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EVIDENCE FOR SYMPATRIC GENETIC DIVERGENCE OF
ANADROMOUS AND NONANADROMOUS MORPHS OF
SOCKEYE SALMON (ONCORHYNCHUS NERKA)
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Nanaimo, British Columbia VIR 5K6, Canada
E-mail: woodc@pbs.dfo.ca

Abstract.—Anadromous and nonanadromous morphs of the Pacific salmon Oncorhynchus nerka spawn in close physical
proximity in tributaries to Takla Lake, British Columbia, yet differ in morphology, gill raker number, allozyme allele
frequencies, and reproductive traits. Both morphs are semelparous typically maturing at age four, the anadromous
morph (sockeye) at fork lengths of 38—65 cm and the nonanadromous morph (kokanee) at 17-22 cm. When reared
together, pure and hybrid morphs also exhibited different growth rates and maturity schedules. Collectively, these
large differences between the morphs confirm that sockeye and kokanee exist as reproductively isolated populations.
Average gene flow (m) was estimated to be 0.1-0.8% between morphs, 1.7-3.7% among tributaries for kokanee, and
0.3-5.6% among tributaries for sockeye. We conclude that divergence has occurred in sympatry and examine potential

isolating mechanisms.
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Genetic divergence, and ultimately speciation of sympatric
forms is theoretically possible if divergent selection is strong
relative to gene flow between the forms (Maynard Smith
1966; reviewed by Endler 1977). Many researchers (e.g.,
Mayr 1970; Futuyama and Mayer 1980; Templeton 1981)
considered that these prerequisites are too restrictive for sym-
patric speciation to occur commonly. However, Rice and Hos-
tert (1993) emphasized that multifarious, strong, discontin-
uous divergent selection coupled with pleiotropy can readily
lead to complete reproductive isolation between phenotypes
connected by gene flow. The requirement for pleiotropy may
be satisfied by positive assortative mating arising from seg-
regation by breeding habitat (Maynard Smith 1966; Rausher
1984; Rice 1984) or sexual behavior (Foote and Larkin 1988;
West-Eberhard 1989).

Despite strong theoretical and experimental support for the
genetic feasibility of ‘‘divergence-with-gene-flow” specia-
tion via pleiotropy (as defined by Rice and Hostert 1993),
few convincing examples have been discovered in nature. We
present evidence for the genetic divergence and reproductive
isolation of sympatric anadromous and nonanadromous
morphs of the Pacific salmon Oncorhynchus nerka. We argue
that this divergence has occurred in sympatry because the
requisite conditions for divergence-with-gene-flow exist, and
because parallel examples of divergence between sympatric
anadromous/nonanadromous pairs are observed in different
lake systems.

Oncorhynchus nerka is native to the north Pacific Ocean
and occurs both as the anadromous sockeye salmon and the
nonanadromous kokanee throughout most of its range (Burg-
ner 1991). Both morphs are semelparous, mature at 2-7 yr,
and excavate nests in gravel, typically in an inlet stream to
a nursery lake; juveniles of both forms rear in the pelagic

! Present address: Fisheries Research Institute, WH-10, Univer-
sity of Washington, Seattle, Washington 98195.

zone of the nursery lake. Sockeye salmon migrate to sea as
“smolts,”” typically in the spring of their second year, and
grow to maturity in the north Pacific Ocean, whereupon they
return to spawn in their natal stream (Foerster 1968). Kokanee
remain in the nursery lake until maturity, and like sockeye,
return to their natal stream to spawn (Vernon 1957; McCart
1970). Kokanee typically mature at a smaller size and often
at a younger age than sockeye, and sometimes show other
morphological (Ricker 1940), meristic (Nelson 1968b), be-
havioral (Foote and Larkin 1988), and genetic (Foote et al.
1989; Wood and Foote 1990; Foote et al. 1992) differences.

Sockeye and kokanee are sympatric in many watersheds
and in some cases they spawn in the same locations at the
same time (e.g., Foote and Larkin 1988). Most kokanee pop-
ulations are independently derived from sockeye populations
(e.g., Behnke 1972), a conclusion supported by the geograph-
ic distribution of sockeye and kokanee (Nelson 1968a) and
by evidence that nonanadromous O. nerka have appeared
following the introduction of sockeye to lakes barren of the
species (Ricker 1972; Scott 1984). The pattern of genetic
differentiation of sockeye and kokanee populations in British
Columbia suggests that the two morphs have diverged in
sympatry on numerous, independent occasions (Foote et al.
1989; Taylor et al. 1996).

We investigated the nature and stability of mechanisms
promoting the differentiation of the morphs by examining
genetic, morphological, meristic, behavioral, and develop-
mental differences between sockeye and kokanee spawning
sympatrically in five tributaries to Takla Lake, British Co-
lumbia. Given the remarkable homing ability of O. nerka
(e.g., Quinn et al. 1987), one might expect gene flow to be
greater between sockeye and kokanee spawning in the same
tributary than among demes of the same morph spawning in
different tributaries. However, Foote et al. (1989) demon-
strated biochemical genetic differences between the morphs
spawning in Narrows Creek, and Nelson (1968b) reported
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highly significant meristic differences between kokanee in
Narrows Creek and sockeye in another tributary, Gluskie
Creek. To our knowledge, these differences are greater than
reported between other sympatric morphs of the same species.
To determine whether the morphs are reproductively isolated,
we looked for consistent differences between sockeye and
kokanee at all spawning sites, and estimated gene flow be-
tween morphs within each tributary and among tributaries
within each morph using indirect procedures based on allo-
zyme allele frequencies.

Sockeye and kokanee likely experience very different se-
lective regimes for life-history and reproductive traits. We
looked for differences in age and size at maturity, fecundity
and egg size, and energy invested in reproduction. Juvenile
sockeye and kokanee probably compete for food at emer-
gence so that large egg size may be adaptive in both morphs
(Hutchings 1991). However, egg size can only be maintained
in kokanee through an extreme reduction in fecundity because
kokanee are smaller at maturity than sockeye. Because pre-
vious studies suggest that energy invested in reproduction by
anadromous salmon is negatively correlated with the distance
of upstream migration (Manzer and Miki 1986; Fleming and
Gross 1989), we predicted that kokanee would invest more
energy in gonads (as a percentage of body weight) than sock-
eye, which make one of the longest (1150 km) and most
arduous upstream migrations (710 m elevation) of any sock-
eye population.

Differences in body size at maturity also influence spawn-
ing behavior and we investigated several plausible prezygotic
isolating mechanisms that could limit gene flow between the
morphs. First we compared physical features (gravel size,
water depth and velocity) of spawning sites selected by each
morph to determine whether physical constraints associated
with body size lead to segregation by habitat within streams.
Second, we compared the timing and duration of spawning
activity to determine the extent of temporal isolation of the
morphs. Third, we assessed opportunities for interbreeding
under natural conditions within the same habitat by recording
the orientation behavior of male sockeye and kokanee to
nesting females of each morph.

Finally, we looked for direct evidence of divergent selec-
tion by rearing the progeny of pure and hybrid crosses under
controlled conditions to look for differences in survival, early
development, growth, and age at maturity that might jeop-
ardize the survival of hybrid progeny in the wild. Collec-
tively, our findings suggest a mechanism by which sockeye
and kokanee have diverged in sympatry to become incipient
biological species.

MATERIALS AND METHODS
Study Area

Takla Lake is a large oligotrophic lake (27,378 ha, max-
imum depth 287 m) situated in the northernmost part of the
Fraser River drainage (55°23'N, 125°50'W). This drainage
was covered by the Cordilleran Ice Sheet as recently as
15,000 yr BP (Clague et al. 1980) and Takla Lake was col-
onized within the last 10,000 yr by sockeye salmon that sur-
vived the Wisconsin Glaciation in the Cascadian refuge
(McPhail and Lindsey 1986; Wood et al. 1994). Takla Lake
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Fic. 1. Map of Takla Lake showing sampling locations. Arrow
indicates direction of flow.

is subdivided into prominent north, west, and south arms,
each fed by numerous tributaries that provide spawning hab-
itat for sockeye and kokanee.

We studied fish spawning in five tributaries with similar
widths (5-15 m) and water discharge (Fig. 1). Dust Creek is
a low gradient stream with sandy substrate throughout most
of the spawning area. The other tributaries, especially Shale
and Blanchett, are steeper and rockier with a wide assortment
of substrates for spawning.

There are no directed fisheries on kokanee in Takla Lake
but each year 60-70% of sockeye returning to Takla Lake
are harvested by fisheries in the ocean and the Fraser River
(Woodey 1987).

Sampling of Adults

Mature sockeye and kokanee were sampled in Narrows
Creek in 1983, 1985, 1988, 1989, and 1991; in Dust and
Shale creeks in 1988, 1989, and 1991; in Blanchett Creek in
1988 (sockeye only) and 1991; and Gluskie Creek in 1991.
Fish were collected with a beach seine, measured (fork
length), sexed, and classified as being sockeye or kokanee
according to their size, and as ‘‘unripe,” ‘‘ripe,” ‘‘partially
spawned,” or “‘fully spawned’’ using external attributes only
(see Foote 1989). Age was determined from scales and oto-
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liths (Bilton and Jenkinson 1968). Gill rakers were counted
on the first gill arch from the left side (Lindsey 1963) in
random samples of 30—40 mature fish of each morph from
Dust, Narrows and Shale creeks. Samples of skeletal muscle,
liver, heart, and eye tissues were collected on ice and frozen
within 4 h for genetic analysis. A gonadosomatic index (go-
nad weight/body weight) was calculated from random sam-
ples of ripe fish. Fecundity was determined in random sam-
ples of unspawned females by counting all eggs (for kokanee)
or a subsample of known weight (~400 eggs), divided by
the gonadosomatic index (for sockeye). Size of ripe eggs was
measured for individual females using two procedures: av-
erage fresh egg diameter was estimated by measuring three
independent rows of ten eggs per female to compensate for
the asymmetry of fresh eggs (Craig 1985); average egg
weight was determined from individual measurements of five
eggs per female after water hardening and preservation in
Stockard’s solution (Rugh 1952).

To quantify opportunities for interbreeding between
morphs, we recorded the number and morph type of males
orienting to nesting female sockeye and kokanee in Narrows
Creek. Females were selected randomly for instantaneous
sampling (Altmann 1974) in various parts of the creek during
5-9 August 1983 and 5-24 August 1991. Males within 1.5
m and exhibiting courtship behavior were recorded as ori-
enting to the female either as solitary, dominant, or sneak
males (details in Foote 1987). Characteristics of randomly
selected subsets of nests were compared by recording max-
imum nest depth; minimum, maximum, and typical gravel
size within the nest; and water velocity immediately upstream
of the nest.

Because sockeye and kokanee die after spawning, run tim-
ing can be determined from regular counts of live fish on the
spawning grounds (e.g., Cousens et al. 1982). We estimated
the number of kokanee spawning in Narrows Creek on dif-
ferent days by extrapolating approximate counts of kokanee
in the lower 2 km of the creek (where the vast majority spawn)
during 11-30 August 1982, the lower 1 km during 5-30
August 1983, the lower 0.5 km during 5-24 August 1991,
and more casual inspections during August in 1985, 1988,
and 1989. Weekly counts of live sockeye in the same years
are from J. C. Woodey (Pacific Salmon Commission, Van-
couver, BC).

Genetic Analysis

Liver, heart, retina, and skeletal muscle tissue samples col-
lected from mature fish were analyzed by horizontal starch
gel electrophoresis using procedures described by Aebersold
et al. (1987). Eighteen enzyme systems representing 35 loci
including five isoloci were screened in random samples of
both morphs in all streams (Table 1; nomenclature as in Shak-
lee et al. 1990; buffers, tissues, calculation of allele fre-
quencies, and tests for Hardy-Weinberg equilibrium as de-
scribed in Wood et al. 1994). Of the 35 loci, 33 are referred
to as ‘“‘nonselected”’ because they were screened without a
priori expectations of finding polymorphism. Rather they rep-
resent all loci for which reliable electrophoretic techniques
and scoring criteria were available when the study began in
1983, and hence can reasonably be treated as arandom sample

Frequencies of variant alleles at polymorphic loci in spawning sockeye and kokanee samples pooled over years from five tributaries to Takla Lake. Seventeen other
loci were monomorphic; these included ADA-2%, sAAT-1,2*%, sAAT-3*, GAPDH-4*, G3PDH-1,2*, mIDHP-1*, mIDHP-2*, sIDHP-1*, LDH-A1*, LDH-A2*, LDH-B1*, LDH-

C*, ME*, PEPA*, and PGDH*. Average heterozygosity calculated for 33 nonselected loci (excluding PEP-LT* and mAAT-1%).

TABLE 1.

SMEP-
1* sSOD*  MPI*
*95

ok
*118

sIDHP-
PEPC*

SAH*

*117

sMDH-

GPI- sMDH-
Bl1,2* Al,2* B1,2*

LDH-
B2*

mAAT-
1%

PEP-LT*

PGM-2*
*135 *90

PGM-1%*

ALAT*

Hetero- Mean
zygosity

*145

*63

*105

*85

*85 *132  *147 *65

*—80
0.033 89 0.743 0.204 0.000 0.689 0.136 0.000 0.000 0.000 0.130 0.000 0.007 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Blanchett 0.033 24 0.696 0.130 0.000 0.696 0.104 0.000 0.333 0.000 0.062 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

*166 *110

*91 *95 *108  *null

n

Creek

Morph

0.035 49 0.680 0.158 0.000 0.652 0.120 0.000 0.146 0.000 0.075 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.037 312 0.692 0.152 0.000 0.638 0.156 0.001 0.333 0.000 0.076 0.001 0.002 0.003 0.003 0.002 0.002 0.002 0.002 0.000 0.001 0.000
0.035 40 0.705 0.167 0.000 0.658 0.107 0.000 0.046 0.000 0.060 0.000 0.000 0.012 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000
0.035 514 0.701 0.164 0.000 0.654 0.141 0.00120.116 0.000 0.086 0.001 0.002 0.003 0.0042 0.0022 0.0022 0.0022 0.0012 0.000 0.0012 0.000
0.039 75 0.188 0.074 0.010 0.273 0.185 0.000 0.048 0.107 0.036 0.067 0.005 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008

Blanchett 0.030 27 0.089 0.018 0.000 0.375 0.161 0.000 0.152 0.022 0.022 0.000 0.000 0.036 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Narrows
Gluskie
Total

Shale
Sockeye Dust

Kokanee Dust

0.035 104 0.131 0.042 0.000 0.371 0.177 0.000 0.180 0.040 0.000 0.000 0.015 0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.035 255 0.143 0.042 0.000 0.437 0.185 0.000 0.037 0.000 0.063 0.000 0.007 0.008 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000
0.030 41 0.071 0.036 0.000 0.440 0.179 0.000 0.136 0.000 0.095 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.034 502 0.140 0.046 0.002° 0.405 0.182 0.000 0.095 0.031° 0.049 0.007 0.008 0.014 0.000 0.000 0.000 0.000 0.000 0.001* 0.000 0.001°

Shale
Narrows
Gluskie
Total
2 Allele observed only in kokanee.

b Allele observed only in sockeye.
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of protein-coding loci. Two additional loci (mAAT-1* and
PEP-LT*) were examined in the 1991 samples because these
loci were reported to be highly polymorphic in other sockeye
populations (e.g., Wood et al. 1994). Loci were defined as
highly polymorphic where the relative frequency of the com-
mon allele was less than 0.95. To be conservative, variation
at isoloci was assumed to exist at only one of the loci. Het-
erozygosity was calculated at each locus assuming Hardy-
Weinberg equilibrium (Nei 1978) and averaged over the 33
nonselected loci to estimate the average heterozygosity of
each morph in each tributary.

Likelihood ratio chi square tests were used to investigate
heterogeneity in allele frequencies among replicate samples
from the same site, among tributaries within morph, and be-
tween morphs within tributaries. Hierarchical gene diversity
analyses (Chakraborty 1980) were performed (using BIOSYS)
to determine the relative contribution of sampling year, trib-
utary, and morph to total genetic variation at the three most
polymorphic loci (sampled in all years). The average number
of migrants (Nm) between morphs within a tributary and
among tributaries within a morph was estimated using allele
frequencies at all 15 polymorphic loci and three indirect pro-
cedures described by Slatkin and Barton (1989). Methods 1
and 2 used different estimators of Fg; (Gsrand ) in pairwise-
comparisons of sockeye and kokanee samples from each of
five tributaries (10 demes in total) calculated by Slatkin’s
(1993) computer program. Method 3, based on the average
frequency of private alleles (p/1]), was used only with 1991
data for which sample sizes were comparable across samples
at all loci. A neighbor-joining tree (Saitou and Nei 1987) was
constructed from Cavalli-Sforza and Edwards (1967) chord
distances (using PHYLIP version 3.4, J. Felsenstein, University
of Washington, Seattle) based on allele frequencies at all 35
loci in samples pooled over years. This tree is preferred for
reconstructing salmonid phylogenies because of its superior
performance where lineages evolve at different rates and where
divergence is not a continuous process (Kim et al. 1993).

Experimental Crosses

Fertilization and Incubation

Gametes from spawning sockeye and kokanee were col-
lected in Narrows Creek on 14 August 1989 and transported
in coolers at about 2°C to an experimental hatchery within
30 h. The eggs were fertilized in 8.5°C water at the hatchery
to produce 18 independent families, five of pure sockeye (ps),
eight of pure kokanee (pk), and five of hybrid sockeye (Hs,
sockeye female X kokanee male). Embryos were incubated
in Heath trays at 8.4°C (range 8.2-8.5) and transferred (pond-
ed) into rearing tanks for exogenous feeding on 6 December
1989. To compare survival among cross-types, the number
of eggs in each family was counted at fertilization, at the
eyed stage (28 September 1989) after removing dead embryos
or unfertilized eggs, and again at ponding.

Rearing

Families of the same cross-type were combined into mixed-
family groups for rearing. Because of variable survival
among families, only three ps, four Pk, and five HS families
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were ponded to maximize the number of fish in each cross-
type while satisfying the condition that each family contribute
an identical number of progeny. To control for density and
tank effects, the ps and HS mixed-family groups were each
split between two 480-liter tanks; fewer progeny were avail-
able in Pk families (fecundity was much lower in kokanee
than sockeye) so the PK mixed-family group was reared in a
single 480-liter tank. On 20 February 1990, one tank of each
cross-type was culled to a standard “low’” density of 100 =
5 fry; the two additional tanks containing ps and HS mixed-
family groups were culled to a standard ‘“high” density of
300 = 15 fish. Water flow was adjusted to maintain identical
conditions in all tanks, with temperature at about 8.3°C (range
7.5-8.8) and dissolved oxygen levels > 6.0 mg/liter. Over-
head fluorescent lights provided illumination on a natural
photoperiod for 50°N latitude. Fish were fed food pellets
(Whitecrest brand) at a daily rate of 3.8% body weight ini-
tially, decreasing progressively to 1.0% by September 1991.

Measurement

To compare size and developmental stage among cross-
types at ponding (6 December 1989 = day 0), we measured
the standard length of three alevins from each of the 12 fam-
ilies with surviving embryos. We also measured the fork
length of all fish (18 P, 66 Hs, 54 ps) culled on 20 February
1990 (day 76). On 28 May 1990 (day 173), random samples
of at least 30 fish from each of the three low density tanks
were measured for fork length and marked individually with
PIT tags (Prentice et al. 1987). All fish in the low density
tanks were measured again on 18 December 1990 (day 377),
and marked by clipping the left ventral fin (Ps), right ventral
fin (PK) or left maxilla (HS) to permit identification of cross-
types, then transferred into two 1500-liter tanks such that
each tank contained equal numbers of each cross-type. On
16 January 1991 (day 406) the ps and Hs high density groups
were pooled and transferred to a 17,000-liter concrete channel
(together with other sockeye of the same size and age re-
sulting in a density of 140 fish/1500 liter) after measuring
fork length in random subsamples of 120 fish from each group
and marking the ps group with an adipose fin clip. Fish in
the low density group were killed from 3—17 September 1991
(days 640—654) at 2 yr and sampled for length, weight, sex,
maturity and gonad weight data. Fish in the high density
group maturing at age two were removed and sampled (as
above) from 17 September to 2 October 1991; all remaining
fish were killed and sampled on 17 July 1992.

It should be noted that comparisons among cross-types
after ponding do not take explicit account of possible family
effects, and strictly speaking, statistical tests refer only to
the experimental populations. Even so, pseudoreplication has
been minimized by ensuring that each family contributed
equal numbers of progeny to mixed groups, and controls exist
to rule out tank effects.

RESULTS
Differences between the Morphs in the Wild
Size and Age

Fork length distributions of spawning sockeye and kokanee
did not overlap; sockeye were always larger than 38 cm
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Fic. 2. Length (A) and age (B) distributions for sockeye and kokanee spawning in Dust, Narrows, and Shale creeks.

whereas kokanee never exceeded 22 cm (Fig. 2A). Both
morphs matured between age three and five, primarily at age
four (Fig. 2B). All sockeye examined had smolted in their
second year with age four sockeye having spent two winters
at sea. Age three female sockeye were so rare that we ob-
served only one fish (< 0.5%) among all female sockeye
examined. Age three female kokanee were more common,
accounting for 8% of female kokanee in pooled samples.

Sex ratios were not statistically different from 1:1 in either
morph, averaging 41% male in the pooled sockeye samples
and 47% male in the pooled kokanee samples (P > 0.05, x?
test). No significant differences in sex ratio were detected
among tributaries in sockeye (P > 0.73) or kokanee (P >
0.05).

Gill Raker Number

Mean gill raker number on the first gill arch was signifi-
cantly higher in kokanee (mean = 39.5, SD = 1.5) than in
sockeye (mean = 36.2, SD = 1.4) (P < 0.001, ANOVA, Fig.
3). Gill raker counts did not differ significantly among trib-

utaries in sockeye (P > 0.20, Kruskal-Wallis test) or in ko-
kanee (P > 0.50, ANOVA).

Biochemical Genetic Differences

Of the 35 loci assayed, six loci (ALAT*, PGM-1*, PGM-
2%, PEP-LT*, mAAT-1*, and LDH-B2*) were highly poly-
morphic, and 20 were monomorphic (Table 1). Average het-
erozygosity was similar in sockeye (mean 3.4%) and kokanee
(mean 3.5%); it was highest in sockeye from Dust Creek
(3.9%), and lowest in sockeye from Shale and Gluskie creeks
(3.0%). Genotype frequencies were significantly different
from Hardy-Weinberg expectations in only three of 54 tests
(P < 0.05 corrected for multiple comparisons). All deviations
involved a deficit of heterozygotes—at ALAT* in kokanee
from Dust and Narrows creeks in 1988, and at PEP-LT* in
sockeye from Gluskie Creek in 1991. No significant hetero-
geneity in allele frequencies was detected (P > 0.05) among
replicate samples within morphs from different years and
these samples were pooled.

Sockeye and kokanee samples from the same tributary dif-
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fered significantly in allele frequencies at each of the six
highly polymorphic loci (P < 0.001, Tables 1-2). These dif-
ferences were most obvious at ALAT* and PGM-1*. The al-
leles ALAT*100 and PGM-1*-100 were dominant in sockeye
whereas ALAT*91 and PGM-1*null were dominant, and
ALAT*95 was common, in kokanee. Significant heterogeneity
in allele frequencies was also detected among tributaries at
four loci in sockeye and at two loci in kokanee (Table 2).
The samples from Dust Creek accounted for most of the
heterogeneity in allele frequencies in both morphs.

Four rare alleles (PEP-LT*110, ALAT*108, sMEP-2*63,
and MPI*95 ranked in order of prevalence) occurred only in
sockeye (Table 1). All four occurred in, and three were unique
to Dust Creek sockeye. Seven rare alleles (sMDH-B1,2*65,
sAH*117, sAH*85, PEPC*105, PGM-2*166, sIDHP-2*118,
and sSOD*145) occurred only in kokanee; of these, five were
observed only in Narrows Creek, in part because sampling
was so intensive there. However, the same pattern was evident
in 1991 when sampling effort was more equitable among sites
and morphs: again four alleles were unique to sockeye (n =
251 sockeye), all four occurring in and three being unique
to sockeye in Dust Creek (n = 43); four other alleles were
unique to kokanee (n = 318 kokanee) of which three occurred
in, but only one was unique to, Narrows Creek (n = 72).
Kokanee and sockeye in Dust Creek did not share any of
these ‘“‘private. alleles” (as defined by Slatkin 1985) in sam-
ples from 1991, and shared only one (GPI-B1,2*132) in the
pooled samples. In contrast, kokanee in both Narrows and
Gluskie creeks shared two private alleles with sockeye in the
1991 samples—PEP-LT*90 at all sites and MDH-A1,2*147
at all sites except Gluskie Creek. Kokanee from Narrows
Creek shared two additional private alleles with sockeye in
the pooled samples—LDH-B2*85 in Dust Creek and GPI-
B1,2*132 in Dust, Narrows, and Shale creeks.

LDH-B2*
df

mAAT-1* PEP-LT*
df df

PGM-2*

PGM-1*
df

df

ALAT*

Comparison

TABLE 2. Results of likelihood ratio chi-square tests for heterogeneity of allele frequencies at the six most polymorphic loci. Significance levels not corrected for multiple

comparisons; NS (P > 0.05), * (P < 0.05), ** (P < 0.01), *** (P < 0.005).
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Between morphs within creeks:
Between morphs (creeks pooled):
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TaBLE 3A. Distribution of relative gene diversity at the three most
polymorphic loci.

Relative gene diversity

Source of variation ALAT* PGM-1* PGM-2* Combined
Between morphs 0.320 0.096 0.003 0.175
Among creeks within morph 0.008 0.004 0.001 0.005
Among years within creek 0.000 0.001 0.000 0.001
Within sample 0.672 0.899 0996 0.819
Total 1.000 1.000 1.000 1.000

Gene diversity analysis indicated that morph accounted for
more variation (17.5%) than either tributary (0.5%) or sam-
pling year (0.1%), especially at ALAT* (Table 3A). Estimates
of gene flow, expressed as the average number of migrants
(Nm) exchanged between sockeye and kokanee populations
each generation, ranged from 0.6—1.8 within Dust and Shale
creeks to 1.6—-40.5 within Narrows Creek (Table 3B). Esti-
mates of Nm among tributaries within morph were generally
higher, averaging 17.3-36.8 for kokanee and 2.6-55.9 for
sockeye. From our surveys, we judge that census populations
in each tributary exceeded 2000 individuals, so a reasonable
estimate of effective population size for each comparison is
N, = 1000 (Nunney 1993). Thus, average estimates of gene
flow expressed as a proportion of exchange (m) range from
0.1-0.8% between morphs, 1.7-3.7% among tributaries for
kokanee, and 0.3-5.6% among tributaries for sockeye.

The neighbor-joining tree illustrates the genetic divergence
of sockeye and kokanee (Fig. 4). It also reveals how sockeye
populations in the north arm (Blanchett and Shale creeks)
and the west arm (Dust Creek) have diverged from popula-
tions in the south arm (Gluskie and Narrows creeks). Kokanee
as a whole appear most closely related to sockeye populations
in the south arm (based on summed branch lengths), a pattern
that is consistent with estimates (from Method 3) of Nm be-
tween morphs within tributaries (Table 3).

Reproductive Characteristics

The average fecundity of sockeye (3149) was 22 times that
of kokanee (143) (Table 4). Fecundity did not differ signif-
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CHORD DISTANCE

L Dust K
0 0.05
Gluskie K
Shale K
Narrows K
Blanchett K
Dust S
Shale S
i Blanchett S
Narrows S
Gluskie S

Fic. 4. Neighbor-joining tree constructed from chord distances
using allozyme allele frequency data at all 35 loci. S = sockeye,
K = kokanee.

icantly among tributaries within either morph (P > 0.50,
ANOVA). Correlations between In(fecundity) and In(fork
length) were significant in sockeye (r = 0.50, P < 0.03) but
not in kokanee (r = 0.15, P > 0.35), presumably because of
the small range in body size.

Mean egg size was significantly larger in sockeye than in
kokanee (P < 0.001 both for preserved weight and fresh
diameter, ANOVA) but egg size distrbutions overlapped
broadly (Table 4). Mean egg size also differed significantly
among tributaries, being smaller in Dust Creek than in Shale
Creek both within sockeye (P < 0.01, ANOVA using egg
weight data) and kokanee (P < 0.005); comparisons among

TaBLE 3B. Estimated gene flow (Nm) using allele frequency data for 15 polymorphic loci and methods based on relative gene diversity
(Ggp), coancestry coefficients (6), and the average frequency of private alleles (p[1]). Method 3 based on 1991 data only for more

equitable sample sizes at each locus (Ng,mp = mean sample size).

Nm from estimates or Fgr

Method 3
Method 1 Method 2
Comparison (Gsp) Namp pll] Nm?
Between morphs within creeks:
within Dust 1.2 0.6 56.0 0.044 1.8
within Blanchett 1.3 0.7 23.5 0.022 9.2
within Shale 1.6 0.7 58.5 0.044 1.8
within Narrows 1.6 22 91.0 0.007 40.5
within Gluskie 1.2 0.6 42.0 0.012 15.2
Combined® 1.4 (0.2) 1.0 (0.7) 271.0 0.009 8.3
Among creeks within morph:
within kokanee® 33.3(38.0) 17.3(118.4) 54.8 0.007 36.8
within sockeye® 35.1(32.2) 55.9(103.8) 53.6 0.035 2.6

@ Using parameter estimates for Ngm, = 25 (Blanchett) or 50 (Dust, Shale, and Gluskie) given by Slatkin and Barton (1989), and correction procedure

(Slatkin 1985) for other samples (NsamP > 90).

bMean (and SD) of Nm from pair-wise comparisons for Methods 1 and 2; estimate for pooled samples for Method 3.
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91 Q e+ LN other tributaries (within morphs) were not significant (P >
8 a1 1=2=23138 0.10). Female length had no detectable effect on egg weight
g in kokanee (P > 0.15, F-test) or in sockeye (P > 0.08).
& P Mean gonadosomatic indices for ripe, unspawned females
S - § g 1222 B were slightly higher in sockeye (15.4%) than in kokanee
E ) (13.5%) (P < 0.04, Mann-Whitney test; Table 4). In contrast,
g 5 3 gonadosomatic indices for ripe, unspawned males were sig-
2 e g z|[9°28g voqy nificantly higher in kokanee (3.6%) than in sockeye (2.8%)
2 25 (P < 0.001, Mann-Whitney test).
s ||53
é _g —ED gl ne —asn Spawning Habits and Opportunities for Interbreeding

g L P s L e g
= 8; Sockeye and kokanee spawned in close proximity, typi-
g §0 5| cally within a few meters of each other, and redds were in-
Q MELE o | 3: DA termixed in all tributaries sampled. Where stream velocity
@ glZ|- -~ 77~ was high, sockeye often spawned in the main current and
= kokanee spawned near the margins of streams. In Narrows
E s |lmova moaa Creek, water velocity over nests averaged 0.71 m/sec for
@ - e mey sockeye (range 0.25-1.07 m/sec, n = 49) and 0.56 m/sec for
% kokanee (range 0.23-0.91 m/sec, n = 42) (P < 0.001, z-test).
~ Sockeye excavated much deeper nests in larger gravel than
i = 2 : g S cg 2 uNﬁ ;’3 3 kokanee. Redds averaged 8.6 cm in depth for sockeye (n =
& E - - - 17) compared with only 1.9 cm for kokanee (n = 12) (P <
8 3 0.001, r-test). Typical gravel averaged 4.1 cm in diameter in
8 §a floocon s~ sockeye nests (n = 31) and 2.1 cm in kokanee nests (n =
3 k= El2|rdee 2229 31). Similarly, the smallest and largest gravel averaged 1.3
2 '; cm and 10.3 cm, respectively, in sockeye nests compared
= § with 0.8 cm and 5.8 cm in kokanee nests (P < 0.001, z-test).
£ o zZ | 8886 S8&R Peak spawning activity in Narrows Creek occurred during
,%D z early August for sockeye and in mid-August for kokanee but
s 33 the spawning periods overlapped broadly (Fig. 5). The degree
§ ajgoaa aaaA of overlap varied from year to year depending on the relative
g 5 7|eecee eeee abundance of the two morphs. Run timing in Shale and Dust
g 2 creeks appeared similar to that in Narrows Creek in both
E E2|5|lonns aaoa 1988 and 1989. Each time we visited Shale and Dust creeks
- CElS|YTTTT e (18 August 1988, 12-13 August 1989, 7-22 August 1991),
g ;_? the sockeye run was past its peak, most individuals being at
% e O %0 o least partially spawned out, whereas the kokanee run was still
=4 Flo—ar Qaaao building as evidenced by the presence of spawning pairs and
2 large schools of unspawned fish.
kS Male sockeye typically oriented to female sockeye and
3 2188823 §§r§ male kokanee to female kokanee (Fig. 6). Despite extensive
‘g observation in both 1983 and 1991, male sockeye were never
2 > observed orienting in any way to female kokanee. In contrast,
g TI5192%9 1252 male kokanee were frequently observed as sneak males to
S Sl=|7~7— '38= sockeye pairs, and sometimes oriented to female sockeye in
0 = the absence of male sockeye. Thus, interbreeding probably
3 occurs between female sockeye and male kokanee (resulting
é z |QS8RK °28% in HS progeny), but there is no evidence that any occurs
§ between female kokanee and male sockeye.
— =
;’% . ‘§§ §'§ Comparison of Pure and Hybrid Morphs Reared Together
o .8 © = B
§§ & gé%‘é ‘iﬁ:%% Survival
gg Rz Anzu Both pure and hybrid families incubated under identical
O= conditions exhibited highly variable survival (0% to 99.6%)
< g ° ° probably as a result of variable fertilization success after the
m 8 = 2 > relatively long delay (24-30 h) between collecting gametes
ia’ g S % *é and subsequent fertilization at the hatchery. Virtually all mor-
=S = 2 tality during incubation occurred prior to the eyed stage (28
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Fic. 5. Typical spawning times of sockeye and kokanee based on approximate counts in Narrows Creek. Arrows indicate date of peak
spawning activity for sockeye (open) and kokanee (solid) in particular years; stippling indicates period when both morphs typically occur

together.

September 1989). Mortality between day O when the fry were
ponded and day 76 when densities in the tanks were reduced
was associated with a failure to feed and grow successfully
(“‘pinhead mortality’’). During this period, ps and HS progeny
exhibited higher survival (mean 96.5%) than PK progeny
(mean 73.0%) (P < 0.001, x? test). Survival between day 76
and day 377 was high, ranging from 95% to 100%, and did
not differ significantly among the cross-types (P > 0.25, x2
test).

Early Development and Growth

The standard length of fry at ponding largely reflected
initial egg size. Ps progeny were slightly larger than Pk prog-
eny, and HS progeny were intermediate (Table 5) indicating
that the morph of the male parent had a significant effect on
the standard length of progeny at ponding (P < 0.04 ANO-
VA).

Ps progeny grew faster and exhibited less variation in size
during the first year than Pk progeny. Fork length was greater
on average (P < 0.001 Mann-Whitney test), and less variable
(P < 0.002, Bartlett’s test) in Ps progeny than in PK progeny,
with HS progeny intermediate, at all sampling dates up to and
including day 377 (Table 5). The same differences in mean
length were evident in the subsample of pIT-tagged fish, and
in the high density Hs and Ps groups at day 406. By day 640
(age two), immature Hs and Ps progeny were no longer sig-
nificantly different in length (P > 0.20), but both were sig-
nificantly larger than the immature Pk (P < 0.03).

Maturation

Early maturation was highest in PK progeny, intermediate
in both tanks of Hs progeny, and lowest in both tanks of ps
progeny (P < 0.005, x? test). Small numbers of Pk (13%)
and HS (4%) but no ps males matured by day 377 (age one)
(Table 6). The proportion of fish maturing at age two in
September 1991 was also highest in PK progeny and lowest
in Ps progeny in both males (45% versus 0%, respectively)
and females (42% versus 0%) (P < 0.001, x2 test). Of the
surviving HS and PS progeny in the high density groups reared
for a third year, all matured except for 3.6% and 9.0% of Hs
and ps males, and 4.2% and 22.2% of Hs and ps females,
respectively.

Mature fish were typically larger than their immature sib-
lings because hormones associated with maturation increase
growth rate (Donaldson et al. 1979). However, length distri-
butions of pIT-tagged fish at days 176 and 377, prior to the
influence of maturation hormones, revealed that males des-
tined to mature at age two (day 640) were already larger on
average than males that would remain immature. Further-
more, PK males over a wide length range (140—-180 mm)
matured whereas only the largest Hs males (those > 174 mm)
matured (Fig. 7). No ps males in the low density group ma-
tured at age two despite the fact that average length was
significantly greater at day 377 in PS progeny than in Pk and
HS progeny.

Differences in maturation schedules complicated compar-
ison of length at maturity and gonad weight among cross-
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FiG. 6. Frequency distributions for the number of males orienting
to individual female kokanee (A) and female sockeye (B). In B,
male kokanee orienting to female sockeye in the absence of male
sockeye (solid area) are distinguished from those acting as sneak
males to a sockeye pair (hatched area). The type of progeny that
would result from each mating is indicated by cross-type symbols:
PK = pure kokanee; HK = hybrids from female kokanee; Hs =
hybrids from female sockeye; and ps = pure sockeye.

TABLE 5. Mean fork length (and standard deviation) of immature
progeny from experimental crosses at each measurement period. PK
denotes pure kokanee; Hs, hybrid progeny of female sockeye; and
ps, pure sockeye. Significance levels as in Table 2.

Age (days since ponding)

Cross
type 0 76 1732 3772 406° 6402
PK 214 40.6 84.9 152.4 — 245.1
0.5) . 4.0 (5.5) (12.5) (17.7)
HS 220 43.5 89.2 154.8 157.0 256.2
0.6) 3.4) (5.6) (14.5) (10.6) (25.1)
PS 223 46.4 91.4 156.9 158.7 249.6
(1.0) 2.2) (2.9) (10.0) (17.0) (21.4)
Significance:
Mean * ok kok ok k3k ok NS *
Variance NS kokk *kok ksk ok koK k *

2 Low density group.
b High density group.

C. C. WOOD AND C. J. FOOTE

TAaBLE 6. Proportion of progeny from experimental crosses ma-
turing each year by sex and cross type. Cross types as in Table 5.

Proportion maturing (%)

Cross - 1990 1991 > 1991
Sex type n (age 1) (age 2) (age 3+)
Male PK 45 13 58 29
HS 74 4 27 69
HS? 147 1 22 77
PS 31 0 0 100
ps? 140 0 3 97
Female PK 53 0 42 58
HS 61 0 10 90
HS? 147 0 7 93
PS 47 0 0 100
ps? 140 0 0 100

aReplicate high density groups; equal sex ratio assumed.

types in that only PK and HS progeny matured in 1991, and
only Hs and Ps progeny were available in 1992. Within these
limited comparisons, Hs progeny did not differ significantly
from pure cross-types in length at maturity (P > 0.05, ANO-
VA) or in male gonad weight (P > 0.30, ANCOVA with total
weight as the covariate). Cross-type had a highly significant
effect on maturing (but not fully developed) female gonad
weight in July 1992 (Hs > ps, P < 0.002, ANCOVA) but
only a marginally significant effect on mature gonad weight
in September 1991 (s > PK, P < 0.10). Gonadosomatic
indices were 13.1% and 15.1% for mature Pk and Hs females,

PK did not t
N : — id not mature
|
|
| [ matured
% 2 : /
w |
|
L o T T +H—r T T T ﬁ
© i
thresholds?
T | HS | /
o) ' :
= |
pd N
2‘ §
100 150 | 200

FORK LENGTH (mm)

Fic. 7. Length distributions on 18 December 1989 (day 377) for
individually marked males in progeny of experimental crosses
reared under identical conditions at standard low density. Hatched
areas denote males that matured at age two by 3 September 1991
(day 640); solid areas, males that did not mature. PK denotes pure
kokanee, Hs denotes hybrids from female kokanee; no pure sockeye
matured at age two.
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respectively, sampled in September 1991, and 3.1% and 2.4%
for maturing Hs and ps females sampled in July 1992.

DiscussioN
Divergent Adaptations in Sockeye and Kokanee

Sympatric sockeye and kokanee have been considered as
ecological phenotypes within a single, polymorphic popu-
lation (e.g., McCart 1970). This and allied studies (Foote et
al. 1989; Wood and Foote 1990; Taylor and Foote 1991; Foote
et al. 1992; Taylor et al. 1996) provide conclusive evidence
that sympatric sockeye and kokanee pairs are typically ge-
netically distinct and reproductively isolated. In Takla Lake,
differences between sockeye and kokanee spawning in the
same stream are much greater than those among samples of
the same morph spawning in different streams. Many of the
morphological and developmental differences appear to be
adaptations to anadromous versus nonanadromous life his-
tories.

Kokanee have significantly more gill rakers than sockeye
in Takla Lake and this difference has been stable for more
than two decades (see Nelson 1968b). Gill raker number is
heritable (Leary et al. 1985) and differences of this magnitude
are usually associated with ecological differentiation of
morphs (e.g., Lindsey 1981).

Sockeye grew more quickly than kokanee and exhibited
less variation in size as yearlings under controlled conditions
using broodstock from both Takla Lake (this study) and Shus-
wap Lake (Wood and Foote 1990). Fast growth would in-
crease size at smolting, thereby enhancing survival because
of strong size-selective mortality during seaward migration
and early marine life (Koenings and Burkett 1987; Henderson
and Cass 1991). This suggests directional selection for large
size and swimming performance in sockeye but not in ko-
kanee (Taylor and Foote 1991).

Although most sockeye and kokanee mature at age 4 in
Takla Lake, maturation observed at age one and two under
controlled conditions of accelerated growth was most prev-
alent in kokanee, intermediate in hybrids, and least prevalent
in sockeye. This implies that age of maturity is heritable but
influenced by different responses to growth among cross-
types. In fact, maturation appears to have been triggered in
fish that exceeded a minimum threshold length at a critical
stage of development where the minimum threshold was in-
herited (Fig. 7; also see Hankin et al. 1993). The lower min-
imum threshold length for maturation in kokanee compared
with sockeye is likely adaptive because kokanee cannot attain
a large size feeding on even the largest zooplankton available
in oligotrophic lakes. Similarly, a threshold response leading
to maturity at a young age and small size in anadromous hy-
brids would be maladaptive. Female hybrids would pay all the
costs of anadromy without fully exploiting the opportunity to
increase their size (hence fecundity and fitness) at sea.

Average fecundity in sockeye exceeds that of kokanee by
at least 20 times under natural conditions. We found no ev-
idence, either in nature or in the experimental crosses, to
suggest there are heritable differences in length-fecundity
relationships between sockeye and kokanee in Takla Lake.
In the wild, male kokanee invested more energy into gonads
relative to body weight than male sockeye that undertook
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arduous migrations, and female kokanee invested slightly less
energy into gonads than female sockeye. However, these dif-
ferences were not evident when the morphs matured at the
same size under controlled conditions. Thus differences ob-
served in nature probably result from differences in age and
size at maturity. This finding contradicts our prediction based
on negative correlations between fecundity and migration
distance reported for various sockeye populations (Manzer
and Miki 1986) and coho salmon (O. kisutch) populations
(Fleming and Gross 1989). However, consistent with this
prediction for sockeye, mean egg weight and fecundity (hence
gonad size) is smaller in sockeye from Takla Lake (and the
upper Fraser River in general) than in sockeye from the lower
Fraser River and other river systems (Wood and Foote 1990;
Burgner 1991; Beacham and Murray 1993).

Egg size tends to be positively correlated with body size
in most salmonids including sockeye (Foerster and Pritchard
1941). However, we failed to detect such a relationship within
morphs at Takla Lake. Sockeye eggs were always slightly
larger on average than kokanee eggs, but the size distributions
overlapped broadly. In fact, mean egg size differed less be-
tween the sympatric pairs in Takla Lake than in Babine and
Shuswap lakes, despite the fact that body size differed much
more between the pairs in Takla Lake than in the other lakes
(McCart 1970; Wood and Foote 1990). These results imply
that egg size differences between the morphs in Takla Lake
cannot be attributed merely to differences in body size. In
fact, egg size in kokanee appears to have been conserved
relative to body size, perhaps as an adaptation to feeding
conditions at fry emergence (Hutchings 1991). In the labo-
ratory, survival during the early feeding period was signifi-
cantly higher for pure and hybrid fry from sockeye eggs
(96.5%) than for fry from kokanee eggs (73.0%). This implies
a maternal effect probably related to egg size, even though
water-hardened sockeye eggs were only 15% heavier than
kokanee eggs.

Mechanisms Promoting Differentiation of Sockeye and
Kokanee

It seems remarkable that two morphs of the same species
can remain genetically distinct given that they spawn in the
same streams at roughly the same time, in close physical
proximity, and apparently interbreed to some degree. How-
ever, certain aspects of the life-history and mating behavior
of sockeye appear to promote sympatric divergence of anad-
romous and nonanadromous morphs. First, it is known that
in some situations anadromous sockeye produce nonanad-
romous progeny called ‘“‘residual sockeye (Ricker 1938;
Scott 1984). Residual sockeye are typically male and smaller
at maturity than anadromous sockeye because conditions for
growth are less favorable in fresh water than at sea (Kaeri-
yama et al. 1992). Second, sockeye mate assortatively by size
(Hanson and Smith 1967; Foote 1988) and by pleiotropy this
promotes positive assortative mating of anadromous versus
nonanadromous life-history types given concomitant differ-
ences in size at maturity (Foote and Larkin 1988; this study).
Finally, selection pressures must be very different for anad-
romous and nonanadromous morphs, and selection ought to
promote adaptation within morphs and divergent selection



