both North American and Asian forms,
indicated significant deficiencies of heterozygotes for Got-l (x: = 8.8, P < 0.01) and 6-Pgd
(xf = 5.1, P < 0.05), suggestingpopulation subdivision, Chi-square analysis revealed that the
distributions of alleles for Me and 6-Pgd were
significantly non-random: no alleles were shared
between the samples from Magadan and those
from North America. Furthermore, jackknife
analysis suggested that murrelets from different sites are genetically differentiated (Fsr =
0.27, SE = 0.036, Student’s t = 7.39, P < 0.001).
Most of this variation was due to the Long-billed
Mm-relets: PST between Magadan and North
America was 0.39. Assuming that populations
have attained equilibrium between mutation,
migration and genetic drift, this value of Fs’sT
suggestsessentially no genetic exchange(N,m = 0.6
individuals per generation) between the two
forms.
Chi-square testsdid not reveal any differences
in allele frequencies among Marbled Murrelets
from different siteswithin North America; however, a significant deficiency of heterozygoteswas
found for the total North American sample for
Got-l (x: = 6.2, P < O.Ol), suggestingpopulation subdivision. ps;,,for murrelets within North
America was low, but jackknife analysis indicated that it was significantly greater than zero
and was not due to any one site (ps;,,= 0.09, SE
= 0.009, Student’s t = 9.55, P < 0.001). Assuming that the populations are in genetic equilibrium, this value of ps;,,suggestsgenetic exchange
of -2.6 individuals per generation.
Although the number of Kittlitz’s Murrelets
that were sampled was extremely low, no loci
appeared to be out of Hardy-Weinberg equilibrium within either of the two sampling sites.
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However, a significant deficiency of heterozygotes was found for Me for the total sample
(x: = 4.27, P < 0.05). Chi-square testsrevealed
significantdifferencesin allele frequenciesfor both
cy-Gpd(x: = 7.2, P < 0.05) and Me (XT = 10.4,
P < 0.01) and ps’,, was high (0.40) suggesting
genetic exchange of only -0.40 individuals per
generation between these sites.
Maximum likelihood analysis of allele frequencies provided strong support for a monophyletic relationship among Kittlitz’s Murrelets
and North American Marbled Murrelets, with
Long-billed Murrelets forming the basal lineage
(Fig. 3). Marbled Murrelets from Alaska formed
a monophyletic group distinct from the sample
from Oregon; other relationships were not
strongly supported.
DISCUSSION
Analyses both of cytochrome b sequencesand of
allozymes suggestthat Long-billed Murrelets are
genetically distinct from other brachyramphine
murrelets. Surveys of both genetic systems(Tables 2 and 3) indicated that Long-billed and North
American Marbled Murrelets are strongly differentiated, and that gene flow is less than one
individual per generation. This level of exchange
is insufficient to counter the effectsofdrift (Wright
1965), and indicates that birds from the two sites
probably are genetically isolated. Furthermore,
phylogenetic analyses both of cytochrome b sequences and of allozymes provided strong evidence for a monophyletic relationship among
North American Marbled and Kittlitz’s Murrelets to the exclusion of Long-billed Murrelets
(Figs. 2 and 3): this grouping received 100% support from bootstrap and standard error tests on
cytochromeb sequences,and > 95% supportfrom
maximum likelihood analysis of allozyme variation. Brachyramphus marmoratus clearly is a
paraphyletic taxon: either Kittlitz’s Murrelet representsa subspeciesof the Marbled Murrelet, or
the Long-billed Murrelet representsa full species.
The taxonomic status of Kittlitz’s Murrelet is
unequivocal by any definition of a species(Zink
and McKirtrick 1995). They are distinctly smaller than Marbled Murrelets (mass = 240 g for
North American Marbled Murrelets and - 225
g for Kittlitz’s Murrelets; Sealy et al. 1982), have
shorter bills (culmen length = 16 mm for North
American Marbled Murrelets and - 11 mm for
Kittlitz’s Murrelets; Sealy et al. 1982, Pittochelli
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Unakwik
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North
American
Marbled

Kachemak
Attu

Murrelets
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I.

Long-billed
Magadan

>

Murrelets

FIGURE 3. Maximum likelihood analysisof allozyme allele frequenciesfor populationsof mm-relets.Dotted
lines indicate brancheswith lengthsthat do not differ significantlyfrom 0.

et al. 1995), nest in the open on high alpine slopes
(Day et al. 1983) and generally feed near glaciers.
Despite extensive overlap in the breeding ranges
of Kittlitz’s and Marbled Murrelets (Fig. 1), hybrids have not been reported, probably because
of ecological segregation of nesting habitats
(Ralph et al. 1995). The presenceof fixed allele
differencesbetween Kittlitz’s and Marbled Murrelets further supports the contention that they
are reproductively isolated and represent biological species.
Long-billed and North American Marbled
Mm-reletsalso are morphologically distinct (mass
= 300 g for Long-billed Murrelets; culmen length
= 20 mm; Sealy et al. 1982; seeIntroduction for
plumage differences).Although the two populations are allopatric and their ability to interbreed
has not been tested, the presenceof fixed allele
differencesat two loci, as well as significant differencesin allele frequencies at three other loci,
suggeststhat they have been reproductively isolated for an extended period. Furthermore, percent sequencedivergence between cytochrome b
sequences of Long-billed and other murrelets
(9.6%) exceeds that between cytochrome b sequencesof most other congenericalcids (Friesen
et al. 1996a), and the number of transversions
between thesetwo lineages(1 . l/ 100 bp) is greater
than for any other congeneric alcids (Friesen et
al. 1996a). Zink et al. (1995) also found high
levels of sequencedivergence in a comparison of
restriction site variation in mtDNA among Mar-

bled Murrelets from the eastern and western Pacific. Assuming that transversions within cytochrome b accumulate at a rate of 0.2/ 100 bp/ 1O6
yr (Irwin et al. 199 1; Friesen et al., unpubl. data),
the number of transversions among cytochrome
b sequences of the brachyramphine mm-relets
suggeststhat North American Marbled and Kittlitz’s Murrelets diverged about 1.6 million years
ago (see also Pitocchelli et al. 1995) and that
Long-billed Murrelets diverged from other brachyramphine mm-relets approximately 5-6 million yearsago. Although considerabledebate has
surrounded the definition of a species(e.g., Zink
and McKitrick 1995), the Long-billed Murrelet
clearly merits full speciesstatusaccordingto phylogenetic, evolutionary or biological criteria.
Thus, the two populations must be managed independently.
Despite small sample sizes, genetic differentiation also was evident among both Kittlitz’s
Murrelets and Marbled Mm-relets from different
siteswithin North America (Tables 2, 3; Figs. 2,
3). Kittlitz’s Murrelets from Attu Island and Kachemak Bay exhibited differencesin cytochrome
b sequencesand allozymes, indicating a subdivided population structure in this species.Marbled Murrelets from different siteswithin North
America also displayed significant variation in
allozymes. Although cytochromeb sequencesdid
not exhibit any evidence of differentiation among
sites, substitutional relationships among genotypes suggesta ‘starburst’ phylogeny (Fig. 2) in-
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dicative of recent expansion of a bottlenecked
population. These sites all occur in areas that
were glaciated during the Pleistocene, so are
probably less than 10,000 years old. Thus, insufficient time may have passedfor the evolution
of population-specific markers in cytochrome 6.
Nuclear DNA is less vulnerable to population
bottlenecks than is mtDNA, and so will retain
more variation from the ancestral population.
Sufficient variation would have been present for
the evolution of population markers through
founder effectsand genetic drift. Results for murrelets contrast markedly with those for the Atlantic population of Thick-billed Murres (Uria
lomvia, a related alcid), which exhibited no differentiation among colonies in either cytochrome b sequences(G,, = 0.002, Friesen et al.
1996~) or allozymes (ps’,, = 0.02; Friesen, unpubl. data), despite evidence from band returns
of strongnatal philopatry (e.g.,Noble et al. 199 1).
A thorough assessmentof the extent of population genetic differentiation in both North American Marbled and Kittlitz’s Murrelets is clearly
merited, especially since both speciesare in decline. Such a study will require analysis of more
rapidly evolving loci, such as the mitochondrial
control region, nuclear introns, or microsatellite
loci, from a larger number of birds.
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