
Genetic Basis of Variation in
Morphological and Life-History Traits
of a Wild Population of Pink Salmon
W. C. FUNK, J. A. TYBURCZY, K. L. KNUDSEN, K. R. LINDNER, AND F. W. ALLENDORF

From the Division of Biological Sciences, University of Montana, Missoula, MT 59812-4824 (Funk, Knudsen, Lindner, and
Allendorf); and Department of Zoology, Cordley Hall 3029, Oregon State University, Corvallis, OR 97331-2914 (Tyburczy).
W. Chris Funk is currently at the Section of Integrative Biology, University of Texas, 1 University Station C0930, Austin,
TX 78712.

Address correspondence to W. C. Funk at the address above, or e-mail: wcfunk@mail.utexas.edu.

Abstract

Understanding the genetic basis of phenotypic variation is essential for predicting the direction and rate of phenotypic
evolution. We estimated heritabilities and genetic correlations of morphological (fork length, pectoral and pelvic fin ray
counts, and gill arch raker counts) and life-history (egg number and individual egg weight) traits of pink salmon (Oncorhynchus
gorbuscha) from Likes Creek, Alaska, in order to characterize the genetic basis of phenotypic variation in this species. Families
were created from wild-caught adults, raised to the fry stage in the lab, released into the wild, and caught as returning adults
and assigned to families using microsatellite loci and a growth hormone locus. Morphological traits were all moderately to
highly heritable, but egg number and egg weight were not heritable, suggesting that past selection has eliminated additive
genetic variation in egg number and egg weight or that there is high environmental variance in these traits. Genetic
correlations were similar for nonadjacent morphological traits and adjacent traits. Genetic correlations predicted phenotypic
correlations fairly accurately, but some pairs of traits with low genetic correlations had high phenotypic correlations, and
vice versa, emphasizing the need to use caution when using phenotypic correlations as indices of genetic correlations. This is
one of only a handful of studies to estimate heritabilities and genetic correlations for a wild population.

The genetic architecture of phenotypic variation can be
described by two primary parameters: heritability and genetic
correlations. Heritability in the narrow sense (h2) is a di-
mensionless index of heritable variation, termed the additive
genetic variance (VA). Heritability is defined as the pro-
portion of within-population phenotypic variance (VP) that
is additive genetic (i.e., h2 ¼ VA/VP; 0 � h2 � 1). The
importance of h2 for predicting a phenotypic response to
selection can be seen with the breeder’s equation R ¼ h2S,
where S is the selection differential (the difference in the
mean of a trait before and after selection within a generation)
and R is the response to selection (the difference in the mean
trait value between generations) (Roff 1997). Therefore the
response to selection is a linear function of h2. Moreover,
because selection reduces VA, the magnitude of h2 reflects
the extent to which a trait has been under net directional or
stabilizing selection in the past (Endler 2000).

Genetic correlations between pairs of traits also have im-
portant effects on the direction and rate of phenotypic evo-
lution. The genetic correlation (qA) between two traits

describes the proportion of the phenotypic correlation
between the traits that is caused by genetic variation that
affects both traits simultaneously. Genetic correlations
between characters can arise by two mechanisms, pleiotropy
or gametic phase disequilibrium (Lynch and Walsh 1998).
Pleiotropy occurs when a single gene affects multiple traits
due to complex biochemical and developmental pathways
(Wright 1968). Gametic phase disequilibrium is the tendency
of genes affecting different traits to be positively or
negatively associated in the same individuals. Both pleiotropy
and gametic phase disequilibrium can cause positive or neg-
ative genetic correlations. Genetic correlations can constrain
or enhance phenotypic evolution, depending on whether the
correlations are positive or negative and on whether selection
acts in the same or opposite directions with respect to fitness
on the traits in question. For example, a positive genetic
correlation will speed the rate of evolution of two traits
if selection acts on both traits in the same direction with
respect to fitness, but will slow the rate of change if selection
acts in opposite directions.
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Despite the importance of understanding the genetic
basis of phenotypic variation in evolutionary biology, many
basic questions about heritabilities and genetic correlations
remain due to a paucity of estimates of these parameters for
natural populations (for examples of studies that have
estimated these parameters for natural populations, see Boag
and Grant 1978; Conner and Via 1993; Gustafsson 1986;
Kruuk et al. 2000; Young et al. 1994). One important ques-
tion is whether certain categories of traits, including mor-
phological, life-history, behavioral, and physiological traits,
have higher heritabilities than others. Generalizations about
the heritabilities of different categories of traits will im-
prove our understanding of the potential for evolution of
different traits as well as provide insight into the relative
intensity of past selection. Several studies have shown that
heritability estimates tend to be highest for morphological
traits, lowest for life-history traits, and intermediate for
behavioral and physiological traits (Gustafsson 1986; Kruuk
et al. 2000; Mousseau and Roff 1987). This result has been
interpreted as support for Fisher’s fundamental theorem
of natural selection, which predicts that additive genetic
variance for traits with strong effects on fitness, such as life-
history traits, will approach zero at equilibrium (Fisher 1930).

A second important question is whether adjacent
morphological traits have higher positive genetic correlations
than nonadjacent traits. A positive relationship between
the physical proximity of morphological traits and genetic
correlations might be expected if adjacent traits are encod-
ed or regulated by the same genes. Alternatively, more similar
types of morphological traits that are nonadjacent, for
example, structures such as limbs, may have higher genetic
correlations than adjacent traits. Selection experiments on
Drosophila wings demonstrate that adjacent morphological
traits can evolve independently, suggesting that genetic
correlations among adjacent structures are not always high
enough to constrain independent evolution (Weber 1992).

A final question is whether genetic correlations accurately
predict phenotypic correlations. In general, genetic correla-
tions should predict phenotypic correlations fairly accu-
rately since genetic correlations, along with environmental
correlations, determine phenotypic correlations. However,
the degree to which genetic correlations predict phenotypic
correlations will depend on how often environmental cor-
relations oppose genetic correlations. If, for example,
environmental variation tends to cause negative correlations
between pairs of traits that have positive genetic correlations,
then genetic correlations will do a poor job of predicting
phenotypic correlations. The relationship between genetic
correlations and phenotypic correlations has important
practical implications. Because genetic correlations are
difficult to estimate, it would be convenient to use pheno-
typic correlations as indices of genetic correlations. If genetic
correlations accurately predict phenotypic correlations, and
vice versa, using phenotypic correlations as indices of genetic
correlations would be justified. Reviews of the literature
suggest that phenotypic and genetic correlations tend to
have the same sign and magnitude (Cheverud 1988, 1995;
Roff 1995, 1996).

We addressed the above three questions for a natural
population of pink salmon (Oncorhynchus gorbuscha) from Likes
Creek, Alaska, by estimating heritabilities and genetic
correlations for morphological and life-history traits. Pink
salmon have a strict, two-year life cycle in which reproductive
adults return to their natal streams 2 years after they begin
development. We created families from wild-caught adults,
raised fish to the fry stage in the lab, released fry into the wild,
and caught returning adults and assigned them to families
using microsatellite loci and one growth hormone locus.
Heritabilities and genetic correlations were then estimated
using parent-offspring regressions and covariances, respec-
tively. The morphological traits examined were fork length,
the number of pectoral and pelvic fin rays, and the number of
upper and lower gill arch rakers. The life-history traits were
egg number and individual egg weight. Our specific objectives
were to test (1) whether heritabilities were higher for mor-
phological traits than life-history traits; (2) whether genetic
correlations of morphological traits depend on the physical
proximity of the traits; and (3) whether genetic correlations
accurately predict phenotypic correlations.

Materials and Methods

Production of Families and Recapture of
Returning Progeny

We collected gametes from 34 female and 34 male pink
salmon from the mouth of Likes Creek, Resurrection Bay,
Alaska, in August 1999. Sixty-eight full-sib families were
created from the gametes and reared at the Alaska SeaLife
Center (ASLC) in Seward, Alaska. Eggs collected from each
female were divided into two equal groups and each group
was fertilized with sperm from one male. Each family was
placed in a separate tray of a Heath rack and incubated in
fresh water at 4–58C. Embryos were raised following the
procedures of Lindner et al. (2000).

In February 2000, approximately 25,000 fry (young fish)
from 67 full-sib families were pooled. In April 2000 we
collected a sample of 500 fry, marked the remaining fry by
clipping the adipose fins, and subsequently released 24,216
marked individuals into Resurrection Bay. In August and
September 2001, we collected 260 marked adult progeny by
snag-hooking near the freshwater outlet at the ASLC where
the fry were released, seining the rivers in upper Resurrection
Bay, and holding a lottery to encourage recreational fisher-
men to turn in marked fish. Progeny therefore spent ap-
proximately 8 of 24 months (one-third of their lives) in the
lab and 16 of 24 months (two-thirds of their lives) in the
ocean. Progeny were caught from 63 of the 67 released
families. The mean number of progeny caught from each of
these families was 4.1 (range 1–11).

Assignment of Parentage and Sex

DNA was extracted from fin clips or other collected tissues
with the Puregene DNA isolation kit (Gentra Systems Inc.,
Minneapolis, MN). We analyzed each of the 68 parents
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at nine microsatellite loci, including one duplicated locus
(SSA20.19-1,2) and a growth hormone locus (GH2). Loci
were amplified according to the original authors with minor
modifications. Primers and annealing temperatures were as
follows: OmyRgt6, 58–528C (Sakamoto et al. 2000); Ots1,
568C (Banks et al. 1999); Ssa408, 608C (Cairney M, personal
communication, 1997); Ogo1c and Omy301, 608C and Ogo8,
58–528C (Olsen et al. 1998); Onel3, 528C (Scribner et al.
1996); Ssa20.19-1,2, 58–528C (Sanchez et al. 1996); and GH-2

intron C, 518C (Spruell et al. 1999). Products from unlabeled
primers were fluorescently tagged with TAMRA-labeled
dUTP. Polymerase chain reaction (PCR) products were re-
solved via electrophoresis on denaturing 4.5% polyacryl-
amide gels and visualized and scored using a Hitachi FMBIO
II fluorescent imager.

The returning adult progeny were analyzed at all 10 of
these loci. Each fish was initially scored at three microsatellite
loci (OTS1, OMYRGT6, and SSA408) and a list of possible
families was made for each fish at each locus based on which
alleles were carried by the parents of each family. Families not
possible at all loci were eliminated, which reduced the number
of possible families for most fish to between one and three.
Fish were then run on gels next to possible parents for the
remaining loci. After each locus was run, the alleles of each
fish were compared with the alleles of potential parents, the
list of possible families for each individual was revised, and
the order of samples was changed so that fish were run be-
side parents and siblings. This allowed unambiguous family
assignment of all fish and detection of any progeny with
alleles whose lengths differed from those of their parents
(mutants). Fish identified as mutants had allele combinations
that placed them positively and uniquely in one family with
the exception of a single allele that differed from the parental
allele by one or two repeat units.

We also analyzed 240 of the 500 fry sampled prior
to release at four loci (OTS1, OMYRGT6, and SSA408,
and OGO1C), which allowed unambiguous assignment to
families of all individuals as described above for adult
progeny. Sex was assigned to fry using a Y chromosome-
specific growth hormone pseudogene (Spruell et al. 1999).
Presence of a 163 bp fragment indicated that a fish was male.
However, eight sires lacked this diagnostic band, so the sex
of the 49 fry in these families could not be determined.

Morphological and Life-History Data Collection

We measured the fork length of adult parents from 1999,
adult offspring from 2001, and progeny released as fry in
2000. Fork length was measured as the distance from the
middle of the eye to the fork of the caudal fin. Pectoral and
pelvic fin rays and upper and lower gill arch rakers were
counted for parents and adult offspring using a dissecting
microscope. Average individual egg weight was estimated by
dividing the weight of 100 eggs by 100. Egg number was
estimated by dividing total egg weight by the weight of
100 eggs and multiplying by 100. Egg weight was estimated
after water absorption in the 1999 mothers, but immediately
after catching fish in the 2001 daughters. Egg weight is there-

fore not comparable between mothers and daughters, but
this inconsistency does not affect egg number estimates.

Data Analysis

We compared the means of morphological and life-history
traits between females and males and between parents and
progeny using two-sample t tests. Variances were compared
using F tests. Phenotypic correlations were calculated using
Pearson correlations. All analyses were performed using
MINITAB version 13.

We estimated heritabilities as the regression coefficients
of regressions of family means against midparent values
(Lynch and Walsh 1998). The significance of regression
coefficients was assessed using F tests. Genetic correlations
among traits were estimated from pairwise comparisons of
parents and progeny (Lynch and Walsh 1998). Specifically,
genetic correlations (qA) were estimated from the equation

qA ffi rðz1x ; z2yÞ þ rðz2x ; z1yÞ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rðz1x ; z1yÞ � rðz2x ; z2yÞ

p ; ð1Þ

where r(z1x, z2y) is the phenotypic covariance between
midparents for trait 1 and offspring means for trait 2, r(z2x,
z1y) is the covariance between midparents for trait 2 and
offspring means for trait 1, r(z1x, z1y) is the covariance
between midparents and offspring means for trait 1, and
r(z2x, z2y) is the covariance between midparents and off-
spring means for trait 2. The significance of genetic cor-
relations was determined as recommended by Lynch and
Walsh (1998) from the regression of offspring means of trait
1 against midparent values of trait 2 and from the regression
of family means of trait 2 against midparent values of trait 1,
giving two P values for each genetic correlation. Finally,
regressions of parental phenotypic correlations on genetic
correlations and progeny phenotypic correlations on genetic
correlations were used to test whether genetic correlations
accurately predict phenotypic correlations.

Results

Phenotypic Variation and Phenotypic Correlations

Morphological and life-history trait means and variances
differed between females and males and between parents and
progeny (Table 1). Mean length of fathers was greater than
mothers (t54 ¼ 2.38, P ¼ .02). Variance in length was also
greater in males than females in both parents (n ¼ 68, F ¼
0.36, P ¼ .005) and offspring (n ¼ 257, F ¼ 0.42, P , .001).
Mean length (t52 ¼ 5.23, P , .001) and egg number (t57 ¼
11.29, P , .001) of daughters was greater than mothers.
Similarly, the mean number of pectoral fin rays (t89 ¼ 2.45,
P ¼ .02) and lower gill arch rakers (t98 ¼ 5.81, P , .001)
was greater in offspring than in parents. The variance in
pectoral fin ray counts (n ¼ 325, F ¼ 1.63, P ¼ .008) and
pelvic fin ray counts (n¼ 326, F¼ 1.45, P¼ .05) was greater
in parents than progeny, but variance in counts of upper
gill arch rakers was greater in progeny than parents (n ¼ 323,
F ¼ 0.66, P ¼ .05).
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Phenotypic correlations are shown in Table 2. Many
more pairs of traits had significant phenotypic correlations in
progeny than in parents. In general, this is likely because of
lower statistical power due to smaller sample sizes in parents.
However, the phenotypic correlation between length and egg
number was much lower in mothers (0.05) than in daught-
ers (0.58) and likely reflects an actual difference between
mothers and daughters.

Heritabilities and Genetic Correlations

Heritabilities of all six morphological traits were significantly
different from zero and ranged from 0.33 to 0.63 (Figures 1
and 2). Heritabilities (h2) were 0.34 for female length (F1,48 ¼
10.26, P ¼ .002), 0.45 for male length (F1,53 ¼ 8.85, P ¼
.004), 0.55 for pectoral fin ray counts (F1,61 ¼ 47.48, P ,

.001), 0.33 for pelvic fin ray counts (F1,61 ¼ 8.47, P ¼ .005),
0.63 for upper gill arch raker counts (F1,61 ¼ 17.67, P ,

.001), and 0.45 for lower gill arch raker counts (F1,61¼ 17.92,
P , .001). In contrast, the two life-history traits exam-
ined—egg number (h2 ¼ �0.08, F1,47 ¼ 0.30, P ¼ .59) and
egg weight (h2 ¼ 0.22, F1,48 ¼ 2.62, P ¼ .11)—were not

significantly heritable. Moreover, neither female length (h2 ¼
0.02, F1,36 ¼ 1.14, P ¼ .29) nor male length (h2 ¼ 0.02,
F1,38 ¼ 0.59, P ¼ .45) were heritable when estimated using
fry rather than adult offspring.

Genetic correlations were significant for four pairs of
traits: pectoral fin rays and pelvic fin rays; pectoral fin rays
and lower gill arch rakers; pelvic fin rays and upper gill arch
rakers; and upper and lower gill arch rakers (Table 3). For the
first and last of the above pairs of traits, both possible
regressions of progeny family means on midparent values
were significant. For the other two pairs of traits, only one
of the two regressions was significant. Genetic correla-
tions could not be estimated for pairs of traits including egg
number because the covariance of mother and daughter
egg number was negative, resulting in the square root of a
negative product in equation 1. Similarly, genetic correlations
could not be estimated for pairs of traits including egg weight
because the covariance of mother and daughter egg weight
was zero, resulting in a product of zero in the denominator of
equation 1. However, regression analysis could still be used
to test whether genetic correlations between egg number and
other traits and between egg weight and other traits were

Table 1. Means and standard deviations for fork length, egg number, individual egg weight, and meristic traits of pink salmon
parents and progeny from Likes Creek, Alaska

Trait

Parents Progeny

Female Male Female Male

Fry length — — 37.1 6 3.6 (94) 36.2 6 4.0 (93)
Length 456 6 23 (34) 474 6 39 (34) 480 6 23 (122) 487 6 36 (135)
Egg number 1191 6 287 (34) — 1836 6 296 (104) —
Egg weight 0.18 6 0.01 (34) — 0.15 6 0.02 (110) —
Pect 15.5 6 0.6 (34) 15.8 6 0.7 (34) 15.9 6 0.5 (122) 15.8 6 0.5 (135)
Pelv 10.8 6 0.5 (34) 10.9 6 0.5 (34) 10.8 6 0.4 (122) 10.7 6 0.4 (136)
UGA 13.1 6 0.5 (34) 13.2 6 0.5 (34) 13.1 6 0.6 (121) 13.2 6 0.7 (134)
LGA 17.4 6 0.9 (34) 17.4 6 0.7 (34) 18.0 6 0.7 (121) 18.0 6 0.7 (134)

Pect, pectoral fin rays; Pelv, pelvic fin rays; UGA, upper gill arch rakers; LGA, lower gill arch rakers.

All progeny values are for returning adults except for fry length, which was measured prior to release.

Sample sizes are shown in parentheses.

Length is in millimeters and egg weight is in grams; all other values are counts.

Eggs were weighed after water absorption for mothers and prior to water absorption for daughters, so egg weights are not comparable.

Table 2. Phenotypic correlations among traits of pink salmon from Likes Creek, Alaska

Length Egg no Egg wt Pect Pelv UGA LGA

Length — 0.05 (ns) 0.37 (0.03) 0.01 (ns) 0.010 (ns) �0.02 (ns) 0.08 (ns)
Egg number 0.58 (,0.001) — �0.22 (ns) �0.01 (ns) 0.23 (ns) 0.18 (ns) 0.18 (ns)
Egg weight 0.33 (,0.001) 0.07 (ns) — 0.12 (ns) 0.10 (ns) 0.19 (ns) 0.16 (ns)
Pect �0.15 (0.02) 0.01 (ns) �0.23 (0.01) — 0.02 (ns) 0.16 (ns) 0.12 (ns)
Pelv �0.01 (ns) 0.03 (ns) �0.06 (ns) 0.30 (,0.001) — 0.16 (ns) 0.02 (ns)
UGA 0.05 (ns) 0.18 (ns) 0.26 (0.01) 0.04 (ns) 0.08 (ns) — 0.35 (0.003)
LGA 0.14 (0.02) 0.10 (ns) 0.18 (ns) 0.02 (ns) 0.15 (0.02) 0.50 (,0.001) —

Correlations above the diagonal are for parents and those below the diagonal are for progeny.

P values are shown in parentheses for correlations significant at the a ¼ 0.05 level.

‘‘ns’’ indicates that a correlation was not significant.

Length, fork length; Pect, pectoral fin rays; Pelv, pelvic fin rays; UGA, upper gill arch rakers; LGA, lower gill arch rakers.
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significant. No genetic correlations were significant between
egg number and any other trait nor between egg weight and
any other trait.

Regression of Phenotypic Correlations on
Genetic Correlations

The regression of phenotypic correlations on genetic
correlations is positive using parent phenotypic correlations
and progeny phenotypic correlations, but only the regression
using progeny phenotypic correlations is significant (Figure
3). A few noteworthy outlier data points were observed.
Some pairs of traits had high phenotypic correlations, but
low genetic correlations. The genetic correlation between
length and egg weight was indistinguishable from zero, but
the phenotypic correlation between these traits was 0.37 in
parents and 0.33 in progeny (Table 2). Similarly the genetic
correlation between length and egg number was not sig-
nificantly different from zero, but the phenotypic correlation
between these traits was 0.58 in progeny (Table 2). Con-
versely, other pairs of traits had low phenotypic correlations,
but high genetic correlations. Pelvic and pectoral fin ray

counts had a high genetic correlation of 0.64 (Table 3), but
a phenotypic correlation of only 0.02 in parents (Table 2).
Likewise, pelvic fin rays and upper gill arch rakers had
a genetic correlation of 0.76 (Table 3), but a phenotypic
correlation of only 0.08 in progeny (Table 2).

Discussion

Heritabilities of Morphological and Life-History Traits

Our heritability estimates for pink salmon corroborate pre-
vious studies demonstrating higher heritabilities for mor-
phological traits than life-history traits (Gustafsson 1986;
Kruuk et al. 2000; Mousseau and Roff 1987). Heritabilities of
the six morphological traits we examined ranged from 0.33
to 0.63, whereas the heritabilities of egg number and egg
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Figure 1. Regressions of (a) mean daughter fork length

and (b) mean son fork length on midparent fork length.

The heritability of length is the slope of the regression line.
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Figure 2. Heritability estimates and 95% confidence

intervals for female and male fry fork length (Fry L f and

Fry L m, respectively), female and male adult fork length

(Ad L f and Ad L m, respectively), pectoral (Pect) and pelvic

(Pelv) fin ray counts, upper (UGA) and lower (LGA) gill

raker counts, egg number (Egg no), and egg weight (Egg wt)

in pink salmon from Likes Creek, Alaska. NS indicates

heritabilities that were not significantly different from zero.

Table 3. Genetic correlations among traits of pink salmon from
Likes Creek, Alaska

Length Pect Pelv UGA

Pect �0.20 (ns) — — —
Pelv 0.08 (ns) 0.64

(0.02, 0.01)
— —

UGA �0.30 (ns) 0.04 (ns) 0.76
(0.57, ,0.001)

—

LGA 0.19 (ns) 0.30
(0.91, 0.02)

0.34 (ns) 0.71
(0.04, 0.001)

P values are shown in parentheses for both possible regressions of progeny

family means against midparent values for each pair of traits for cases in

which at least one regression was significant at the a ¼ 0.05 level.

‘‘ns’’ indicates that neither regression was significant.

Length, fork length; Pect, pectoral fin rays; Pelv, pelvic fin rays; UGA,

upper gill arch rakers; LGA, lower gill arch rakers.
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weight were indistinguishable from zero (Figure 2). Our
heritability estimates for the four meristic traits examined
(pectoral fin rays, 0.55; pelvic fin rays, 0.33; upper gill arch
rakers, 0.63; and lower gill arch rakers, 0.45) were similar to
heritability estimates for these same traits in rainbow trout
(0.52, 0.84, 0.67, and 0.37, respectively) (Leary et al. 1985).
Our heritability estimate for egg weight in Likes Creek pink
salmon (0.22) was also similar to a heritability estimate for
egg weight in captive Chinook salmon of 0.26 (Heath et al.
2003), although egg weight was not significantly heritable for
pink salmon, but was significant for Chinook salmon.

The observation of higher heritabilities for morpho-
logical traits than for life-history traits suggests that in this
population of pink salmon, the morphological traits ex-
amined are expected to respond more strongly to selection
than egg number and egg weight. It also suggests that egg
number and egg weight have been more strongly selected in
the past than length, fin ray counts, and gill arch raker counts.

Because pink salmon are semelparous, like all Pacific salmon,
there is likely very strong directional selection for increased
egg number. There also may be directional selection for
increased egg weight, since egg weight is positively related
to embryo and fry survival in captive Chinook salmon
(Heath et al. 2003). Alternatively, low heritabilities of life-
history traits may reflect high levels of environmental
variance in these traits (Price and Schluter 1991).

Although length was significantly heritable when esti-
mated using adult progeny, it was not significant when esti-
mated using progeny in the fry stage (Figure 2). This suggests
that the inherited variation in physiological and behavioral
traits that influence the length of returning spawners is not
expressed until the oceanic life-history stages. This result is in
agreement with previous work showing that male progeny
sired by large males do not begin growing faster than pro-
geny sired by small males until the spring of the year of
maturity (Beacham and Murray 1988). In contrast, herit-
abilities of meristic traits can be estimated from regressions
of juvenile offspring on adult parents because final meristic
counts are usually determined early in development. For
example, Leary et al. (1984) found no significant differences
in meristic counts of rainbow trout analyzed 182 days after
fertilization and fish from the same families analyzed 394
days after fertilization.

High Genetic Correlations of Nonadjacent
Morphological Traits

We found that pairs of nonadjacent morphological traits had
genetic correlations as high as pairs of adjacent traits (Table
3). Genetic correlations between pectoral and pelvic fin rays,
pectoral fin rays and lower gill arch rakers, and pelvic fin rays
and upper gill arch rakers ranged from 0.30 to 0.76, similar to
the genetic correlation of 0.71 between upper and lower gill
arch rakers, which are adjacent. The high genetic correlation
between pectoral and pelvic fin ray counts is not surprising
since they are similar structures and therefore might be
expected to be under similar gene control. However, the
observation of high genetic correlations between pectoral fin
rays and lower gill arch rakers and between pelvic fin rays and
upper gill arch rakers is somewhat surprising since they are
both nonadjacent and different ‘‘types’’ of structures. This
result suggests that different types of morphological traits
may be regulated by similar genes regardless of the distance
among the traits. This explanation is supported by the work
of Leary et al. (1984), showing that expression of Pgm1 by
rainbow trout heterozygous or homozygous for a rare allele
at the regulatory Pgm1-t locus developed faster and had lower
counts of all meristic traits than individuals homozygous for
the common allele.

Prediction of Phenotypic Correlations from
Genetic Correlations

In general, genetic correlations accurately predicted pheno-
typic correlations for this population of pink salmon, as
expected (Figure 3). The regression of parental phenotypic
correlations on genetic correlations was not significant,
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Figure 3. Regressions of (a) parent phenotypic correlations
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among phenotypic traits in pink salmon from Likes Creek,
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and offspring traits are represented by open circles
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but this was likely due to relatively imprecise estimates
of phenotypic correlations for parents due to fairly small
sample sizes. The positive relationship between genetic
correlations and phenotypic correlations in this population
of pink salmon is in line with other studies showing a similar
trend (Cheverud 1988, 1995; Roff 1995, 1996). Another
similarity between this study and others is that the regression
of phenotypic correlations on genetic correlations is less than
unity (Kohn and Atchley 1988; Koots et al. 1994; Searle
1961). Some have argued that the regression coefficient con-
verges on one when sampling variance is removed (Cheverud
1988, 1995; Roff 1995, 1996), but Willis et al. (1991)
challenged the results of Cheverud (1988). Because pheno-
typic correlations are a function of genetic correlations as
well as environmental correlations, there should be some cor-
respondence between phenotypic and genetic correlations.
However, further study is needed to understand whether
the observation of smaller phenotypic correlations than ge-
netic correlations is due entirely to sampling error or whether
it has a biological explanation.

The outlier data points of the regressions of phenotypic
correlations on genetic correlations provide insights into the
interactive effects of genetic and environmental variation on
phenotypic correlations. Pairs of traits with high phenotypic
correlations despite low genetic correlations are likely pheno-
typically correlated because of a common effect of environ-
mental variation on the two traits in question. For Likes
Creek pink salmon, such pairs of traits included length and
egg weight and length and egg number. Therefore, what-
ever environmental factors cause an increase in fish length,
perhaps food resources, apparently cause an increase in egg
weight and egg number.

In contrast, pairs of traits with high genetic correlations,
but low phenotypic correlations, have low phenotypic
correlations because of environmental variation that acts in
opposition to the genetic correlations. The phenotypic
correlation between pelvic and pectoral fin ray counts was
only 0.02 in parents despite a genetic correlation of 0.64 in
Likes Creek pink salmon, suggesting that common environ-
mental variation has opposing effects on these two traits.
Pelvic fin rays and upper gill arch rakers also had a phenotypic
correlation of 0.08 in progeny despite a genetic correlation
of 0.76, once again pointing to a negative environmental
correlation between these two traits.

High Variability of Male Length

Length was significantly more variable among males than
among females, as has been observed previously for pink
salmon (Table 1) (Beacham and Murray 1985). Beacham and
Murray (1985, 1988) suggest that the high variability of male
length in pink salmon may stem from alternative large- and
small-male breeding strategies. They note that small males
resemble females, suggesting that small males may mimic
females to reduce aggression from larger males.

A prediction of Beacham and Murray’s hypothesis for
high variability of male length in pink salmon is that length
should not be more variable in males than in females within

year classes in other salmonid species in which there are
multiple year classes of males on the spawning grounds. In
species with multiple year classes on the spawning grounds,
younger males are so much smaller than older males that
there would be no advantage of being a small, older male.
Therefore all males that return to spawning grounds later
should be selected to grow large and there should be little
variability in length within year classes. We are unaware
of any published studies showing a greater variability of
male length than female length within year classes for
any salmonid species other than pink salmon, supporting
Beacham and Murray’s hypothesis. However, within-year
class variability may be overlooked in salmon species with
multiple year classes present on the spawning grounds
because the difference in size among year classes is so much
greater than length variability within year classes.

Generational Variation in the Phenotypic Correlation
Between Length and Egg Number

The high phenotypic correlation observed between length
and egg number observed in daughters was not seen in
mothers. This highlights the fact that phenotypic correla-
tions, like phenotypic variation, are highly dependent on
environmental variation. Whatever common environmental
factor caused the strong phenotypic correlation between
length and egg number in daughters was not present in the
parental environment.

Moreover, this observation has important implications
for the relationship between fitness, defined as the number
of returning progeny per parent, and length in pink salmon.
If fitness is proportional to egg number and egg number is
phenotypically correlated with length only in some years,
one should expect to see temporal variation in the relation-
ship between length and fitness. Our data suggest that fit-
ness should be correlated with egg number because no
negative phenotypic or genetic correlation was observed be-
tween egg number and egg weight, suggesting that there is no
tradeoff between fecundity and egg size in this population.
The lack of a phenotypic correlation between length and egg
number in the parents suggests that length should not be
correlated with fitness in this generation, assuming that other
factors do not influence the relationship between fitness and
length. In fact, no relationship was seen between fitness and
length during the parental generation (unpublished data). In
contrast, the high positive correlation between length and
egg number in the offspring generation suggests that there
should be a strong correlation between length and fitness in
this generation.
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