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Intact genetic structure and high levels of genetic
diversity in bottlenecked sockeye salmon
(Oncorhynchus nerka) populations of the Fraser
River, British Columbia, Canada

Ruth E. Withler, Khai D. Le, R. John Nelson, Kristina M. Miller, and
Terry D. Beacham

Abstract: Analysis of six microsatellite loci in 5800 sockeye salm@n¢orhynchus nerRafrom 29 Fraser River pep
ulations provided little evidence of genetic bottlenecks or mass straying in upper Fraser sockeye salmon resulting from
reduced abundances following 1913-1914 rockslides in the Fraser canyon and successive decades of high exploitation.
Upper Fraser populations were not characterized by a paucity of rare alleles, a sensitive indicator of populations in
which effective size has been recently reduced. Heterozygosity and allelic diversity did not differ consistently between
lower and upper Fraser populations. Throughout the watershed, early-migrating populations had lower allelic diversity
and a lower proportion of rare alleles than did late-migrating ones. Genetic differentiation between upper and lower
Fraser populations and heterogeneity among lower Fraser populations supported the suggestion that Fraser sockeye
salmon are descendants of at least two postglacial “races.” Variation among lakes within regions was the strongest
component of genetic structure, accounting for five times the variation among populations within lakes and more than
two times the variation among regions. Extensive historical transplants of eggs and juveniles apparently resulted in lit-
tle gene flow among regions, but three populations were reestablished or rebuilt as the result of more recent transplants.

Résumé: L'analyse des locus microsatellites chez 5800 saumons ro@esothynchus nerRaprovenant de 29 popu-
lations du Fraser a donné peu d’indications de I'existence de goulots d’étranglement génétiques ou de vagabondage en

masse parmi les saumons rouges du cours supérieur du Fraser a la suite des réductions de I'abondance causées par les
éboulements survenus dans le canyon du Fraser en 1913-1914, puis par des décennies successives de forte exploitation

Les populations du cours supérieur du Fraser ne se caractérisaient pas par un appauvrissement en alléles rares, ce qui
constitue un indicateur sensible des populations chez lesquelles I'effectif a été réduit depuis peu. L'hétérozygotie et la
diversité allélique ne différaient pas de fagon constante entre les populations du cours supérieur et du cours inférieur

du Fraser. Partout dans le bassin, les populations a migration hative présentaient une diversité allélique et une propor
tion des alleles rares plus faibles que les populations a migration tardive. La différenciation génétique des populations
du cours supérieur et du cours inférieur du Fraser et I'hétérogénéité des populations du cours inférieur du fleuve peu

vent confirmer que les saumons rouges du Fraser sont les descendants d’au moins deux « races » post-glaciaires. La
variation entre les lacs au sein des régions était la composante la plus forte de la structure génétique, et elle représen
tait cing fois la variation parmi les populations au sein des lacs, et plus de deux fois la variation entre les régions. Les
importantes transplantations d’oeufs et de juvéniles effectuées dans le passé semblent avoir produit peu de flux génique
entre les régions, mais trois populations ont été rétablies ou reconstituées par suite de transplantations plus récentes.

[Traduit par la Rédaction]

Introduction spawning within their confines in the early 1900s (Ricker

1987). The typical sockeye salmon life history is centered on

g The ext_en;u@e_z krllvce:rlandb_lake syts_ttetms of thfetk']: rasers{R_lveé nursery lake. Adults spawn in lake inlet or outlet streams,
rainage in british Lolumbia constitute oné ot the Most IM ;\enjles rear in the lake for a year before undertaking an

portant sockeye salmorOficorhynchus nerRahabitats in o tensive marine migration, and adults return with great fi
North America, with as many as 100 million sockeye Salmondelity to spawn in their natal streams at 3-5 (predominantly
4) years of age. Fraser sockeye salmon populations display a
cyclical 4-year pattern in which adult abundance is consis
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J15283 tently much greater every fourth year (the dominant cycle
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Fig. 1. Locations of sockeye salmon populations sampled within the Fraser River drainage. Donor and recipient populations involved in
three apparently successful transplants of sockeye salmon within the upper Fraser River drainage are also shown. Transplants of Raft
River sockeye salmon eggs and juveniles apparently established the extant Fennell River population. Egg and juvenile transplants from
the Seymour River apparently established the extant upper Adams River population, whereas transplants from the more distant Taseko
River were unsuccessful. Egg and juvenile transplants from the lower Adams River resulted in replacement or introgression -of the Por
tage Creek population.
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90 Fraser sockeye salmon populations utilizing about 24he Cascadian race, isolated in the Columbia River system
nursery lakes have been identified (Gable and Cox-Rogerduring the last glaciation (Wood et al. 1994; Bickham et al.

1993). They show atypically large and consistent differenced995). The Columbia River itself now supports only a fem

in timing of the upstream migration, presumably as a resulhant of its historical sockeye salmon population (Burgner
of adaptation to the diverse spawning habitats utilized withinl991). Sockeye salmon of the lower Fraser likely originated
the drainage (Burgner 1991). from Beringia, a refuge on the Bering land bridge, or from a

Major determinants of population structure in North smaller coastal refugium (Wood et al. 1994).

American sockeye salmon are three postulated races isolatedHistorically, the cyclical abundance of the upper Fraser
during the last glacial period and the nursery lakes in whictsockeye salmon populations was synchronized, with up to
juveniles rear (Wood 1995). Sockeye salmon of the uppel0O0 million Fraser sockeye salmon spawning in dominant
Fraser drainage are considered the primary representatives @fcle years (i.e., 1905, 1909, 1913, etc.). By 1900, a large
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commercial fishery was established, operating in coastal maand recipient populations were examined for supporting evi
rine waters and the lower Fraser. In 1913 and 1914, aburdence in three cases of putatively successful transplantation
dances of sockeye salmon populations in the upper Frasém the upper Fraser drainage.

and Thompson drainages were sharply reduced as the result

of rock dumping and rockslides at Hell’'s Gate that- ob

structed migration of adults through the Fraser canyon. Thdlaterials and methods

obstruction not only prevented the passage of most mature

adults but also skewed the sex ratio and worsened the condtollection of DNA samples and polymerase chain

tion of fish that did reach the spawning grounds to the extenteaction (PCR)

that many failed to spawn. Estimates of spawners reaching Sockeye salmon DNA was extracted from dry scales, or previ
tributaries of Shuswap Lake in the Thompson drainagé’USW coIIec_ted frozen samp_les stored at —20°C, or punc_hes _of
ranged from zero to several hundred, among which only on perculum tissue preserved in 95% thanoI for 29 populatlo.ns in
sixth were female (Ricker 1987). The effect of the slidesi® Fraser drainage and one population (Okanagan Lake) in the

. . ... _—Columbia drainage (Fig. 1). Approximately 5800 and 85 fish were
was compounded by continued high levels of eprOItatlon’sampled on the spawning grounds in the Fraser and Columbia

and the two combined may have “reduced the upriver rungainages, respectively. Between one and five brood years were
to a point dangerously close to extinction” (Ricker 1950). sampled from each population, with a maximum time span of-sam
Recovery of upper Fraser sockeye salmon began in thele collection for any one population of 14 years (Table 1). Micro
1920s for some populations but occurred as recently as theatellite loci were_ampliﬁed usin_g the PC_ZR conditions of Bee_tcham
1980s for others. Among the first to rebuild were late- €t al. (1998) and included the dinucleotide repe&atsy77(Morris

miaratin opulations in the Shuswap River svstem thaft al. 1996) andts3 (Banks et al. 1999) and the compound tetra
be?]efiteg ?ro[r)n end-of-the-season fisi?ery restri{:tions im nucleotide repeat®©ts100(Nelson et al. 1998)Dts103(Beacham
et al. 1998), andts107and Ots108(Nelson and Beacham 1999).

posed_ relatively quickly after the in(_jes. Populations in_ Wa pCR ofOmy77 Ots3 Ots100 Ots103 Ots107 andOts108was ae
ters tributary to the upper Fraser mainstem tended to migratgmplished with annealing temperatures of 48, 50, 57, 55, 48, and
earlier and did not increase in abundance until much lategeecC, respectively. Annealing times were 30 s ©my77 and

Rebuilding populations tended to maintain their historic mi-Ots100and 60 s for the other loci.

gration times, even when recovery was delayed by decades,

indicating that increasing abundances were based on imgg| electrophoresis and fragment analysis

proved survival of local fish, as opposed to mass straying pcRr products were size fractionated on 16 x 17 cm non-
and recolonization or successful transplantation. Howeveienaturing polyacrylamide gels run with 20 base pair (bp) ladder
synchrony of the dominant cycle year in the upper FraseDNA (Gensura Labs Inc., Del Mar, Calif.) (Nelson et al. 1998). We
drainage was lost, with some rebuilding populations develidentified alleles using a binning procedure (Gill et al. 1990).
oping dominance in each of the four possible cycle lines. Peaks in the allele frequency distributions were used to identify

The effect of reduced population sizes, and of the in_main alleles. Bin widths generally corresponded to the micro-

creased fish culture activities that thev enaendered. on thsatellite repeat units and were defined so that the modal size esti-
' uftu Vit y eng ! fhate for an allele was centered in each bin. Precision of estimation

genetic structure of sockeye salmon populations abovgs gjiele size was evaluated with a standard heterozygous fish run
Hell's Gate is largely unknown. An extensive transplant-pro on each gel for each locus. There were two loci for which the bin
gram underway in the Fraser drainage by 1900 was irtensividth was not simply the size of the repeat un@niy77 and
fied after the 1913-1914 rockslides. Between 1884 andts10Q. Ten alleles were defined &@my77ranging from 82 to
1934, approximately 85 million sockeye salmon eggs and18 bp, as were 17 alleles @ts3ranging from 72 to 105 bp and
395 million juveniles were transplanted within the Fraser, in 16 alleles atOts100ranging from 146 to 205 bp. Twenty-three al
cluding transplantation between the upper and lower water€les were observed &ts103ranging from 130 to 224 bp, as were
shed (Aro 1979; Williams 1987). Determination that the eight alleles aDts107ranging from 81 to 133 bp and 21 alleles at
transplants failed to increase sockeye salmon abundance |&fs108ranging from 110 to 192 bp.

to the program closure, although some transplant efforts in )

the upper Fraser continued (Aro 1979). Data analysis

Examination of the distributions of allele frequencies in latVanatuon In allele frequencies among brood years within popu

. . . ions, genetic differentiation among populations, and departures
extant populations can be used to detect historical bottleqom Hardy—Weinberg equilibrium by population were tested with

necks, even in the absence of historical allele frequency dat@eNEPOP version 3.1 (Raymond and Rousset 1995). Tests-of dif
(Luikart et al. 1998). In this study, we surveyed 29 Frasefferentiation among populations consisted of all pairwise compari

sockeye salmon populations and one Columbia population albons of allele frequencies with the dememorization number set at
six microsatellite loci and examined the data for a paucity 0fL000. Fifty batches were run for each test with 1000 iterations per
rare alleles that would indicate the occurrence of severe bobatch. Critical significance levels for simultaneous tests were-eval

tlenecks (i.e., effective population sizes as small as 20 indiuated using sequential Bonferroni adjustment (Rice 1989). The
viduals) during or after the 1913-1914 rockslides. We alsd-@valli-Sforza and Edwards (1967) chord distance was used-to es
examined upper Fraser sockeye salmon populations fer evjimate distance among populations. Valuesg (0) for each lo

d £l | s of het it d allelic di it cus were estimated with GENEPOP. Variance components for the
ence of fow levels of heterozygosily and allelic diVErSIty e ctg of populations and brood years within populations were es

that might be attributable to small population sizes and eX(imated with BIOSYS-1 (Swofford and Selander 1981). A hier
amined the relationship between genetic and geographic digrchical gene diversity analysis was conducted to assess geographic
tances for evidence of high levels of gene flow in rebuildingstructuring of genetic variation among the five geographic regions,
upper Fraser populations. Genetic distances between don®8 nursery lakes, and 30 spawning populations (Table 1).
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Table 1. Population, nursery lake, sample collection years, number of fish sampled per year, and total number
of fish sampled for 29 populations of Fraser River sockeye salmon and one Columbia River population
(Okanagan Lake).

Population Nursery lake Years Number Total
Lower Fraser
Pitt River Pitt 1986 145 145
Weaver Creek Harrison 1982, 1986, 1996 83, 135, 49 267
Chilliwack River Chilliwack 1996 59 59
Birkenhead River Lillooet 1992, 1995, 1997 99, 136, 48 283
Harrison River Harrison 1986, 1995 132, 27 159
Cultus Lake Cultus 1992, 1995 61, 69 130
Mid-Fraser
Portage Creek Seton 1986, 1995, 1997 98, 13, 115 226
Gates Creek Anderson 1986, 1992, 1995 91, 49, 60 200
Nahatlatch Lake Nahatlatch 1995, 1996, 1997 6, 106, 130 242
Upper Fraser
Nadina River Francois 1986, 1990, 1992, 1995 39, 12, 98, 15 164
Stellako River Stellako 1992, 1995, 1996 99, 143, 35 277
Chilko Lake (south) Chilko 1996, 1997 97, 102 199
Chilko River Chilko 1992, 1995, 1996, 1997 99, 60, 106, 119 384
Horsefly River Quesnel 1986, 1993, 1996, 1997 96, 97, 94, 95 382
Middle River Trembleur 1993, 1994, 1995, 1996, 1997 40, 11, 18, 36, 51 156
Tachie River Stuart 1994, 1995, 1996, 1997 29, 76, 96, 56 257
Kynock Creek Trembleur 1992, 1994, 1997 12, 74, 98 184
Forfar Creek Trembleur 1997 148 148
Gluskie Creek Trembleur 1997 149 149
Dust Creek Takla 1997 105 105
Thompson
Lower Adams Shuswap 1982, 1990, 1995, 1996 84, 34, 103, 97 318
Upper Adams Adams 1996 278 278
Lower Shuswap Mara 1983, 1986, 1990, 1996 30, 36, 24, 6 96
Middle Shuswap Mabel 1995 11 11
Eagle River Shuswap 1986, 1990 78, 75 153
Scotch Creek Shuswap 1994, 1995, 1996 100, 77, 112 289
Seymour River Shuswap 1986, 1996 143, 108 251
Raft River Kamloops 1996 101 101
Fennell Creek North Barriere 1996 200 200
Columbia
Okanagan Lake Okanagan 1997 85 85

The binning process described above to identify alleles likely re tively transplanted Fraser sockeye salmon populations and the
sulted in the occasional misclassification of alleles into adjacentdonor populations and examined the genetic variation within the
bins. For this reason, and because of the large numbers of fish sartransplanted populations to determine if genetic bottlenecks had
pled per population (generally 100+), we included only those al occurred. All three transplants were the result of recent (since
leles present at a frequency of 0.01 or greater in a test to determirk950) efforts involving donor and recipient populations in the up
if rare alleles were lost in Fraser sockeye salmon due to populatioper Fraser drainage. The recipient populations examined were Por
bottlenecks (Luikart et al. 1998). This test, based on the premiséage Creek of the mid-Fraser region just upstream of the Fraser
that rare alleles are lost disproportionately during bottlenecks, iganyon, Fennell Creek in the North Thompson drainage, and upper
generally carried out on populations represented by sample sizes gidams River in the South Thompson drainage (Fig. 1).

30-50 individuals (Luikart et al. 1998), in which most alleles at | 1950, a year in which the native Portage Creek fish were in
frequencies <0.01 would be undetected. In the present study, thgy apundance, approximately 300 000 eyed eggs from the lower
indication of a population that had lost genetic diversity due to angams River (Thompson drainage) were transplanted to Portage
recent bottleneck (effective breeding size of 20 or fewer individu creek and 193 000 lower Adams juvenile fish were released i An
als) was a lower abundance of alleles at frequencies between 0.Qdrson Lake, upstream of Portage Creek (Aro 1979). The extant
and 0.05 than at frequencies between 0.051 and 0.10 or sOMgeye salmon population of Fennell Creek, a tributary to North
higher allele frequency interval (Luikart et al. 1998). Allelic diver pgiriere Lake. was established after 1952 when dams in the
sity, the total number of_ alleles present in each population dividecEamere River’ system were removed. Between 1956 and 1960,
by 6 (the number of loci), was also calculated using alleles presenfy e three million Raft River sockeye eggs were transplanted into

at frequencies of 0.01 and greater. the Barriere River system, 490 000 of them into Fennell Creek in
1959 (Aro 1979). The upper Adams River sockeye population was
Transplanted populations exterminated by logging dams and poor adult returns during and

We assessed the genetic similarity between each of three putafter the 1913-1914 rockslides (Williams 1987). Sockeye salmon
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eggs and juveniles were transplanted between 1949 and 1980 f@ble 2. Precision of estimation of allele size (bp) (SD in paren
the upper Adams River and Adams Lake from Taseko Rivertheses) for standard heterozygous fish analyzed repeatedly at

(Chilko drainage), Seymour River (tributary to Shuswap Lake),each locus, with a single standard fish run once on each gel.
and Cayenne Creek (a tributary to the Momich River, which enters

Adams Lake close to the upper Adams River). The Cayenne CreeLocus N Allele size Range Allele size  Range
population, first observed in 1960, was itself likely establishedo,[S3 156 93.0 (0.22) 92-94 74.1 (0.24) 74-75
from the earlier transplants of Seymour and (or) Taseko eggs an 51 93.8 (0'54) 93-95 74'7 (0.48) 74-75

juveniles to Adams Lake (Williams 1987).
Omy77 138 115.6 (0.63) 114-117 104.1 (0.50) 103-106
65 103.9 (0.52) 103-105 90.7 (0.54) 90-92

Results 39 116.6 (0.81) 115-118 105.4 (0.82) 104-107
12 110.5 (0.67) 109-111 98.7 (0.49) 98-99

Precision of estimation of allele size Ots107 247 117.7 (0.60) 117-119 109.8 (0.60) 109-111

Standard deviations of the estimates of allele size for the 25 117.5(0.59) 117-119 109.6 (0.58) 109-111

heterozygous standard fish analyzed at each locus rang«Ots108 178 184.6 (1.19) 183-187 112.0 (0.54) 110-113
from 0.22 to 1.27 bp and increased with allele size (Table 2)0ts100 92 185.6 (0.95) 184-187 158.9 (0.77) 157-160
For the dinucleotide repeddts3 100% of estimated sizes 121 185.8 (0.79) 184-189 155.9 (0.59) 154-157
for the smaller allele of both standard fish fell within 2-bp 65 175.3 (0.75) 174-177 167.6 (0.68) 166-169
intervals. For the larger alleles, 98% (203/207) of the-estiOts103 273 212.4 (1.27) 209-215 174.9 (0.89) 173-177
mated sizes were captured by Z-bp bInS._ Although variatior Note: Between one and four standard fish, chosen to provide a range of
at Omy77should be based on a dinucleotide repeat, the pregjeie sizes, were used for each locdisis the number of gels for which
cision of estimation of allele size in standard fish did not en allele sizes for each fish were estimated.

able consistent differentiation of alleles differing in size by

2 bp (Table 2). Accordingly, adjacent alleles were binnedmigrating Chilliwack Lake population (Fig. 2, bar 1) and the
resulting in classification of alleles into 4-bp bins. Estimatedother was the late-migrating Cultus Lake population (Fig. 2,
allele sizes for standard fish at other loci fell within 4-bp in- bar 3).

tervals for alleles between 100 and 175 bp in size, except for

the Ots1037® allele, for which 98% (267/273) of the esti- Allelic diversity and rare alleles

mated sizes fell within a 4-bp bin. Estimated sizes of the Allelic diversity varied significantly both among regions
Ots100%¢ standard fish allele were captured in a 4-bp bin for(F3 20 = 6.93,P < 0.01) and between early and late popula-
98% (209/213) of measurements. FOts108%° estimated tions (Fy, = 25.28, P < 0.01) of the Fraser drainage
sizes fell within a 4-bp bin for 88% (156/178) of measure-(Fig. 2). Among regions, the mid-Fraser populations had sig-
ments and a 5-bp bin for 96% of measurements. The largestficantly fewer alleles per locus (6.95) than did the other
standard allele measure@ts103'2 was captured in a 4-bp three regions (7.78-8.04), but the mid-Fraser also was repre-
bin for 91% and in a 5-bp bin for 95% of 273 measure-sented by the fewest number of populations. Early-migrating
ments. These results supported the binning procedure useshckeye salmon populations had lower allelic diversity
with the bin width generally set at the size of the repeat unit(7.50) than late-migrating populations (8.26) (Fig. 2). The
The fact that alleles were occasionally misidentified -sup Chilliwack Lake (lower Fraser) and Gates Creek (mid-
ported the exclusion of alleles present at frequencies <0.0fraser) populations displayed the least allelic diversity, both

in the examination of the abundance of rare alleles. averaging 6.0 alleles per locus.
The proportion of rare alleles (those at estimated frequen
Genetic variation within populations cies of between 0.01 and 0.05 inclusive) within populations
also differed significantly among regiony,o = 4.54,P <
Heterozygosity 0.05) and between early and late populatioRg,( = 6.18,

All six microsatellite loci examined were polymorphic in P < 0.05). Upper Fraser populations had the highest propor
all populations surveyed. Mean observed heterozygosities biyons of rare alleles (0.44), mid-Fraser populations had the
locus over all 30 populations weemy7/ 0.75 (population lowest proportion (0.35), and rare alleles occurred at inter
range 0.58-1.0000ts3 0.60 (0.43-0.70)0ts1® 0.64 (0.44— mediate frequencies in lower Fraser (0.40) and Thompson
0.87), Ots1® 0.89 (0.50-0.94),0ts1(r 0.41 (0.17-0.62), (0.37) populations (Figs. 2 and 3). Early populations had a
and Ots1@® 0.80 (0.74-1.00). Mean heterozygosity over alllower proportion of rare alleles (0.38) than late populations
six loci ranged from 0.57 for the Columbia sample and(0.43), although this pattern was not evident in the mid-
Cultus Lake in the lower Fraser drainage to 0.75 in the lowelFraser for which the single late population (Portage Creek)
Shuswap population of the Thompson drainage (Fig. 2)was affected by transplantation.

There was no significant difference in mean heterozygosity Only the early Chilliwack Lake population of the lower
over all six loci among regionsF¢,, = 2.7, P > 0.05) or  Fraser displayed a “mode shift” in allele frequencies such
between early- and late-migrating populatiofs {,= 2.17,  that alleles at intermediate frequencies (0.051-0.100) were
P > 0.1) in the Fraser drainage. Mean observed heterozymore prevalent than rare alleles (Fig. 3). Cultus Lake, the
gosity for the six lower Fraser populations was 0.67, for theother lower Fraser population that exhibited low heterozy
three mid-Fraser populations was 0.69, for the 11 upper Fragosity, displayed a moderate level of allelic diversity (7.17)
ser populations was 0.67, and for the nine Thompson popwand the highest proportion of rare alleles (0.51) observed in
lations was 0.71. The two populations with the lowestthe study (Figs. 2 and 3). Similarly, most other populations
heterozygosity values were both from the Chilliwack Riverwith low levels of heterozygosity and (or) allelic diversity
system of the lower Fraser drainage. One was the earlyhad relatively high proportions of rare alleles. An exception
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Fig. 2. (A) Observed heterozygosity, (B) allelic diversity, and curred at one locus in eight populations, at two loci in five
(C) proportion of rare alleles for six microsatellite loci in populations, and at three loci in two populations. All five

sockeye salmon populations of four regions within the Fraser  populations that displayed no variation over time were late-
River drainage. Early-migrating populations are indicated by migrating populations from the lower Fraser (Harrison River

open bars and late-migrating populations by solid bars. and Cultus Lake), the upper Fraser (Stellako River), and the
Thompson (lower Adams and lower Shuswap rivers) re
A 80 gions. Samples from the lower Adams and lower Shuswap
e populations were those collected over the greatest time
2 - MR NNNnnn 1M spans (14 and 13 years, respectively). The allele frequency
2 60 I THH AN A nmn variation observed in the remaining populations occurred at
o all loci exceptOts3in both early- and late-migrating popula
N tions. Of the two populations in which significant variation
o 40 - I T T was observed at three loci, one (Seymour River) was charac
% terized by relatively few rare alleles, but the other
T 20 | i HHHHU HHHHH (Nahatlatch Lake) was not. Few populations were sampled
X twice in the same cycle year (4 or 8 years apart), but in
those that were, the allele frequency variation was as great
0 L Fraser M Fraser U Fraser Thompson within as between cycle years.

In spite of the observed low levels of temporal allele-fre
quency variation, genotypic frequencies at the six loci in
10 samples pooled by population were in Hardy—Weinberg

_ equilibrium. A significant departure from expected geno
8 1 ——— typic frequencies was observed only @ts108in Weaver
I T Creek sockeye salmon, providing no evidence of non-
6 - HHHHH amplifying alleles, inbreeding, or population admixture.
4 a H HHHHH
2 a H HHHHH
temporal variability at all loci, with the ratio of the variance
0 -~ components being 6.9, 51.5, 10.3, 2.8, 22.6, and 4.5 for
L Fraser MFraser U Fraser Thompson 577 Ots3 Ots10Q Ots103 Ots107 and Ots108 respec-
tively. The average ratio over all loci was 7.4. For compari-
0.6 sons of allele frequencies among populations and regions,
multiple samples from individual populations were pooled.

0.5 1 Considerable genetic differentiation was observed be
T nn r tween the single Columbia sockeye salmon population,
0.4 1 i, _ Okanagan Lake, and Fraser populations at all six loci
0.3 1 i 1 (Figs. 4 and 5). Allele frequency differentiation among the
' 29 Fraser sockeye salmon populations was less than between
0.2 - HHH u the Columbia and Fraser drainages, but most pairwise-popu
lation comparisons of allele frequencies at each locus were
0.1 1 HHH x significant @ < 0.0001).
0 Populations utilizing the same nursery lake, especially

those with similar migration times, displayed the greatest ge
L Fraser M Fraser U Fraser Thompson netic similarities. For example, the population at the south
end of Chilko Lake was not significantly different from that
was Gates Creek of the mid-Fraser in which allelic diversityof the Chilko River, which drains from the north end of the
was 6.0 and only 31% of alleles were rare (not shown)lake, at three of the six loci surv.eyed. Allele frequencies in
Sockeye salmon populations of the Thompson region tendetiie four early Stuart populations of Trembleur Lake
to have only a moderate level of allelic diversity and few (Kynock, Forfar, Gluskie, and Dust creeks) differed signifi
rare alleles in spite of relatively high heterozygosity. In thecantly in pairwise comparisons at only at two or three loci.
early-migrating Eagle and Seymour River populations, rarén the Thompson drainage, early-migrating populations us
alleles constituted only 30% of total alleles, and alleles aing Shuswap Lake as a nursery (Eagle and Seymour rivers,
frequencies between 0.051 and 0.10 were almost as commdérfotch Creek) had similar allele frequencies (Fig. 5).

o

Genetic variation among populations

Allele frequencies
Interpopulation differentiation exceeded intrapopulation

Alleles per locus

O

Proportion

as rare alleles (Fig. 3). Characterized by low allelic diversity (6.0) and a low pro
portion of rare alleles (0.31), Gates Creek sockeye salmon
Temporal variation tended to possess one or more alleles at each locus in atypi

For the 20 populations sampled in multiple years-(Ta cally high frequencies. Over 15 million sockeye salmon eggs
ble 1), significant annual variation in allele frequencies oc and juveniles were transplanted from the Birkenhead River
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Fig. 3. Numbers of alleles summed over six microsatellite loci by frequency class for early- and late-migrating sockeye salmen popula
tions in three regions of the Fraser River drainage.
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in the lower Fraser to Gates Creek and other sites within th@.045), whereas the mean pairwidestimate for the upper
Anderson-Seton drainage between 1915 and 1930 (ArBraser region was 0.022 (SD 0.016) and that for the Thomp
1979), but there is little evidence that these resulted irson region was 0.027 (SD 0.018). For the entire upper Fraser
introgression (Fig. 5). It seems likely that the low genetic di drainage (including the mid-Fraser, upper Fraser, and
versity and unusual allele frequencies of the Gates CreekKhompson regions of this study), in which sockeye salmon
population reflect founder effects and (or) subsequent gepopulations are believed to be derived from Cascadia, the
netic drift at small population sizes. mean pairwised value was 0.042 (SD 0.029).

The larger pairwisé estimates in the lower Fraser drain
Population structure age were partially a result of the relative distinctiveness of
Hierarchical gene diversity analysis of sockeye salmorthe Cultus Lake and Chilliwack River populations. The high
from the 30 spawning populations using 23 nursery lakes invalues for the mid-Fraser region were influenced by the fact
dicated that 94.6% of variation occurred within populationsthat of only three populations sampled, one was the highly
(Table 3). Variation among lakes within regions was thedistinctive Gates Creek population and another was Portage
greatest source of the remaining variation, accounting foffreek, which apparently has been altered by transplantation
more than twice the variation among regions and five timegrom the Thompson region (see below) (Fig. 5).
the variation among populations within lakes. The greatest A degree of regional structuring of population differentia
structuring among lakes within regions was observed ation was evident in the upper Fraser watershed. South
Ots100(5.8%) andOts107(4.3%). Thompson populations tended to form a relatively distinct
Greater differentiation was observed among populationgroup, with the early-migrating populations clustering in a
within the lower Fraser and mid-Fraser regions than withinwell-defined group 71% of the time in the 500 trees used to
either the upper Fraser or Thompson regions. The meacreate the consensus tree (Fig. 5). The Stuart—-Nechako
pairwise 6 for lower Fraser populations was 0.069 (SD drainage populations, consisting of four early Stuart, two
0.025) and that for the mid-Fraser region was 0.084 (SDate Stuart, and two Nechako populations (Stellako, Nadina),
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Fig. 4. Regional allele frequencies of sockeye salmon at six microsatellite No@S; the number of sockeye salmon sampled in each of

four regions within the Fraser River drainage.
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were homogeneous and distinct from the Horsefly populaln addition to the global comparison encompassing all 29
tion sampled from the Quesnel River drainage and from thé&raser populations, separate comparisons were maede be
two populations sampled from the Chilko River drainage. tween all populations upstream from the Fraser canyon
(upper Fraser including the mid-Fraser and Thompson popu
Isolation by distance lations), between all populations downstream from the Fra
The importance of geographic separation in accountinger canyon (lower Fraser), and between all pairs of upper
for genetic differentiation among populations was evaluate@nd lower Fraser populations.
by examining the correlation between pairwise lineariged  For all populations, the correlation betweénand gee
values and the pairwise distance (kilometres) between-popwgraphic distance was significant € 0.19, N = 406, P <
lations determined as the most direct river migration route0.01), but this was largely a result of comparisons between
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Fig. 4 (concluded.
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upper Fraser populations (Fig. 6). For upper Fraser drainage There was no correlation betwe@mnd distance for lower
populations only, the correlation betwe@mand distance was Fraser populations (= —0.11,N = 15,P > 0.05), largely due
significant ¢ = 0.21,N = 253, P < 0.01). The genetically to the genetic differentiation of the Cultus and Chilliwack
distinctive Gates Creek population accounted for 28 of thd.ake populations, both from each other and the remaining
29 observed values >0.10 (Fig. 6). With Gates Creek-ex populations. There was also no correlation betw8esnd
cluded, a larger correlation betweérand distance was eb distance for pairs of upper and lower Fraser populations
served for upper Fraser populatioms=0.61,N = 231,P < (Gates Creek removed:= 0.10,N = 131,P > 0.05), and the
0.01). The significant correlation between geographic andlegree of genetic differentiation between them was higher
genetic distances for sockeye salmon populations of théhan expected based on the relationship between genetic and
upper Fraser is consistent with regional structuring in thegeographic distances for upper Fraser sockeye salmon popu
dendrogram for these populations (Fig. 5). lations (Fig. 6). The mea® value between pairs of upper
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Fig. 5. Unrooted neighbor-joining tree outlining relationships of 29 Fraser River sockeye salmon populations and one Columbia River popula

tion. Bootstrap values at the tree nodes indicate the percentage of 500 trees in which populations beyond the node occurred together.
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Table 3. Hierarchical gene diversity analysis of 29 populations of Fraser River and one population of Columbia
River sockeye salmon for six microsatellite DNA loci.

Absolute diversity Relative diversity

Within Within Among populations Among lakes Among
Locus Total populations populations within lakes within regions regions
Oomy77 0.8117 0.7633 0.940 0.011* 0.037** 0.013**
Ots3 0.6408 0.6109 0.953 0.003 0.035** 0.008*
Ots100 0.7192 0.6592 0.916 0.002 0.058** 0.025**
Ots103 0.9113 0.8813 0.967 0.009* 0.019** 0.005
Ots107 0.4239 0.3988 0.941 0.008* 0.043** 0.009*
Ots108 0.9211 0.8677 0.942 0.009* 0.025** 0.025**
All 0.946 0.007* 0.035** 0.015*

Note: Values significant at the 0.05 and 0.01 levels are indicted by one and two asterisks, respectively. Regions, nursery lakes
within regions, and populations within lakes are outlined in Table 1.

and lower Fraser populations was 0.069 (SD 0.024). This ipopulations in the South Thompson drainage and less than
consistent with the suggestion that the upper and lower Frahalf the value between the upper Adams River and the
ser drainages were colonized by sockeye salmon from differChilko River, sampled from the same drainage as the more
ent glacial refugia, with the result that the actual geographidistant donor population, the Taseko River (Table 4). The
distance between pairs of upper and lower Fraser pepulaupper Adams population clustered most closely with the

tions has had little influence on their differentiation. Seymour population (Fig. 5), but significant allele frequency
differences between the two populations at all six lociindi
Transplanted populations cated that founder effects and (or) genetic drift have oc

A high degree of genetic similarity at microsatellite loci curred. The reestablished Fennell Creek population also
between the three pairs of donor and recipient populationslustered most closely with its donor population, Raft River,
reputed to have been reestablished or rebuilt by transplantalthough allele frequencies differed significantly between
tion was observed, supporting the contention of successfuhe two North Thompson populations at five of six loci.
transplantation in these instances (Table 4; Fig. 5). In-addi The Portage Creek sockeye salmon population was small
tion, the two sockeye salmon populations postulated to havbut extant at the time that lower Adams River eggs and-juve
been established entirely by multiyear transplantation disniles were transplanted to it. The high degree of genetie sim
played typical levels of intrapopulation variation, similar to ilarity between the Portage and lower Adams populations
the levels in the populations from which they were derived(Table 4; Fig. 5) indicates that replacement of or gene flow
(Table 4). into the Portage population occurred, but the degree of-intro

The pairwised value between the upper Adams River andgression is not known. Allele frequencies differed signifi
the nearby donor population, Seymour River (Fig. 1), wascantly between the Portage and lower Adams populations at
0.015, equal to the average value among sockeye salmamly two of the six loci examined, but the Portage popula
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Fig. 6. Relationship between pairwigkand pairwise distance for 29 populations of Fraser River sockeye salmon. Comparisons are be
tween the 23 populations upstream from Hell's Gate (blue diamonds), between the six populations downstream from Hell's Gate (pink
squares), and between pairs of upstream and any downstream populations (yellow triangles).
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tion possessed lower levels of heterozygosity, allelic diverto those of lower Fraser populations but also to those of
sity, and fewer rare alleles than did lower Adams sockeyesockeye salmon populations in the Nass River system of
salmon (Table 4). northern British Columbia (0.66) (Beacham and Wood 1999)
and in Barkley Sound on Vancouver Island (0.68) (Beacham
. . et al. 2000) surveyed at the same loci. Sockeye salmon pop
Discussion ulations of Cook Inlet, Alaska, surveyed at four different
The study provided little evidence to support the hypethe Microsatellite loci were less heterozygous (0.42) (Seeb et al.
sis that sockeye salmon populations of Fraser drainagé998). There was no difference in heterozygosity between
above the Fraser canyon have greatly depleted levels-of g€arly- and late-migrating sockeye salmon populations
netic variation due to bottlenecks during and after the 1913throughout the Fraser drainage.
1914 rockslides at Hell's Gate. Heterozygosity levels in up Rare alleles are lost more rapidly than heterozygosity as
per Fraser and Thompson populations were similar not onlyhe result of small population size (Nei et al. 1975;
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Table 4. Comparisons of the Cavalli-Sforza and Edwards (1967) (CSE) chord distance tsetdeen, and
heterozygosity, allelic diversity, and proportion of rare alleles within, putative donor and recipient transplant popula
tions of sockeye salmon in the upper Fraser River drainage.

Type Population CSE distance 6 Heterozygosity Allelic diversity Rare alleles
Donor 1 Chilko (Taseko) 0.019 0.044 0.665 8.5 23

Donor 2 Seymour 0.010 0.015 0.730 7.67 14
Recipient Upper Adams 0.717 7.33 15

Donor Raft 0.009 0.019 0.654 7.83 19
Recipient Fennell 0.691 7.83 17

Donor Lower Adams 0.005 0.003 0.751 8.5 21
Recipient Portage 0.709 7.67 15

Maruyama and Fuerst 1985). Nonbottlenecked populationsockeye salmon populations within major river systems
at or near mutation—drift equilibrium possess a large numbefWood et al. 1994; Wood 1995). This genetic differentiation
of alleles at very low frequencies, whereas bottlenecked popsupports the evidence from maintained migration time dif
ulations often display a mode shift distortion of allele-fre ferentials that the existing population structure of sockeye
guencies such that the proportion of alleles at amsalmon above Hell's Gate was not destroyed by the immedi
intermediate frequency exceeds the proportion of rare alate or long-term effects of the rock dumping and slides in
leles, even when heterozygosity levels are not detectably rel913-1914. However, the possibility that increased straying
duced (Luikart et al. 1998). Thus, it is possible to identify occurred among populations utilizing the same nursery lake
populations in which the effective size has become very lowcannot be eliminated. We observed limited genetic differen
even in the absence of data on historical population sizeBation among populations in streams tributary to the same
and allele frequencies. The absence of mode shift distortionursery lake, but some variation associated with migration
in the allele frequency distributions of upper Fraser sockeyd¢imes was apparent. This is consistent with other observa-
salmon populations indicated that these populations were ndibns that genetic differentiation among sockeye salmon
severely bottlenecked as a result of the 1913-1914 rockpopulations within lakes reflects differences in spawning be-
slides and dumping in the Fraser canyon. havior or timing (e.g., Varnavskaya et al. 1994; Burger et al.
Both allelic diversity and the proportion of rare alleles 1995).
were slightly, but significantly, reduced throughout the Fra- Rare alleles increase in abundance more rapidly than
ser drainage for early-migrating populations in comparisorneterozygosity increases in genetically depauperate popula-
with late-migrating populations. However, only the early-tions undergoing rapid expansion (Maruyama and Fuerst
migrating Chilliwack Lake population of the lower Fraser 1985). Many Fraser sockeye salmon populations rebuilt ex-
drainage displayed the mode-shifted allele frequency distritremely rapidly after recovery was initiated, with spawning
bution that would indicate the occurrence of a bottlenecknumbers increasing by 5- to 30-fold per generation (Ricker
(effective population size of 20 or fewer individuals) within 1987). Thus, rapid increases in abundance may have pre
the past century (Luikart et al. 1998), although the abunvented much loss of allelic diversity in populations that did
dance of rare alleles in some early-migrating upper Fraser become very small. Recovery tended to occur sooner, more
Thompson populations was also low. It is possible that lackapidly, and to a greater extent in late-migrating populations
of restriction on the fishery prosecuted in coastal and lowesuch as the lower Adams and lower Shuswap rivers. Thus,
Fraser waters after 1913-1914 resulted in excessive harvetste combined effects of less severe bottlenecks and more
of comigrating early Chilliwack Lake and upper Fraser pop rapid postbottleneck expansion may be responsible for the
ulations, but few populations upstream of the Fraser canyohigher allelic diversity exhibited by the late-migrating pepu
experienced a bottleneck of sufficient severity to purge dations.

high proportion of rare alleles. Genetic distances between pairs of sockeye salmon-popu
For the early-migrating upper Fraser sockeye salmon popations upstream and downstream of the Fraser canyon were
ulations, it is not clear whether the apparent lack of genetigelatively large and independent of the geographic distance
bottlenecks is due to the fact that population sizes did noseparating them. Upper Fraser — Thompson sockeye salmon
become as small as estimated after the rockslides, whethpopulations are also distinctive at mitochondrial DNA and
effective population sizes were bolstered by increased genalozyme loci (Wood et al. 1994; Bickham et al. 1995). This
flow among populations due to increased straying amongenetic differentiation has been attributed to independent
streams at low fish densities, or whether rapid expansion gbostglacial colonization, but the potentially confounding ef
population sizes once recovery was initiated prevented &ect of bottlenecks in the upper Fraser sockeye salmon-popu
great loss of allelic diversity. Certainly, there is no evidencelations during and after 1913-1914 had not been examined
of mass straying among populations of the upper Fraser angreviously. The lack of evidence for severe bottlenecks in
Thompson over the last 85 years. Upstream of the Frasdhe current study provides strong support for the theory of
canyon, genetic distance is correlated with geographie disindependent colonization. Moreover, both coh®n¢o
tance, and populations of major tributary watersheds (e.grhynchus kisutch and chinook salmon Cncorhynchus
Stuart—-Nechako, Quesnel (Horsefly), Chilko, North Themp tshawytschapopulations display concordant genetic discon
son, South Thompson) show the differentiation that typifiestinuities at the Fraser canyon (Small et al. 1998; Teel et al.
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2000). Thus, differentiation of the Fraser sockeye salmorald. C. Rathlef assisted in laboratory analysis of the samples.
populations may be part of a phylogeographic pattern due td. Candy assisted in some of the data analysis and figure
independent colonization of the upper and lower drainagespreparation. I. Williams determined the river distance be
The lower Fraser was likely colonized by sockeye salmortween all pairwise population comparisons. Funding was
entering from the river mouth, and the genetic heterogeneitprovided by the Department of Fisheries and Oceans.
of the region, reflected in a lack of correlation betweer ge
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