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Abstract—Mitochondrial DNA (MtDNA)
haplotypes of coho salmon (Oncorhyn-
chus kisutch) sampled from northern
Pacific Ocean and Bering Sea drain-
ages formed two monophyletic clades
between which nucleotide divergences
averaged 2.95 substitutions per 1000
nucleotides. These data were obtained
from restriction endonuclease diges-
tions of PCR products that included
over 97% of the mtDNA genome and
resolved 16 different haplotypes in 258
fish from 13 locations. Comparisons of
haplotype compositions of populations
indicated that the Bering Sea drain-
ages and one Kodiak Island population
clustered separately from nine other
Gulf of Alaska populations, including
one from Asia. Rates of gene flow among
populations estimated from haplotype
frequencies (assuming an equilibrium
between gene flow and random drift)
were low (about one female per genera-
tion between drainages within regions)
in relation to allozyme-based estimates
of gene flow for other Pacific salmon spe-
cies. Much of the haplotype frequency
variation was within-region variation.
Haplotypes from both clades occur in
many extant populations, suggesting
that gene flow, population movements,
or recolonization followed divergence of
refugial isolates. Nested clade analysis
of the geographic distribution of mtDNA
haplotypes indicated that coho salmon
demographic history has been influ-
enced by recent isolation by distance
and that historic population fragmen-
tation was preceded by range expan-
sion. These observations are consistent
with effects expected from Pleistocene
glacial advances and retreats.
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In drainages flowing into the Gulf of
Alaska and Bering Sea, coho salmon
(Oncorhynchus kisutch) are the least
numerous and their population struc-
ture the least understood of Pacific
salmon species (Oncorhynchus spp.).
Many populations spawn in late fall
or winter in remote drainages that are
difficult to access. Spawning popula-
tions are often small and separated
widely (Sandercock, 1991). In larger
rivers spawning adults may return
to small, often transient, headwater
streams. After emergence, fry and juve-
niles may move to rearing areas, usually
much lower in the river (Sandercock,
1991), forming complex admixtures
from spawning populations in large
drainages.

Studies of allozyme variation have
provided insight into the population
structure of Pacific salmon species (e.g.
Zhivotovsky et al., 1994, and references
therein). Patterns of genetic variability
often provide evidence of relationships
between populations resulting from
coancestry or gene flow, and genetic
divergence among populations may be
used for stock identification (Shaklee et
al., 1999). In coho salmon, the low level
of allozyme variation resolves relatively
little population genetic structure (Rei-
senbichler and Phelps, 1987; Wehrhahn
and Powell, 1987; Bartley et al., 1992;
Pustavoit, 1995). This low level of al-
lozyme variation is consistent with nu-
merous spawning populations that have

small effective sizes and low levels of
gene flow, such as that of coho salmon.
Analysis of DNA variation adds di-
mensions of interpretation not possible
with allozyme data (Avise et al., 1988;
Avise, 1989). “Gene trees” for mitochon-
drial DNA (mtDNA) haplotypes are es-
pecially informative. The mitochondrial
genome is transmitted (primarily) ma-
ternally (Gyllensten et al., 1991), and
mtDNA is haploid and clonally inherit-
ed with no recombination. Consequently,
mutations accumulate over time within
a clonal mtDNA line or haplotype. Com-
parison of different haplotypes provides
a basis for reconstruction of matriarchal
genealogies. There is also evidence that
mtDNA sequences may diverge (evolve)
faster than many nuclear sequences
(Brown et al., 1982). The extent of nu-
cleotide divergence provides a temporal
basis for comparing haplotype lineages.
The rates of divergence of mtDNA have
been roughly estimated for a number of
species pairs by comparing observed nu-
cleotide sequence divergence with fossil
records that document the emergence of
those species (Brown et al., 1979; Shields
and Wilson, 1987 and references there-
in). Although applications of these mo-
lecular “clocks” are questionable when
extended to species for which the fossil
record is poor or missing, deductions
about relative (as opposed to absolute)
divergence times can be made from the
extent of nucleotide change within a spe-
cies. Furthermore, the geographic distri-
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Figure 1
Sites from which coho salmon were sampled for mtDNA analysis. Squares denote samples
used in both the preliminary and secondary analyses; circles denote collections used only for
the secondary analysis. Locations are Hugh Smith River (1), Fish Creek, a Taku River tribu-
tary (2), Berner’s River (3), Indian River (4), Ford Arm River (5), Crooked Creek (6), Little
Susitna River (7), Buskin River (8), Karluk River (9), Eek River (10), Kanektok River (11),

Delta Clearwater River, a Yukon River tributary (12), and Kamchatka River (13).

bution of haplotypes and their genealogical relationships
can provide information about the historic demography and
gene flow of a species. Templeton and colleagues (e.g. Tem-
pleton and Sing, 1993, Castelloe and Templeton, 1994; Tem-
pleton, 1998) have developed methods to examine both the
shape of the “gene tree” and the geographic distribution of
haplotypes, which they term “nested clade analysis of geo-
graphic distances.”

The objectives of our study were to survey the geograph-
ic distribution of mtDNA variation in Alaskan coho salm-
on populations along the Gulf of Alaska and Bering Sea
and to use that information and the mtDNA haplotype
“gene tree” to deduce the nature of the historic demo-
graphic processes that influenced the contemporary geo-
graphic distribution of coho salmon.

Materials and methods

Coho salmon were sampled from 12 drainages in Alaska
and one in Asia (Fig. 1). Samples of heart tissue from each
specimen were preserved in 95% ethanol or a solution
of 20% dimethyl sulfoxide (DMSO) and 0.25M ethylene-
diaminetetraacetic acid (EDTA) at pH 8, saturated with
NaCl (Seutin et al., 1991).

Total genomic DNA was isolated by phenol-chloroform
extraction (Wallace, 1987) or with Puregene DNA™ iso-
lation Kkits (Gentra Systems Inc., Minneapolis, MN). Se-
guences were PCR-amplified using primers that targeted

seven regions of the mtDNA genome in pieces that range
from about 2115 to 2689 base pairs (bp) (Fig. 2, Table 1).
The regions were designated ND3/ND4 (including genes
for the NADH dehydrogenase-3 subunit and NADH de-
hydrogenase-4L and -4 subunit genes), ND5/ND6 (includ-
ing genes for the NADH dehydrogenase-5 and -6 sub-
units), Cytb/D-loop (including the cytochrome b gene and
the control region), 12S/16S (including 12S rRNA gene
and most of the 16S rRNA gene), ND1/ND2 (including
the NADH dehydrogenase-1 and NADH dehydrogenase-2
subunit genes), COI/COII (including most of the cyto-
chrome oxidase | subunit gene and the cytochrome oxidase
Il subunit gene), and A8/COIII (including genes for the
ATPase-8 and -6 subunits and the cytochrome oxidase 111
subunit gene). The seven mtDNA regions were amplified
by denaturation at 94°C for 5 min, followed by 30 cycles
of 1 min at 94°C, 1 min at 55°C, and 3 min at 72°C [0.2
mM of each dNTP, 0.2 M of each primer, 2 mM MgCl,, 50
mM KCI, and 10 mM Tris-HCI, pH 8.3 with 1 unit of Taq
polymerase (Perkin Elmer, Norwalk, CT) in a 50-uL reac-
tion], except that amplifications of regions A8/COIIl and
ND3/ND4 required 3 mM instead of 2 mM MgCl,,.
Subsamples of PCR products of each mtDNA region were
digested with each of 12 restriction enzymes. The endonu-
cleases recognized six bases (Ase 1), multiple six-base sites
(Ava I, Hind 11, Sty 1), multiple 5 base sites (BstN 1), and
four bases (BstU I, Cfo I, Dde I, Hinf I, Mbo I, Msp I, Rsa
1). Digestion reactions were carried out under conditions
recommended by the manufacturers. The resulting frag-
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Figure 2

The gene map of linearized mtDNA and fragments that can be PCR amplified in coho salmon. The map is
based on the sequence of O. mykiss mtDNA (Zardoya et al., 1995). More precise details of the range spanned
by each primer pair are provided in Table 1.

Table 1
Primers for PCR amplification of coho salmon mitochondrial DNA (mtDNA), location in relation to O. mykiss (Zardoya et al., 1995),
PCR fragment sizes, and fragment overlaps (bp).
O. mykiss Fragment
Region Sequence locations size Overlap Source
12S/16S 5' AATTCAGCAGTGATAAACATT 3’ 1234-1254 1
5' AGATAGAAACTGACCTGGATT 3’ 3615-3635 2402 1
121
ND1/ND2 5" ACCTCGATGTTGGATCAGG 3 3515-3533 1
5" ATTAAAGTGNTTGA(T/G)TTGCATTC 3 6181-6203 2689 L5
—430
col/coll 5TAATCGTCACAGCCCATGCCTTCGT 3' 6634—6658 2
5'GGTCAGTTTCAGGGTTCAGGTTTAGC 3' 9079-9104 2471 2
166
A8/COll 5' CTAGTGACATGCCCCAACTCAACC 3 8939-8962 23
5' TCATAAGGCGGTCATGGACTTAAACC 3 11028-11053 2115 2,3
480
ND3/ND4 5" TTACGCGTATAAGTGACTTCCAA 3’ 10574-10596 2.3
5" TTTTGGTTCCTAAGACCAATGGAT 3 12881-12904 2331 2.3
32
ND5/ND6 5" AACAGCTCATCCATTGGTCTTAGG 3 12873-12896 2,45
5" TTACAACGATGGTTTTTCATGTCA 3’ 15319-15342 2470 2,45
19
Cytb/D-loop 5' TGAA(G/A)ACCACCGTTGTTATTCAA 3 15324-15347 2,45
5' TAGGGCCTCTCGTATAACCG 3' 1321-1340 2659 2,45
107
12S/16S
1 Consensus from Anderson et al. (1981); Anderson et al. (1982); Bibb et al. (1981); Roe et al. (1985); Chang et al. (1994).
2 Unpublished mtDNA sequence data from our lab.
3 Thomas and Beckenbach (1989).
4 Cronin et al. (1993).
5 Carney et al. (1997).
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ments were separated by electrophoresis through a 1.5%
agarose gel (a mixture composed of one part Ultra Pure™
agarose [BRL Gibco, Grand, NY] and two parts Synergel™
[Diversified Biotech Inc., Boston, MA]) in 0.5xTBE buffer
(TBE is 90 mM Tris-boric acid, and 2 mM EDTA, pH
7.5). DNA in the gel was stained with ethidium bromide
and photographed on an ultraviolet light transillumina-
tor. Digests that produced fragments too small for detec-
tion in agarose/Synergel™ gels were resolved in 12% poly-
acrylamide (29:1 acrylamide:bisacrylamide; 1xTBE) gels.
DNA fragments separated in polyacrylamide gels were
stained with SYBR Green 1 Nucleic Acid Stain™ (Molec-
ular probes, Eugene, OR), which is more sensitive than
ethidium bromide. Either a 1-kilobase (kb) ladder or Hae
111 digested @xt7* RF phage DNA (BRL Gibco, Grand, NY)
was used as a molecular weight reference for estimating
restriction fragment sizes.

Restriction sites were inferred from fragment patterns
that could be related to each other by the gain or loss of
a single site. Composite haplotypes were constructed from
restriction fragment patterns of all restriction enzymes
across all mtDNA PCR regions. Using the rules of Castel-
loe and Templeton (1994) to resolve ambiguities, we con-
structed the single most probable parsimonious tree de-
picting restriction site changes between haplotypes. Using
REAP (McElroy et al., 1990), we estimated haplotype (nu-
cleon) and nucleotide diversities within populations (Nei,
1987) as well as average nucleotide divergences between
populations. Nucleotide divergence between populations
takes into account both the haplotype frequency differ-
ences between populations and the nucleotide divergences
between haplotypes (Nei and Tajima, 1983; Nei, 1987; Nei
and Miller, 1990). Homogeneity of haplotype diversities
among populations was tested by using the Monte-Carlo
simulation in REAP (McElroy et al., 1990)(10,000 iter-
ations; Hedges, 1992) to establish probability levels for
goodness-of-fit statistics (Roff and Bentzen, 1989).

Populations were clustered from pair-wise nucleotide di-
vergences by using the Fitch and Margoliash (1967) least-
squares method (FITCH in PHYLIP; Felsenstein, 1995).
For comparisons between populations, the precision of es-
timates of nucleotide divergence depends on sample size.
Therefore, stability of the topology was examined by boot-
strapping (2000 iterations; Hedges, 1992) over individuals
within each collection. A consensus tree (CONSENSE in
PHYLIP; Felsenstein, 1995) that shows the stability of the
topology, but not the branch lengths, was generated from
the set of bootstrapped trees.

The hierarchical structure of the expanded set of coho
samples was analyzed by analysis of molecular variance
(AMOVA,; Excoffier et al., 1992) with Arlequin (Schneider
et al., 1997). Collections were grouped geographically into
four regions: Southeast Alaska, Southcentral Alaska, Ber-
ing Sea, and Asia. With appropriate choices of divergence
matrices, the analysis can examine the structure from
haplotype frequencies (e.g. Weir, 1996) or from nucleotide
diversities based on paths between haplotypes traced
through a haplotype tree (Excoffier et al., 1992). Signifi-
cance (P,,c) of ®-statistics (Excoffier et al., 1992) was es-
timated from distributions of the statistics generated by

17,000 permutations (Hedges, 1992) at the appropriate
level of hierarchy.

Nested clade analysis of geographical distributions of
haplotypes and subclades (e.g. Templeton and Sing, 1993;
Castelloe and Templeton, 1994; Templeton, 1998) was con-
ducted with GEODIS 2.0 (Posada et al., 2000).

Results

Our general approach was to conduct a broad preliminary
survey to obtain genome-wide information for mtDNA
restriction site variation. Subsequently, we focused on the
variable restriction sites and examined larger sample sizes
and additional populations. From those results we con-
structed a fine-scale mtDNA “gene tree” and analyzed the
geographic distributions of mtDNA lineages to deduce the
nature of the historical demographic changes that influ-
enced present-day population structure. The approach also
allowed us to determine the effects on estimates of molec-
ular parameters that occur when analyses focus on vari-
able restriction sites.

Diversities of coho salmon mtDNA

Ten coho salmon from each of seven drainages (Fig. 1)
were analyzed to survey broadly the species’ mtDNA vari-
ability using 12 restriction endonucleases (Appendix 1).
The total number of restriction sites inferred from restric-
tion fragment patterns was 298 (an average of 291.28
per haplotype), which corresponds to 1284 nucleotides (an
average of 1254.80), or a maximum of 7.73% (an average
of 7.56%) of the coho salmon mtDNA genome (Table 2).
Sixteen sites (1.2% of the total) were variable. Individu-
ally, the regions averaged between 29 and 57 restriction
sites, which correspond to a maximum of between 5.58%
and 9.57% of the nucleotides in a region. Although the
amplified regions had some overlaps (Table 1), no vari-
able sites were observed in the areas of overlap; and no
invariant sites were shared between regions, except possi-
bly Dde I sites in the 408-bp overlap between A8/COIII and
ND3/ND4 (Table 1). Because of the large total number of
sites examined, a few overlapping Dde | sites would cause
only a slight decrease in nucleotide diversity estimates and
have little effect on nucleotide divergence estimates.

Restriction site variation was observed in five of the sev-
en PCR-amplified mtDNA regions for the 12 restriction
endonucleases used. Between zero and five variable sites
were observed per region. No variation was detected in the
A8/COIIl and ND3/ND4 regions. The largest number of
variable sites (5) and the highest level of nucleotide diver-
sity (5.99 substitutions per 1000 base pairs) were observed
in the ND5/ND6 region (Table 2).

Because there is no recombination between heterolo-
gous mtDNA molecules, the composite haplotype is the ap-
propriate unit to consider in genetic analysis (e.g. Avise,
1989). Our preliminary survey discovered 11 haplotypes
(Table 3). As a whole, the sample of 70 fish had a haplotype
diversity of 0.803 and a nucleotide diversity of 1.70 substi-
tutions per 1000 base pairs. Haplotype diversities within
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Table 2

Number and variability of restriction sites observed in each of the seven mtDNA regions we examined using 12 restriction endo-
nucleases in our preliminary survey.

Mean Mean Number of Number Haplotype Nucleotide
Fragment  number number of % variable of diversity diversity
Region size of sites nucleotides coverage sites haplotypes (xSE) (per 1000)
12S/16S 2402 53.5 226.7 9.44 3 4 0.485 +0.042 2.15
ND1/ND2 2689 415 184.7 6.87 3 4 0.485 +0.042 2.65
col/coll 2471 39.7 168 6.8 3 3 0.057 +0.038 0.25
A8/COllI 2115 29 126.7 5.99 0 1 0 0
ND3/ND4 2331 31 130 5.58 0 1 0 0
ND5/ND6 2470 36.5 157.2 6.36 5 4 0.470 +0.040 5.99
Cytb/D-loop 2659 57 248.7 9.35 2 3 0.670 +£0.014 1.87
Total 16,642 291.28 1254.8 7.54 16 11 0.803 +0.024 1.70
Table 3

Observed numbers of each mtDNA haplotype, haplotype diversity, and nucleotide diversity (substitutions per 1000 bp) within col-
lections of coho salmon examined in a preliminary survey of North Pacific Ocean coho salmon (Nei and Tajima, 1983; Nei ,1987).
Standard errors are in parentheses. Homogeneity of haplotype frequencies (P, < 10-*) was tested with using Monte-Carlo simula-
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tion based on 10,000 resampling iterations to estimate probability (Roff and Bentzen, 1989).

A-D cluster E—H cluster
Haplotype Haplotype
Haplotype Nucleotide
Collection n A A B C cC D E E' F G H diversity diversity
Hugh Smith River 100 3 0 0 4 1 0 2 0 0 0o o0 0.78 1.31
Fish Creek (Taku River) 0 7 1 0 0 0 1 0 0 1 0o o0 0.53 0.88
Ford Arm River 10 2 0 4 1 0 0 2 0 0 1 0 0.82 1.65
Crooked Creek 10 5 0 0 4 0 0 1 0 0 0o o0 0.64 0.78
Eek River 10 O 0 0 4 0 0 4 0 0 0o 2 0.71 1.87
Delta Clearwater River 10 O 0 0 0 0 0 0 0 0 0 10 0.00 0.00
Kamchatka River 10 5 0 0 4 0 0 0 1 0 0o o0 0.06 0.94
Total 70 22 1 4 17 1 1 9 1 1 1 12 0.80 1.70
(+0.024) (+0.000)
Average 0.59 1.06
(+0.11) (x0.24)

collections from individual drainages ranged from 0.00 to
0.82 and nucleotide diversities ranged from 0.00 to 1.87
substitutions per 1000 bp. The distribution of haplotypes
among collections was highly heterogeneous, which is note-
worthy given the small sample sizes (n=10) (Table 3).
Phylogenetically, there were two clusters of haplotypes
(haplotypes A-D and haplotypes E—H) (Fig. 3). Haplotypes
of the two clusters differed by five or more restriction sites,
and the average nucleotide divergence between individual
haplotypes in the two clusters averaged 2.72 nucleotide
substitutions per 1000 nucleotides, as compared to an av-
erage nucleotide diversity within each cluster of 0.87. The
cluster of A—D accounted for the majority of fish, but hap-

lotypes of both clusters were observed in collections from
all drainages, except for fish from the Delta Clearwater
River, which had only haplotype H. Bootstrap estimates
of nucleotide divergence between clusters and average nu-
cleotide diversity within clusters, estimated from the en-
tire sample of 70 fish, were 2.98 £0.06 and 0.35 +0.05 (sub-
stitutions per 1000 nucleotides), respectively.

Expanded coho mtDNA survey based on
variable sites

We increased the number of populations surveyed to 13
and increased sample sizes to 20, except for the Kam-
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Figure 3

Haplotype tree for coho salmon mtDNA restriction site variation. Haplotypes
A-H, including A’, C', and E', were observed in the preliminary survey (70
fish); haplotypes I-O were observed in the subsequent survey (188 additional
fish); and haplotype P was detected in digests conducted to resolve positions
on the tree of the latter haplotypes. Arrows indicate the direction of site gain.
Ambiguities in the topology were resolved (Castelloe and Templeton, 1994)
and the nested structure was constructed (Templeton and Sing, 1993). Hap-
lotypes A’, C', and E' were pooled with A, C, and E, respectively, for the nested
clade analysis. The results of the analysis are provided in Table 5.

chatka River (n=17) and Delta Clearwater River (n=21)
populations. To make analysis of larger numbers of sam-
ples practical, we focused on restriction sites in five
mMtDNA regions that defined the most abundant eight
(A—H) of the 11 haplotypes. Haplotypes A’, C', and E',
each of which was represented by a single individual, were
eliminated. In this survey, we analyzed site variation for
the following PCR region by restriction endonuclease com-
binations:

12S/16S

rRNA  Cytb/D-loop ND5/ND6 ND1/ND2 ND3/ND4
Cfol BstN | Ava | Dde | Cfol
Dde | Dde | Sty |

This survey detected 62 restriction sites (56.47 on aver-
age in each haplotype), which correspond to 262.67 nucleo-
tides (238.22 on average). The proportion of the genome
screened was a maximum of 1.58% (1.43% on average). To
completely resolve the placement of haplotypes I, J, K, and
L in the “gene tree,” we digested their ND5/ND6 regions
with Mbo I and their COI/COII regions with Dde I. An ad-

ditional haplotype (P) was resolved. In total, the expanded
survey resolved three additional haplotypes (I, J, and P)
within the A-D clade and five additional haplotypes (K, L,
M, N, and O) within the E-H clade (Table 4, Appendix 2,
and Fig. 3). Haplotypes of both clusters appeared in most
drainages. It is notable that four drainages included hap-
lotypes of only a single clade: Delta Clearwater had 20 of
haplotype H and one of the related haplotype O; Indian
River had 19 of haplotype A and one of haplotype C; Bern-
ers River had five of hapotype A, 11 of haplotype C, one
of haplotype I, two of haplotype J, and one of haplotype
P; and the Little Susitna collection had four A haplotypes,
15 C haplotypes, and one | haplotype. Within drainages,
haplotype diversities ranged from 0.10 to 0.73 and nucleo-
tide diversities ranged from 0.22 to 9.07 substitutions per
1000 bp. The 13 collections exhibited strong heterogeneity
(P<104, Table 4).

In a Fitch-Margoliash phenogram that estimates rela-
tionships among drainages based on haplotype frequen-
cies (Fig. 4), Delta Clearwater River differed strongly from
the other collections, and the collections from systems
that drain into the Bering Sea and from Karluk Lake on
Kodiak Island, clustered separately. The remaining col-
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Table 4
Observed numbers of each mtDNA haplotype, haplotype diversity, and nucleotide diversity (substitutions per 1000 bp) within col-
lections of North Pacific coho salmon screened for variable sites detected in a preliminary survey (Table 3)(Nei and Tajima, 1983;
Nei, 1987). Standard errors are in parentheses. Homogeneity of haplotype frequencies (P, < 10~*) was tested by using Monte-Carlo
simulation based on 10,000 resampling iterations to estimate probability (Roff and Bentzen, 1989).
Haplotype
Haplotype Nucleotide

Collection n A B CD E F G H I J K L M N O P diversity diversity
Hugh Smith River 20 6 0 12 0 2 O O O O O O O O O 0O 0.57 3.64
Fish Creek (TakuRiver) 20 11. 0 3 2 0 2 0 0 0 1 0 1 0 0 0 O 0.68 5.68
Berners River 20 5 0112 0 0O O O O 1 2 0 O O O 0 1 0.64 2.40
Indian River 2019 0 1.0 O O O O O O O O O o o0 oO 0.10 0.22
Ford Arm River 20 0 6 1 0 2 0 1 0 O O O O O O o0 O 0.68 451
Crooked Creek 20 9 0 10 0 1 0 0 O O O O O O O OO 0.57 2.50
Little Susitna River 20 4 015 0 0O O O O 1 O O O O O o0 oO 0.42 1.13
Buskin River 20 5 0 12 0o 3 0 O O O O O O O o o0 oO 0.58 4.69
Karluk River 20 1.0 9 0 5 0 0 00O O 1 0 O 4 00O 0.73 9.07
Eek River 20 1.0 7 0O 9 0 0 3 0 O O O O O 00O 0.68 8.38
Kanektok River 20 5 0 8 0 5 0 0 1.0 O O O 1 0 o0 O 0.75 7.91
Delta ClearwaterRiver 21 0 O O O O O 0 20 0 0 O O O O 1 O 0.1 0.2
Kamchatka River 7 9 o 7 0 1 0o O O O O O O O O O0 O 0.58 2.7
Total 258 8 6 9% 2 28 2 124 2 3 1 1 1 4 1 1 0.734 6.73

(+0.016) (+0.00)
Average 0.54 4.08

(+0.06) (+0.83)

lections spanned the southern portion of the geographic
range from southern Southeast Alaska to the Kamchatka
Peninsula. Within that set of collections, the two coastal
Southeast Alaskan collections (Ford Arm and Indian Riv-
er) appeared to form a weak cluster, but there was no obvi-
ous structure among the remaining collections.

We conducted AMOVA analyses reflecting a geograph-
ical hierarchy: Southeast Alaska, Southcentral Alaska,
western and interior Alaska (Bering Sea), and Asia to
examine the geographic basis of variation. Although the
Karluk River collection resembled Bering Sea collections
more than other northern Gulf of Alaska collections, we in-
cluded it with the Southcentral Alaska group to maintain
the geographic basis of the analysis. Analyzing the data
based on haplotype frequencies (analogous to allelic dif-
ferences in analysis of variance described by Weir [1996])
revealed highly significant divergence among collections
(®47=0.291, P,,<0.0001), most of which is attributable
to average divergence among drainages within a region
(®4-=0.227, P,,<0.0001), rather than differences between
regions (®.=0.083, P,,-=0.094). Incorporating relation-
ships between the haplotypes into the analysis increased
the proportion of the total divergence observed among
drainages (¥4 = 0.449, P,-<0.0001) and among drainages
within regions (®4-=0.273 , P,,-<0.0001). The estimate of
the proportion of divergence among regions also increased
(®-1=0.242, P,,-=0.083). Estimates of long-term gene flow
[Nepm=(®y,-1)/2] from &g and @ based on haplotype

relationships were about 1 female per generation between
collections within regions and about two females per gen-
eration between regions. Such estimates assume that an
equilibrium between gene flow and random drift exists.

The nested clade analysis (Fig. 3, Table 5) collapses the
“gene tree” from the periphery and analyzes each subclade
for significantly small or large geographical distributions
of the components as compared with the subclade as a
whole. The first two levels of nesting are 1-step clades (nest-
ing O-step haplotypes) and 2-step clades (nesting 1-step
clades). The significance in their geographic distributions
were consistent with restricted gene flow with isolation by
distance for haplotypes of the A-D (plus I, J, and P) sub-
clade and past fragmentation for haplotypes of the E-H
(less G plus M, N, and O) subclade. The 3-step clade (nested
2-step clades) that includes all of the E-H (plus L, M, N,
and O) haplotypes also indicates past fragmentation. The
most interior level of nesting, which contrasts the A group
of haplotypes with the E group, assuming that the A group
is interior (ancestral) based on the interpretations of Cas-
telloe and Templeton (1994), is consistent with contiguous
range expansion. We reanalyzed the data without the Del-
ta Clearwater population, the Kamchatka population, and
without either. These two geographically distinct popula-
tions did not alter the overall interpretation, but the Delta
Clearwater population was responsible for significance of
clade 2—4 and the Kamchatka population was responsible
for the significance of clade 2-2.
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Figure 4

A Fitch-Margoliash least-squares phenogram constructed from nucleotide divergences among coho
salmon collections and a consensus tree (inset) derived from 2000 iterations (Hedges, 1992) of boot-
strap resampling from the individuals within each collection. Geographic regions for the samples are
Russia (R), Southcentral Alaska (SC), Kodiak Island (KI), and Southeast Alaska (SE), and Bering
Sea (BS), The consensus tree is unscaled and describes the confidence of the topology depicted in the

Discussion

Coho salmon mtDNA variation

We examined the coho salmon mtDNA genome using
restriction analysis of seven PCR products and detected
fragments as small as 25 bp, which made it possible to
sample nearly all (over 97%). of the mitochondrial genome.
We are unaware of other fish species that have been
as thoroughly surveyed. Our estimates of species-level
parameters of molecular evolution should be quite robust
in comparisons with those for other taxa, including fish.
Our results (Table 2) suggest that mtDNA variation is
not evenly distributed throughout the genome and that fo-
cusing analysis on variable sites overestimates nucleotide
diversity estimates (see Tables 3 and 4). Many previous
studies of Pacific salmon species have limited the portion
of the mtDNA genome surveyed (e.g. chum salmon [Cro-
nin et al.; 1993; Park et al., 1993; Seeb and Crane, 1999];
sockeye salmon [Bickham et al., 1995; Taylor et al. 1996];
chinook [Cronin et al., 1993]). Other studies have included
a limited geographic range of samples and have restricted
the portion of the mtDNA genome studied (e.g. sockeye
[Burger et al., 1997]; chinook [Adams et al., 1994]) or sur-

veyed selected variable sites (e.g. pink salmon [Brykov et
al., 1996; Seeb et al., 1999]; chum salmon [Scribner et al.,
1998]; sockeye [Taylor et al., 1997]). Consequently, no pre-
vious studies have produced results that are appropriate
for a broad comparison with our results.

We evaluated our results in the context of other fish
species by plotting the effective number of haplotypes ob-
served (the number of haplotypes which, if equally abun-
dant, would result in the observed haplotype diversity, n,
against the average nucleotide divergences between hap-
lotypes for piscine species. For these comparisons, we used
only data that were derived from 20 or more individuals
and that surveyed the entire mtDNA genome (Fig. 5). On-
ly two studies of Pacific salmon met those criteria; and our
estimates of nucleotide diversity (0.4—4.5 per 1000 nucle-
otides) were generally lower than estimates for chinook
salmon (6 haplotypes: 1.3-8.1; Wilson et al., 1987) and
chum salmon (2 haplotypes: 2.4; Thomas et al., 1986).

Average nucleotide divergences between coho salmon
haplotypes are quite low in relation to those of most oth-
er species studied; whereas, the effective number of hap-
lotypes is near the median. The effective number of (se-
lectively neutral) haplotypes (n.) is monotonically related
to the product of effective population number (of females
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