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Jacking in chinook salmon (Oncorhynchus tshawytscha) is
an alternative reproductive strategy in which males sexually
mature at least 1 year before other members of their year
class. We characterize the genetic component of this repro-
ductive strategy using two approaches; hormonal phenotypic
sex manipulation, and a half-sib breeding experiment. We
‘masculinized’ chinook salmon larvae with testosterone,
reared them to first maturation, identified jacks and immature
males based on phenotype, and genotyped all fish as male
(‘XY’) or female (‘XX’) using PCR-based Y-chromosome
markers. The XY males had a much higher incidence of
jacking than the XX males (30.8% vs 9.9%). There was no
difference in body weight, gonad weight, and plasma con-
centrations of testosterone and 17�-estradiol between the
two jack genotypes, although XY jacks did have a higher
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Introduction
Alternative male reproductive strategies have been docu-
mented in a wide range of animal taxa (Zimmerer and
Kallman, 1989; Roff, 1992; Lank et al, 1995; Gross, 1996).
Such alternative strategies may evolve if they have ident-
ical mean fitness and thus constitute evolutionarily stable
strategies (ESSs) in an evolutionarily stable state (ESSt)
(Gross, 1985; Leonardsson and Lundberg, 1986; Ryan et
al, 1992; Taborsky, 1998, 2001). The alternative is a con-
ditional strategy where individuals are forced to ‘make
the best of a bad situation’ to maximize their fitness
potential (Roff, 1992; Taborsky, 2001). The two
approaches differ fundamentally in terms of the genetic
component to the reproductive strategy: an ESSt involves
individuals with different genetic (heritable) components,
while a conditional ESS is determined by environmental
variation, and generally is not assumed to have a direct
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gonadosomatic index (GSI) than XX jacks. In the second
experiment, we bred chinook salmon in two modified half-
sib mating designs, and scored the number of jacks and
immature fish at first maturation. Heritability of jacking was
estimated using two ANOVA models: dams nested within
sires, and sires nested within dams with one-half of the half-
sib families common to the two models. The sire component
of the additive genetic variance yielded a high heritability
estimate and was significantly higher than the dam compo-
nent (h2sire = 0.62 ± 0.21; h2dam = −0.14 ± 0.12). Our experi-
ments both indicated a strong sex-linked component (Y-
chromosome) to jacking in chinook salmon, although evi-
dence for at least some autosomal contribution was also
observed.
Heredity (2002) 89, 311–317. doi:10.1038/sj.hdy.6800141

genetic component (Leonardsson and Lundberg, 1986;
Chan and Ribbink, 1990; Roff, 1992; Ryan et al, 1992; Hut-
chings and Myers, 1994; Gross, 1996; but see Gross and
Repka, 1998). Surprisingly, few of the numerous pub-
lished reports of alternative male reproductive strategies
provide genetic data (Lank et al, 1995; Taborsky, 2001),
despite the potentially pivotal role a genetic component
could play in the evolution of such strategies.

Alternative male reproductive strategies are very com-
mon in fish (see Roff, 1992; Taborsky, 1998). One example
is precocious sexual maturation (‘jacking’) in male Pacific
salmon (Gross, 1991; Heath et al, 1991; Foote et al, 1997;
Healey and Prince, 1998). Chinook salmon, Oncorhynchus
tshawytscha, spawn in fresh water where the juveniles
rear for 6–18 months before migrating to the ocean. Sex-
ually mature fish return to their natal streams to repro-
duce 1 to 7 years later (Hard et al, 1985; Healey, 1991).
Male chinook salmon may exhibit an alternative repro-
ductive strategy and return to reproduce at least 1 year
before other fish in their age class (ie, precocious sexual
maturation). The incidence of ‘jacking’ in chinook salmon
ranges from 10% to over 90% among populations (Hard
et al, 1985; Healey, 1991; Heath et al, 1991; DD Heath,
unpublished data). Jacks are characterized by reduced or
absent secondary sexual characteristics, small body size,
and mating behavioral differences (ie, ‘sneak’ mating;
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Gross, 1985; Healey and Prince, 1998). Jacking has been
successfully modeled as an ESS in coho salmon (Gross,
1985; Roff, 1992), but one of the fundamental assump-
tions of such models is the presence of a genetic compo-
nent to the trait (Gross, 1985; Leonardsson and Lundberg,
1986; Hutchings and Myers, 1994). More recently, con-
ditional ESS models for alternative male reproductive
strategies in salmonids have been proposed that do not
assume a direct genetic component (Gross, 1996; Foote et
al, 1997).

There have been a few reports on the genetic nature of
alternative male reproductive strategies in fish (eg,
Naevdal, 1983; Taborsky, 2001). Interestingly, an appreci-
able number of the studies identified some level of sex-
linkage contributing to the strategies (Kallman et al, 1973;
Kallman, 1983; Zimmerer and Kallman, 1989; Erbelding-
Denk et al, 1994, but see Kolluru and Reznick, 1996). In
Pacific salmon (Oncorhynchus spp.), only a handful of
published studies have examined the genetic component
to jacking, although an analogous phenomenon
(‘grilsing’) in Atlantic salmon, Salmo salar, has been better
characterized (eg, Naevdal, 1983; Gjerde, 1984). Iwamoto
et al (1984) reported a significant sire effect on jacking
in coho salmon, Oncorhynchus kisutch, while an additive
genetic component to jacking in chinook salmon has been
demonstrated using both traditional breeding and mol-
ecular genetic methods (Heath et al, 1994a, 1994b; Mous-
seau et al, 1998). None of those studies were designed to
detect possible sex-linkage, although Heath et al, (1994a)
did speculate on this possibility in chinook salmon.

We describe here two experiments designed to test
whether jacking in chinook salmon is male sex-linked (Y-
chromosome linkage) and to estimate the heritability of
the trait. The first experiment involved rearing pheno-
typic males that were genotypically either male or female
(ie, XY or XX), to first sexual maturation and then com-
paring jacking rates between the two genotypes. The
second experiment consisted of a modified half-sib breed-
ing experiment (54 families) designed to estimate male
and female additive genetic components for jacking. If
jacking in chinook salmon has a Y-linked component we
would expect to observe higher sire-based additive gen-
etic variance for the jacking trait; furthermore, Y-linkage
may also lead to increased jacking rates in XY genotype
fish. If both effects were observed, it would represent
strong independent lines of evidence for Y-linkage and
would thus have important implications for the interpret-
ation of the evolution of alternative male reproductive
strategies in salmonids.

Materials and methods

Experiment 1 (hormonal sex manipulation)
Four sexually mature 3-year-old female and four sexually
mature 2-year-old male (‘jack’) chinook salmon were ran-
domly selected from broodstock held at Yellow Island
Aquaculture Ltd (YIAL), a commercial salmon farm near
Campbell River on Vancouver Island, BC. The fish were
spawned on 26 October 1995 and the eggs from each
female were fertilized with milt from one of the males
in a one-to-one breeding design. All fertilized eggs were
combined and incubated at 10°C in a vertical-stack incu-
bation tray. The four families were used because of
known large variation in jacking rate among families

(Heath et al, 1994a), and to protect against possible
whole-family loss. Blood samples were taken from all
parents for later DNA extraction and analysis. Develop-
mental stage in juvenile salmonids is typically quantified
as the number of accumulated temperature units (ATUs).
Surviving eggs were counted at approximately 250 ATUs
and approximately 4000 live eggs were retained (1000
from each family). All fish used in this study were mascu-
linized using a modification of the protocol described by
Hunter et al (1983). Briefly, the newly hatched larvae were
immersed in a re-circulating, oxygenated bath treatment
of 17 �-methyltestosterone (400 �g/L) for 2 h. The bath
treatment was applied twice, once at 520 ATUs and a
second treatment at 620 ATUs. We did not apply the sug-
gested feed treatment due to unacceptably high levels of
sterility observed in previous trials; the modified protocol
has been found to masculinize approximately 60–80% of
female chinook salmon (DD Heath, unpublished data).
Larvae were reared at 10°C in the incubation tray until
they began exogenous feeding, after which they were
reared in a 3000 L tank at 10°C. Fish were transferred to
a 1000 m3 seacage on 17 June 1996, and reared following
standard commercial rearing protocols.

In September 1997, the experimental fish were sorted
into sexually mature and immature groups based on sec-
ondary sexual characteristics. Within captive chinook sal-
mon populations, jacks are typically larger than non-mat-
uring fish (but smaller than older sexually mature fish),
and also have darker skin color (Heath et al, 1991). All of
the sexually mature fish (n = 267) were euthanized and
a blood sample taken. The first 204 immature fish col-
lected were also euthanized and sampled for blood. The
blood was centrifuged and the plasma and packed blood
cells were separated and frozen (−30°C) for subsequent
hormonal and DNA analysis. All euthanized fish were
dissected and the gonads inspected and weighed to
determine phenotypic sex and confirm maturation status.
The remaining immature fish (n = 1261) were counted
and a fin clip was taken and stored in ethanol for DNA
analysis.

Genotypic sex was determined using the PCR-based Y-
chromosomal markers described by Devlin et al, (1991,
1994) and Du et al, (1993). DNA was extracted from the
blood samples from the parent fish (n = 8) and all euthan-
ized offspring fish (n = 471), and from the fin clips taken
from remaining offspring fish (n = 1261), using a standard
proteinase K digestion method (Devlin et al, 1991). The
first round of PCR genotype sex testing used published
primer sequences (Devlin et al, 1994) and a standard ther-
mal cycler protocol (1 min × 94°C denature cycle, 1 min
× 52°C annealing cycle, and 45 sec × 72°C extension cycle)
for 35 cycles. Reactions contained 1 �l of the extracted
DNA, 0.5 �l of each primer (100 ng/�l), 2.5 �l of the 10 ×
reaction buffer (Gibco-BRL), 1.5 �l of 25 mM MgCl2, 1.0
U Taq polymerase (Gibco-BRL), and ddH2O to make up
a 25 �l volume. All PCRs were visualized on 1.8% aga-
rose gels stained with ethidium bromide. Fish were
classified as either genotypic males (‘XY’) or genotypic
females (‘XX’) based on the presence or absence of a Y-
specific 209 bp fragment (Devlin et al, 1994). This determi-
nation was made without reference to phenotypic sex. All
fish that were judged to have ambiguous fragment size
patterns were run a second time to confirm genetic sex
using the Y-specific PCR sex probe described in Du et al,
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times with each marker.

Plasma concentrations of testosterone and 17�-estra-
diol were measured for 69 of the jacks (35 XX; 34 XY),
and for 65 of the immature fish (32 XX; 33 XY). These
assays were included to test for phenotypic differences
between the XX and XY males. Fish in these subsamples
were chosen to reflect the observed range of body
weights in the full sample (subsample mean weight did
not differ from full sample, P � 0.15). Plasma testosterone
and 17�-estradiol concentrations were determined using
commercially available competitive-binding radioimmu-
noassays (DiaSorin, Stillwater, MN, USA). The sensitivity
of the estradiol RIA is below 5 pg/mL and below 0.06
ng/mL for the testosterone assay. The estradiol assay has
no significant cross-reactivity (�1%), while the testoster-
one assay has an approximately 10% cross-reactivity
with nortestosterone.

Since the jacking rate in the XX fish is dependent on
the number of XX fish that have been successfully mascu-
linized, we determined the frequency of masculinization
in the XX fish within the euthanized group. We then cal-
culated the number of masculinized XX fish in the non-
euthanized group by multiplying the number of XX fish
by the frequency of masculinization in the XX fish. Differ-
ences in overall maturation rate (‘jacking rate’) for the
XX and XY fish were tested using Pearson’s chi-square
analysis. Differences between XX and XY genotype fish
in total weight, gonad weight, gonadosomatic index (GSI
= [gonad weight/total weight] × 100%), testosterone, and
estradiol were tested within jacks and immature fish
using one-way ANOVA. Total weight differences
between jacks and immature fish were also tested using
one-way ANOVA.

Experiment 2 (breeding experiment)
Seventy-six parent fish (38 sires, 38 dams) were artifici-
ally spawned on 23 October 1997 at YIAL. Half of the
parental fish were from YIAL stock, the other half were
from the Big Qualicum River stock. All parental fish were
aged 3 years (based on body size only for the Big Qual-
icum stock), ie no jack sires were used. A replicated par-
tial diallel-cross mating design (2 sires × 2 dams) was
used to generate a total of 76 crosses (‘families’). Families
were reared in separate incubation compartments and
transferred to 200 L rearing tanks 29–30 January 1998. Fry
were maintained indoors under dim artificial light
(initially 10 h light: 14 h dark, increasing to 15 h light: 9
h dark by late April) and hand-fed commercial feed mul-
tiple times per day.

Fish were nose-tagged with an automatic tagging unit
(Northwest Marine Technology, Shaw Island, WA, USA)
in May, 1998. The nose-tags were colour coded with each
family assigned a unique code. The fish were sub-
sequently transferred to YIAL’s saltwater holding facili-
ties on 6 July 1998 (256 days post-fertilization). All famil-
ies were housed together in a 500 m3 seacage until 6
January 1999 when they were transferred to a full-size
seacage (1000 m3) where they remained for the rest of the
study. Fish were hand-fed to satiation with commercial
feed twice per day.

In July 1999 (approximately 20 months post
fertilization) a random sample of 742 fish was euthanized
and their nose tags recovered and de-coded. In Sep-
tember 1999, all surviving fish were counted and sorted
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into mature (jacks) and immature groups. All jacks were
euthanised and their nose tags retrieved and decoded.
The number of jacks within each family was determined
by direct count. The number of immature fish in each
family was estimated by multiplying the proportion of
immature fish in each family (based on the 742 sampled
fish) by the total number of immature fish in the experi-
ment (n = 1653).

Heritability was calculated using the threshold trait
analysis described in Roff (1997): jack vs non-jack
(immature) phenotype was scored as 0 and 1, and
ANOVA was used to estimate mean squares. Two mod-
els were used, one with dams nested within sires for an
estimate of �2

sire and one with sires nested within dams
for an estimate of �2

dam. Both sire and dam were random
effects within the model, and analyses were performed
using Systat version 7.0.1 (SPSS 1997 Inc). A subset of
the available families were used for heritability esti-
mation to avoid having half-sib families present across
nested groups (36 full-sib families for both the dam
nested within sire model and for the sire nested within
dam model with 18 full-sib families in common). We
refer to our design as an overlapping nested model, since
half of the full-sib families were included in both the
ANOVA models (total number of families = 54). We
chose the non-nested parent (either sire or dam) to be
YIAL stock, since YIAL stock was used for Experiment
1. Estimates of heritability were corrected for liability
scale and standard errors were calculated following
Roff (1997).

Results

Experiment 1 (hormonal sex manipulation)
The female parental fish were found to have the XX geno-
type using both markers in all replicates. Three of the
four male parents were found to have the XY genotype
for both markers in all replicates. One putative male par-
ent was found to have an ambiguous genotype using the
first marker (Devlin et al, 1994), but was found to have
an unambiguous XX genotype using the second marker
(Du et al, 1993). Closer inspection of the results from the
first marker for this fish showed the absence of the male-
diagnostic 209 bp fragment, indicating that this male par-
ent was genotypically female. The origin of this anomal-
ous parental fish is likely to have been production stock
used at our collaborators’ commercial salmon farm site
where masculinized female fish are used as broodstock.

The jacking rate for the masculinized XX fish was 9.9%,
while 30.8% of the XY fish jacked (Table 1). The jacking

Table 1 Categories of chinook salmon offspring from Experiment
1 (hormonal sex manipulation) by genotypic sex (XX and XY) and
by maturation status (jacks and immature fish)

Male phenotype Female Total
phenotype

Mature – Jack Immature

Genotypic females 83 749 306 1138
(XX)
Genotypic males 184 410 – 594
(XY)
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rate for the XY males was significantly higher than for
the XX males (P � 0.0001). The overall genotypic sex ratio
of the study fish was 65:35 females to males (1138 XX,
594 XY; Table 1). The masculinization rate for the XX fish
(not including jacks) was estimated to be 71% (114 of 161
XX immature fish had the male phenotype). Thus, the
total estimated number of masculinized XX fish (not
including jacks) was 749 (71% of 1055), with 306 fish (29%
of 1055) estimated to have the female phenotype (Table
1).

The XX jacks were larger than the XY jacks, but the
difference was not significant (P � 0.05; Figure 1a), nor
was there a significant difference in weight between the
XX and XY immature groups (P � 0.10; Figure 1a). Pre-
vious work has shown that jacks have significantly larger
body size than immature fish in the same cohort (Heath
et al, 1991), our data showed a similar pattern (XX and
XY jacks were significantly heavier than immature males;
P � 0.001; Figure 1a). There were no significant differ-

Figure 1 Physical measurements on four classes of chinook salmon;
sexually mature (jack) XX and XY males and immature XX and XY
males. Measurements include; (a) total weight, (b) testes weight,
and (c) Gonodosomatic index (ratio of testes to total weight). Error
bars represent 1 SE, and ns = not significant (P � 0.05), **P � 0.01.

ences between the XX and XY males in either maturation
group for testes weight (P � 0.10; Figure 1b). The XY
jacks had a significantly higher GSI than the XX jacks (P
� 0.01; Figure 1c); the mean GSI of the XX jacks was 10.5
± 0.21 (± 1 SE), while the XY jack mean GSI was 11.7 ±
0.14. There was no significant difference in GSI between
the immature XX and XY males (Figure 1c).

Mature fish had greatly elevated levels of plasma tes-
tosterone and estradiol. The mean plasma concentration
of estradiol for the XX jacks was 0.095 ± 0.006 ng/ml, and
0.112 ± 0.009 ng/ml for the XY jacks. Estradiol was very
low in immature XX and XY males (0.003 ± 0.001 ng/ml
and 0.006 ± 0.001 ng/ml, respectively). The mean plasma
concentration of testosterone for the XX jacks was 10.8 ±
1.1 ng/ml, and 11.3 ± 1.1 ng/ml for the XY jacks. Testos-
terone was also low in the non-mature XX and XY males
(0.44 ± 0.22 ng/ml and 0.73 ± 0.46 ng/ml, respectively).
There were no significant differences between the XX and
XY males within either the mature (jack) or immature
groups for testosterone or estradiol (P � 0.10).

Experiment 2 (breeding experiment)
A total of 291 jacks and 1653 immature fish were present
at the end of the experiment, for an overall jacking rate
of 15.0%. Although these fish were not sex genotyped,
they represent offspring from a large number of parental
fish taken from YIAL production fish. Previous genotyp-
ing data for the YIAL production fish yielded a sex ratio
of 48.5% (Heath et al, 1994a), based on that sex ratio, the
estimated male-specific jacking rate is approximately
30%. The jacking rate varied considerably among families
(range 0–41%; Figure 2). Sire and dam components in
both ANOVA models were highly statistically significant
(Table 2). The dams nested within sire model explained
22.2% of the total variance, while the sires nested within
dams model explained 16.5% of the total variance. Herita-
bility estimates reflected a strong sire bias:
h2sire = 0.62 ± 0.21; h2dam = −0.14 ± 0.12 after correction for
the liability scale calculation. Heritability estimates based
on the nested terms reflected a similar pattern
(h2sires{dams} = 0.68 ± 0.25; h2dams{sires} = 0.12 ± 0.09), but inter-
pretation is not straightforward because of confounding
environmental, maternal, and dominance effects in the

Figure 2 Total jacking rates (percent) for 54 families of chinook sal-
mon used in heritability calculations, arranged in ascending order.
Total number of fish per family varied considerably, with a mean
total number of 26 (9–46).
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Table 2 Nested ANOVA results from Experiment 2 (breeding
experiment) using two models for sire and dam effects on jacking
rates in chinook salmon

Source Sum of d.f. Mean-square P
Squares

Dams nested within sires:
SIRE 11.4 17 0.673 �0.00001
DAM {SIRE} 2.01 18 0.114 0.04
Error 53.1 906 0.059

Sires nested within dams:
DAM 6.6 17 0.385 �0.00001
SIRE {DAM} 12.1 18 0.672 �0.00001
Error 104.2 909 0.115

nested terms (Roff, 1997). All of our heritability estimates
are significant, based on Roff’s (1997 p 46) recommen-
dation that ANOVA significance should outweigh a con-
fidence interval that encompasses zero for heritability.

Discussion
Precocious sexual maturation in chinook salmon is found
only in male fish (Hard et al, 1985; Healey, 1991; Heath
et al, 1991, 1994a). There are two (not mutually exclusive)
genetic mechanisms for such an association between
phenotypic sex and jacking: (1) jacking genes are present
in both sexes, but have male limited expression, and/or
(2) jacking genes are sex-linked. The results from our two
experiments provide compelling evidence for a sex-
linked component to jacking in chinook salmon, although
the occurrence of XX jacks indicates that there must also
be an autosomal contribution. Furthermore, quantitative
genetic analysis of jacking in chinook salmon indicates at
least some autosomal inheritance of the jacking pheno-
type (Heath et al, 1994a, b; Mousseau et al, 1998), although
this study showed no strong evidence for a significant
dam additive genetic variance component. Rearing
environment (particularly factors affecting growth) also
plays a role in determining the incidence of precocious
sexual maturation in Pacific salmon (Gross, 1991; Heath
et al, 1994a; but see Iwamoto et al, 1984). We thus con-
clude that jacking in chinook salmon is a polygenic trait
that likely follows a threshold model, where the thres-
hold is partially environmentally determined (Hutchings
and Myers, 1994; Roff, 1997), or alternatively, the thres-
hold is fixed, but the phenotypic variance varies with
environment (Gross, 1996). In either case, the liability
scale is determined by multiple loci, some of which are
linked with the sex determining region (Y-chromosome).

To our knowledge, no other study has documented any
form of sex-linkage for alternative male life histories in
salmon. Sex linkage has been documented for alternative
male life history strategies in Poeciliids (Kallman et al,
1973; Kallman, 1983; Borowsky, 1987; Zimmerer and Kall-
man, 1989; but see Kolluru and Reznick, 1996). However,
examples from other species indicate that sex-linked gen-
etic control is not the rule for alternative male life history
strategies (Shuster and Wade, 1991; Lank et al, 1995;
Sluyter et al, 1997; Lank et al, 1999), although male-spe-
cific genes are often found on the Y-chromosome in mam-
mals (Nachman, 1998). Interestingly, the expectation for
‘randomly’ situated genes should include very few
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examples of Y chromosome-linkage, even for male-spe-
cific traits. The growing number of studies showing Y-
linkage for alternative male life history strategies, parti-
cularly in fish, support the hypothesis of an adaptive
advantage to having genes for male-specific traits reside
on the Y-chromosome (Lank et al, 1999). Additive genetic
variance is critical for the evolutionary evaluation of
alternative male reproductive strategies (Leonardsson
and Lundberg, 1986; Chan and Ribbink, 1990; Roff, 1992;
Ryan et al, 1992; Hutchings and Myers, 1994; Gross, 1996;
but see Gross and Repka, 1998). However, our data indi-
cates that sex-linkage should also be considered, since
sex-linked traits are expected to evolve in qualitatively
and quantitatively different ways (Nachman, 1998; Wade,
1998; Lank et al, 1999).

Our sire-based heritability estimate is high, and similar
to others previously reported (Heath et al, 1994a; Mous-
seau et al, 1988), while our dam-based heritability esti-
mate was negative and only marginally significant. Our
overlapping half-sib design allowed explicit tests for sex-
linkage and/or maternal effects. Under the first ANOVA
model (dams nested within sires) �2

sire includes only the
sire component of the additive genetic variance. How-
ever, under the second ANOVA model (sires nested
within dams), �2

dam includes additive genetic variance
plus maternal effects. Thus, a higher sire versus dam
component of the additive genetic variance can result
from sex-linked inheritance, negative maternal effects, or
a combination of the two. We judge the likelihood of
negative maternal effects as a major factor in our analysis
is remote, since maternal effects typically decline in mag-
nitude rapidly during the freshwater stage and do not
persist beyond one year in chinook salmon (Heath et al,
1999). Nevertheless, the possibility of negative maternal
effects confounding our estimate of dam component
additive genetic variance cannot be dismissed, especially
since we found a negative dam-based heritability.

An assumption made in the interpretation of our sex-
manipulation data was that the only difference between
the XY and XX males was the presence/absence of the
Y chromosome. This simplistic assumption may not be
correct. The effect of the testosterone treatment may dif-
fer depending on whether the developing larvae are XX
or XY. The masculinization treatment may have acted to
exaggerate male traits in the XY fish, or may have been
only partially effective in the female fish (ie, the XX males
may lie on an intersex continuum). Although either possi-
bility might lead to higher jacking rates in XY relative to
XX fish (as well as other phenotypic differences), we feel
they are unlikely to be major factors in our experiment.
The similarity in circulating testosterone or estradiol in
the XX and XY jacks suggests that no large endocrino-
logical differences exist. Neither did the XY and XX jacks
differ significantly in either body size or gonad weight.
Furthermore, if the larval testosterone treatment had
resulted in exaggerated male traits (and thus artificially
increased jacking incidence), then our experimental jack-
ing rate would be expected to be higher than in untreated
XY fish. This is not the case (male jacking rates in this
stock are approximately 30–40%; this study [Experiment
2]; Heath et al, 1994a). If, on the other hand, the difference
in jacking rates was due to the XX males being incom-
pletely masculinized, we would expect these fish to be
incapable of normal sexual maturation and gamete pro-
duction. In fact, masculinized XX fish undergo normal
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phenotypic changes associated with sexual maturation in
male salmon, and are fully capable of fertilizing eggs
(Hunter et al, 1983; DD Heath, unpublished data). GSI,
the only significant phenotypic difference between the
two groups, reflects relative energetic allocation to repro-
duction in male salmon. It is possible that the higher GSI
found in XY jacks (relative to the XX jacks) reflects
additional Y-linked genetic factors, and not necessarily
treatment-associated effects. Interestingly, the XY jacks
not only had a higher GSI, they also exhibited slightly
lower body weight, perhaps the XY jacks allocated more
of their somatic resources to gonad production. Our data
show a pronounced sex ratio bias (65% female offspring).
This is largely due to our inadvertent use of a genotypic
XX male as one of the sires, which changed the expected
sex ratio of the offspring to 62.5% female. Otherwise, the
use of a ‘female’ jack as one of the parents had no direct
effect on our results or conclusions.

Gross (1996) argued that understanding the environ-
mental and genetic control of alternative male life history
strategies is a key component to predicting the fitness
consequences of various strategies. Since sex-linkage will
have profound implications for the expected evolution of
any life history trait, the potential for such linkage should
be assessed via both empirical and theoretical research.
Thus, future research should be directed towards
determining the chromosomal location and genetic mech-
anisms behind alternative male reproductive strategies,
and sex-specific life history traits in general.
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