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OIKOS 74: 425-438. Copenhagen 1995 

The influence of life history trade-offs and the size of incubation 
gravels on egg size variation in sockeye salmon (Oncorhynchus 
nerka) 

Thomas P. Quinn, Andrew P. Hendry and Lisa A. Wetzel 

Quinn, T. P., Hendry, A. P., and Wetzel, L. A. 1995. The influence of life history trade- 
offs and the size of incubation gravels on egg size variation in sockeye salmon (Onco- 
rhynchus nerka). - Oikos 74: 425-438. 

Egg size is a critical life history trait, reflecting female investment and affecting off- 
spring fitness. We investigated several factors which may influence variation in egg 
weight for sockeye salmon (Oncorhynchus nerka). Comparisons were based on col- 
lections from 18 Alaskan populations, among which adult migration distance and ju- 
venile rearing habitat were similar but the size composition of incubation gravels was 
different. Among populations, most of the variation in egg weight could be explained 
by a positive correlation with different measures of the size composition of incubation 
gravels (Pearson's r = 0.45-0.91). In contrast, egg weight was poorly correlated with 
female body length and with female snout length, a morphological feature used during 
intra-sexual competition. Within each of the Alaskan populations, however, egg 
weight and snout length were positively correlated with female body length and hence 
with each other. A positive association between snout length and egg weight was still 
evident even after the effects of covariance with body size were removed using resid- 
uals analysis: for all of the fish pooled and within 6 of the 16 populations. A signifi- 
cant relationship was not detected in the other populations but the trend was neverthe- 
less positive in 8 of the other 10. Examination of reproductive traits (gonad weight, 
egg weight, egg number, snout length and hump size) within another population iden- 
tified a trade-off between egg weight and egg number for females of a given body 
length. In contrast, positive correlations between reproductive traits were more com- 
mon, suggesting that energy-rich individuals produce large eggs and large secondary 
sexual characteristics rather than sacrificing one for the other. 

T. P. Quinn, A. P. Hendry and L. A. Wetzel, Fisheries Research Inst., School of Fisher- 
ies WH-10, Univ. of Washington, Seattle, WA 98195, USA, (present address: of LAW: 
National Biological Service, Pacific Northwest Natural Science Center, Sandpoint 
Naval Station, Building 204, Seattle, WA 98115, USA). 

Egg production is closely linked to individual fitness 
through direct selection on traits such as gonad size, egg 
number, and egg size (see reviews in Roff 1992 and 
Stearns 1992). Other components of fitness, including 
breeding success and the cost of maternal investment, 
are also important during reproduction and can initiate 
indirect selection on aspects of egg production (Bell 
1980). Intra-specific variation in egg size has been the 
subject of considerable research, much of which has fo- 
cused on mechanisms which maintain variation within 

and among populations. Theoretical and empirical re- 
search has identified an interaction between energetic 
limitations, maternal phenotype and the environment in 
determining local egg size optima (Smith and Fretwell 
1974, Parker and Begon 1986, Lloyd 1987). For exam- 
ple, the ability or opportunity to acquire energy may dif- 
fer among females. Energy limitations could then be 
manifested as a trade-off between different forms of ma- 
ternal investment such as egg size and number (Svard- 
son 1949, Smith and Fretwell 1974, Winkler and Wallin 
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1987, Elgar 1990), secondary sexual characteristics 
(Fleming and Gross 1989), or parental care (Sargent et 
al. 1987). Egg size and patterns of energy allocation 
should vary depending on the number of reproductive 
episodes, the length of time before maturation, and the 
size of females (Gadgil and Bossert 1970, Bell 1980, 
Thorpe et al. 1984, Parker and Begon 1986, Hutchings 
1994). Patterns of egg size variation are also linked to 
selection during early life history stages, particularly 
through the effects of size- and stage-dependent juvenile 
mortality (e.g., Shine 1978, Winemiller and Rose 1993). 

Relative to other vertebrates, teleost fishes generally 
have small, numerous eggs (Winemiller and Rose 1993). 
Among fishes, however, Pacific salmon (Oncorhynchus 
spp.) have relatively few (1 500-9 000), large (90-500 
mg) eggs; the range of which depends largely on female 
size (Wootton 1984, Hutchings and Morris 1985, Bea- 
cham and Murray 1993). Another defining feature of 
salmonid life history is the unusually long period (3-8 
months) when embryos are maintained solely on endog- 
enous food reserves. During these pre-feeding stages, 
the embryos incubate in stream or lake gravels for a pe- 
riod of time that depends primarily on water temperature 
(Wootton 1984, Beacham and Murray 1990). The salmo- 
nid pattern contrasts with the high egg number, small 
eggs, brief incubation period, and dependence on food- 
rich environments typical of most fish species (Hutch- 
ings and Morris 1985, Winemiller and Rose 1992, 
1993). For Pacific salmon, the apparent premium on the 
value of individual offspring, relative to the tendency in 
other fishes to produce many small offspring, likely re- 
flects the importance of selection on components of fit- 
ness which are directly associated with early life history 
stages. 

The evolution of egg size in Pacific salmon 
Pacific salmon spawn at their natal sites, thereby main- 
taining reproductive isolation from other conspecific 
groups (Quinn et al. 1987, Varnavskaya et al. 1994). Na- 
tal homing ensures that parents and progeny are exposed 
to similar selective regimes during several key life his- 
tory stages, providing an opportunity and an impetus for 
the evolution of local adaptations (Taylor 1991, Levings 
1993, Wood 1995). Egg size differs greatly among 
salmonid populations and is commonly interpreted as re- 
sulting from local patterns of selection (e.g., Fleming 
and Gross 1989, 1990, Hutchings 1991, Beacham and 
Murray 1993). In other animals, large eggs appear to 
confer an advantage during certain key life history 
stages (e.g., Semlitsch and Gibbons 1990, Williams 
1994). In salmonids, egg size and juvenile size are posi- 
tively correlated (e.g., Thorpe et al. 1984, Hutchings 
1991). Accordingly, size-dependent survival and growth 
of juveniles (e.g., Bagenal 1969, West and Larkin 1987) 
may indirectly select for egg size (Ruggerone 1989, Lin- 
ley 1993). For example, large juveniles, and hence large 

eggs, might evolve in high predation environments be- 
cause such fish are less susceptible to many predators 
(Ruggerone 1989, L'Abee-Lund and Hindar 1990, but 
see Fresh and Schroder 1987). Large juveniles also en- 
joy a significant advantage over even slightly smaller 
conspecifics in competition for feeding territories 
(Chapman 1962, Abbott et al. 1985). In contrast, a strat- 
egy comprised of many small eggs might evolve where 
increased productivity of the rearing environment re- 
duces predation on juveniles and/or competition among 
them (Hutchings 1991, Linley 1993, Winemiller and 
Rose 1993). 

While post-emergent growth and survival often favor 
large eggs, opposing selection (sensu Schluter et al. 
1991) during incubation may place a balancing con- 
straint on increasing egg size. Sub-optimal incubation 
substrates (i.e., those with a high proportion of fine sedi- 
ment, limited intra-gravel water movement, and low dis- 
solved oxygen levels; reviewed in Chapman 1988) may 
select against large eggs due to their higher metabolic 
oxygen demand and less efficient surface-to-volume ra- 
tio (Sargent et al. 1987). Thus, smaller eggs, which re- 
quire less oxygen and are more efficient at acquiring it, 
have been hypothesized to evolve in populations which 
spawn in finer gravels (van den Berghe and Gross 1989) 
because the embryos would experience reduced water 
flow and limited oxygen availability (Chapman 1988). 
Certain aspects of this hypothesis have been invoked in 
many studies attempting to explain patterns of life his- 
tory variation in salmonids (e.g., Holtby and Healey 
1986, Sargent et al. 1987, van den Berghe and Gross 
1989, Fleming and Gross 1989, 1990, Quinn and 
Bloomberg 1992). Nonetheless, a positive association 
between egg size and substrate size has not been explic- 
itly demonstrated. 

While the evolution of egg size can reflect abiotic 
(e.g., gravel porosity and dissolved oxygen) and biotic 
(e.g., predator and prey distributions) factors acting di- 
rectly on offspring survival, energetic demands on fe- 
males may also be important. Anadromous Pacific 
salmon cease feeding when they return to fresh water. 
Subsequent metabolic activity and reproductive devel- 
opment are carried out on a fixed energy budget, which 
is reflected in the depletion of energy reserves in salmon 
from river-entry to death (Idler and Clemens 1959, Gil- 
housen 1980). Variation in gonad mass, egg size and egg 
number among salmon populations has been interpreted 
as a function of energy allocation strategies. For exam- 
ple, egg production has been shown to be inversely cor- 
related with the distance adults must travel to reach their 
natal spawning sites, suggesting that energy consumed 
when undertaking an arduous migration is then unavail- 
able for reproductive development (Fleming and Gross 
1989, Beacham and Murray 1993, Linley 1993). 

The evolution of life history and morphology in Pa- 
cific salmon also appears to be influenced by breeding 
competition (Holtby and Healey 1986, Fleming and 
Gross 1994). Fleming and Gross (1989) reported a nega- 
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tive correlation between female gonad weight and esti- 
mated levels of competition among populations. They 
interpreted this pattern as evidence for a trade-off be- 
tween reproductive requirements which compete for 
limited energy resources. Specifically, energy consumed 
while defending nest sites from intruders would reduce 
that available for investment into egg production. Fur- 
thermore, Fleming and Gross (1989) noted a negative 
correlation between egg size and the intensity of breed- 
ing competition among populations. To explain this 
trend they suggested that a larger proportion of females 
in populations exposed to high levels of competition 
would be forced into marginal habitats, where smaller 
eggs would evolve because large eggs would have low 
survival in the fine substrate. 

Approach and objectives 

Inter-population comparisons of life history traits to hab- 
itat features can provide valuable insights into mecha- 
nisms of selection and related processes of evolution 
(Endler 1986). However, patterns of differential energy 
allocation and life history trade-offs are less well investi- 
gated using this approach because they can be con- 
founded by many other selective factors that differ 
among populations (e.g., energy availability and migra- 
tion distance for adults, and/or predation and competi- 
tion regimes experienced by offspring). Individuals 
within populations are exposed to a more common selec- 
tion regime than those among populations. Accordingly, 
the examination of trade-offs among life history traits 
may be best conducted within populations. To date, 
however, the investigation of reproductive trade-offs 
within salmonid populations has been restricted to that 
between egg size and egg number (e.g., Bromage et al. 
1990, Quinn and Bloomberg 1992). 

Egg production can be evaluated in the context of go- 
nad size, egg number, and egg size; each of which can be 
quantified in terms of their absolute number or size (i.e., 
length, diameter, or weight). On the other hand, maternal 
investment is a function of the energy content of eggs and 
gonads as well as the endogenous reserves consumed dur- 
ing maturation; expenditures which cannot be precisely 
delineated simply by weighing gonads and counting eggs. 
Nevertheless, the size of eggs is positively correlated with 
their energy content (e.g., Smimov et al. 1968, Hislop and 
Bell 1987, Lahti 1991) and so, if other extrinsic factors 
are considered equal, egg size and number can provide a 
coarse estimate of relative energy expenditure. Within our 
study area, the size of individual sockeye salmon eggs 
was directly and positively correlated with their total ca- 
loric content (L. Wetzel unpubl.). Among populations, 
however, caloric content for a given egg size did not differ 
(Wetzel 1993). Therefore, while we refer specifically to 
the size of certain traits throughout this paper, most nota- 
bly the weight of individual eggs; we will also infer a rela- 
tionship to energy expenditure. 

Our objectives were to quantify egg size variation 
both among and within populations of sockeye salmon 
(0. nerka Walbaum) and to test for a relationship be- 
tween egg size and specific abiotic and biotic factors. 
Among-population variation was examined through a 
comparative survey of 18 Alaskan populations, selected 
for similar adult migration patterns and juvenile rearing 
habitats but for different spawning and incubation envi- 
ronments. Among these populations, we tested the fol- 
lowing predictions: (1) egg weight is positively corre- 
lated with body length, (2) egg weight is positively cor- 
related with snout length, and (3) egg weight is posi- 
tively correlated with gravel size. Within each of these 
populations, we tested for correlations among female 
body length, egg weight and snout length. Correlations 
among a larger suite of reproductive traits (gonad 
weight, egg weight, egg number, snout length and hump 
size) were then examined within a population of sockeye 
salmon from the Cedar River, Washington. 

Methods 
Study sites and collection schedule 

We examined variation in the egg weight of sockeye 
salmon from 2 lake systems which drain into Bristol 
Bay, Alaska (Iliamna Lake and the Wood River Lakes). 
Within each lake system there is considerable variation 
in the environments where adults spawn and embryos in- 
cubate (Demory et al. 1964, Bishop 1990, Blair et al. 
1993, Wetzel 1993). After the incubation period, juve- 
niles from the different spawning sites rear in their re- 
spective nursery lakes for 1 or 2 yr and then migrate to 
the sea at about the same date (Woolington et al. 1990). 
After several years of ocean residence, adults from the 
different populations return synchronously (Burgner 
1980, Jensen and Mathisen 1987). Migration arduous- 
ness and the period of fasting before spawning differs 
only slightly among the populations (Jensen and 
Mathisen 1987) in comparison to the full range experi- 
enced within the species (Burgner 1991). Consequently, 
variation in egg weight among populations probably re- 
flects adaptations to the incubation environment rather 
than inter-population variation in post-emergent condi- 
tions for juveniles or in the energy available to adults. 

Collection locations included 8 populations (groups 
of adults spawning in discrete creeks, rivers or beaches) 
in the Iliamna Lake system (Fig. 1) and 10 populations 
in the Wood River Lakes system (6 in Lake Aleknagik 
and 4 in Lake Nerka; Fig. 2). The Agulowak River was 
considered to be a Lake Aleknagik population because 
that is where its juveniles likely rear. In Iliamna Lake, 
adult females were collected at Woody Island, Fuel 
Dump Island and Knutson Bay in 1988 and in each year 
from 1990 through 1993. Sampling took place in 3 of 
these years at the Tazimina River and at Chinkelyes 
Creek, and in 2 of the years at the Copper River, Gibral- 
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Fig. 1. Populations of sockeye 
salmon sampled for egg size in 
Iliamna Lake, Bristol Bay, 
Alaska. 

tar Creek and Pedro Creek. Sample sizes ranged from 
10-50 females at each location within each year. In Lake 
Aleknagik, eggs were collected from 18-27 females in 
both 1990 and 1993 at 3 spawning locations (Bear, 
Hansen and Happy creeks), from 25 females in 1990 at 

Fig. 2. Populations of sockeye salmon sampled for egg size in 
the Wood River Lakes (Aleknagik and Nerka), Bristol Bay, 
Alaska. 

the Agulowak River, and from 19 and 28 females in 
1993 at Yako and Mission creeks, respectively. In Lake 
Nerka, 24-27 females were sampled in 1990 from each 
of the 4 locations. The intensive examination of repro- 
ductive traits (gonad weight, egg number, egg weight, 
snout length and hump size) was conducted for sockeye 
salmon from the Cedar River, Washington, in November 
1993. For this location, females of wild origin were used 
for hatchery egg collection, allowing for the measure- 
ment of many reproductive traits and a large sample size 
(n =73). 

Sampling and characterization of incubation 
gravels 

Spawning locations were categorized as creeks (<20 m 
wide and <50 cm deep), rivers (>20 m wide and >50 cm 
deep) or beaches, based on average width and depth re- 
ported in Demory et al. (1964) and Bishop (1990). In us- 
ing these criteria, the spawning locations were classified 
independent of their gravel size distribution, which var- 
ied considerably within each habitat type. In 1993 and 
1994, the size composition of incubation gravels was 
quantified for all of the collection locations in the Wood 
River Lakes and for 5 of the collection locations in I1- 
iamna Lake (Table 1). Gravel was not collected from the 
Copper, Gibraltar and Tazimina rivers due to difficulty 
in obtaining representative samples from these large, 
heterogeneous spawning areas with deep, rapidly flow- 
ing water. Two correlated and complementary methodol- 
ogies were used to quantify the size distribution of incu- 
bation gravels. These included the Wentworth pebble 
count (Wolman 1954) which was used to characterize 
surface gravels and the use of a McNeil core sampler 
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Table 1. Habitat type classifications (after Demory et al. 1964 and Bishop 1990) and the size composition of incubation gravels for spawn- 
ing locations in lakes Iliamna, Aleknagik and Nerka. Bulk samples (McNeil and Ahnell 1960) were used to calculate the geometric mean 
particle size (Platts et al. 1979), the Fredle Index (Lotspeich and Everest 1981), and the percentage of particles, by weight, less than three 
sieve sizes (e.g., Young et al. 1991). The geometric mean was also calculated from surface pebble counts (pebble). 

Spawning Habitat Geometric Fredle % fines % fines % fines geo. mean 
location type mean index <3.3 <1.7 <0.85 (pebble) 

Iliamna 
Chinkelyes creek - - - - - 17.54 
Fuel Dump beach 32.05 32.05 0 0 0 77.83 
Knutson Bay beach 1.18 0.67 87.25 76.84 47.13 1.63 
Pedro creek 0.90 0.39 90.57 82.65 61.67 1.80 
Woody beach 26.50 23.59 0 0 0 72.06 

Aleknagik 
Agulowak river - - - - - 27.84 
Bear creek 6.77 3.64 27.35 16.23 7.81 12.29 
Hansen creek 8.44 5.49 18.98 10.28 3.92 14.24 
Happy creek 8.07 4.58 21.57 12.60 5.88 12.97 
Mission creek 9.70 6.85 17.07 9.55 4.30 35.40 
Yako creek 10.22 7.71 16.06 9.06 4.06 36.13 
Nerka 
Little Togiak river - - - - - 19.74 
Lynx creek 10.80 8.06 13.46 7.68 3.48 26.38 
N4-N6 beach - - - - - 4.21 
Pick creek 5.83 2.64 30.52 19.36 9.26 18.36 

(McNeil and Ahnell 1960) to collect sub-surface grav- 
els. The pebble count characterized a large area based on 
a limited number of particles whereas coring evaluated 
many particles from a few discrete sites within each col- 
lection location. The pebble count was relatively insen- 
sitive to variation in the smaller particle sizes but was 
particularly useful for sampling large rivers where bulk 
sampling was not possible. 

For the pebble count, at least 100 particles (usually 
more than 200) were collected at random from the sur- 
face substrate within the area used for spawning at each 
site. The median axis of each rock was then measured to 
the nearest mm (Wolman 1954, Kondolf and Li 1992). 
For bulk sampling, 5 cores (30 cm deep by 15 cm in di- 
ameter) were taken at each location from areas used by 
females for spawning. The bulk samples were dried and 
then shaken through a series of 9 sieves of decreasing 
mesh size (mm): 38.1, 19.1, 13.33, 6.68, 3.33, 1.70, 
0.83, 0.495 and 0.300. The sediment which collected on 
each sieve, and that which passed through the smallest 
sieve, was weighed to the nearest 0.1 g and averaged 
over the 5 samples for each location. 

Variation in gravel size among locations was investi- 
gated using 5 indices, two which were based on mea- 
sures of central tendency and 3 which were based on the 
proportion of sediment less than certain size classes. The 
geometric mean particle size (Platts et al. 1979) was cal- 
culated for each location from both pebble count and 
bulk samples. The Fredle Index (Lotspeich and Everest 
1981), for which the geometric mean gravel size was di- 
vided by a sorting coefficient, was calculated from bulk 
samples. The proportions by weight of sediment less 
than 3.33, 1.70 and 0.85 mm were determined for each 
location from the bulk samples. Each of these indices 

correlates with the rate of survival-to-emergence for 
salmonid embryos (Chapman 1988, Young et al. 1991) 
and some have been used in other studies pertaining to 
egg size (e.g., Holtby and Healey 1986, van den Berghe 
and Gross 1989). 

Sampling of adult females 

Females were collected by beach seine (primarily on 
beaches and at the mouths of some creeks), gill-net (pri- 
marily in rivers) or hand spear and landing net (primarily 
in small creeks). Females that had not completed spawn- 
ing were measured from the middle of the eye's orbit to 
the end of the hypural plate (the last bone in the spinal 
column). This measurement was appropriate for deter- 
mining body size without the confounding effect of mor- 
phological changes associated with maturation (notably 
extension of the upper jaw) or senescence (primarily 
fraying of the tail). The middle of the eye's orbit, rather 
than the pre-orbit or post-orbit points, was used as a 
landmark to facilitate the comparison of our results to 
those previously obtained from the same geographical 
area (Blair et al. 1993, Wetzel 1993, Quinn and Foote 
1994). Egg weight was estimated from a sub-sample of 
at least 40 eggs taken from each female and preserved in 
buffered formalin (Fleming and Ng 1987). Within a 
week of collection each sub-sample was drained, blotted 
dry, and weighed to the nearest mg. The eggs were then 
counted and the average egg weight for each female was 
calculated by dividing the total weight of each sub-sam- 
ple by the number of eggs contained therein. Weight was 
used in the specification of egg size as this measure cor- 
relates well with other related metrics (e.g., egg diame- 
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ter) and varies the least after collection (Fleming and Ng 
1987). Snout length, the distance from the tip of the up- 
per jaw to the middle of the eye (Blair et al. 1993, Wet- 
zel 1993), was measured on a subset of females in some 
of the populations (listed in Table 4). Estimates of egg 
number could not be reliably obtained from the Alaskan 
populations because females began to deposit their eggs 
soon after maturation was complete. 

Collection procedures on the Cedar River, Washing- 
ton, allowed for accurate estimates of gonad weight, egg 
weight, egg number, snout length and hump size from 
wild adults. In 1993, migrating females were collected at 
a weir and retained in circular tanks, where they were 
checked daily for ripeness. All females were fully ripe, 
yet un-spawned, at the time of sampling, effectively 
minimizing potential variation in the size of reproduc- 
tive traits due to senescence (Quinn and Blair 1992). All 
eggs were removed from each female and the entire egg 
mass was weighed to the nearest 0.1 g (fresh wet- 
weight). Average egg weight for each female was esti- 
mated using the same procedure as that for the Alaskan 
populations. Egg number was estimated by dividing the 
total weight of the egg mass by the average egg weight 
for each female. Morphological measures included body 
length (mid-orbit to the end of the hypural plate), hump 
height (anterior insertion of the dorsal fin to the lateral 
line, perpendicular to the lateral line) and snout length 
(mid-orbit to the tip of the upper jaw). 

Egg weight and snout length indices 

Analysis of variation in egg weight among populations 
was based on 3 indices: (1) mean egg weight, (2) egg 
weight adjusted to the long-term average body length of 
the population, and (3) egg weight standardized to a 
common body length of 450 mm. Mean egg weight was 
the arithmetic mean for females from each population. 
Variation in age-at-maturity and size-at-age is common 
in these systems, hence the females collected in any 
given year may not have accurately represented the 
long-term population averages. Therefore, long-term 
data on age composition and age-specific lengths (Blair 
et al. 1993, Wetzel 1993) were used to calculate the 
long-term average body length of females for each popu- 
lation. This was accomplished by multiplying average 
age-specific lengths by the proportion of the population 
in each age category and then summing these products 
(e.g., Blair et al. 1993). An allometric adjustment equa- 
tion (see below) was then used to adjust the egg weight 
of individual females to the long-term average body size 
of females in each population, providing an estimate of 
the long-term average egg size. 

Previous studies have shown that female body size 
and egg size are positively correlated (e.g., Thorpe et al. 
1984, Beacham and Murray 1993). In our study, body 
length varied considerably among populations and hence 
variation in egg weight could have reflected covariation 

with fish size. Allometric adjustments can be used to 
standardize the size of specific traits and allow for com- 
parisons among groups, independent of differences in 
body size (Reist 1985, 1986). This technique has been 
applied to the analysis of differences in egg weight 
among salmon populations (e.g., Fleming and Gross 
1989, Beacham and Murray 1993, Blair et al. 1993). We 
chose the mean length of all female sockeye collected in 
this study (450 mm) as the common body length for 
standardizing egg weights. The adjustment coefficient 
we used (1.185) was based on the 'common-within 
group' slope of loglO values for egg weight on loglO 
values for body length. This procedure calculated the 
common-within group slope using ANCOVA to allow 
for different intercepts while maintaining a common 
slope (Reist 1986). The adjustment equation used was 
that which is commonly applied to the standardization of 
salmon egg size (e.g., Fleming and Gross 1989, Bea- 
cham and Murray 1993, Blair et al. 1993). The equation, 
initially presented in Ihssen et al. (1981) was: 

Es,d =Eo(L/L)b 

where: E s,d = standardized egg weight, Eo = observed 
egg weight, L = mean body length of all collected fish 
(450 mm), L 0 = observed body length, and b = adjust- 
ment coefficient from the common-within group slope 
(Reist 1986) of loglO observed egg weight on loglO ob- 
served body length (from ANCOVA). 

A subset of the females sampled for egg weight were 
also measured for snout length in some of the popula- 
tions (listed in Table 4). For this subset (n = 494), each 
of the egg weight indices was again calculated using the 
above procedures and the common within-group adjust- 
ment coefficient was calculated to be 1.172. Mean snout 
length and standardized snout length were also calcu- 
lated for each of these collections using the same proce- 
dures as those for egg weight (the snout length adjust- 
ment coefficient was 1.421). 

Analysis of variation among and within 
populations 
The 3 indices of egg weight were compared among 
lakes, habitat types, populations, and years using the 
ANOVA model: 

Yijk = A + Li + Hj + Pk + Y, + PYk, + ejk,; 

where: Yik, = observed value for a given egg size index 
(egg weight, standardized egg weight, average egg 
weight), y = mean, Li = effect of lake (i = Iliamna, Ale- 
knagik, Nerka), Hj = effect of habitat type (j = river, 
creek, beach), Pk = effect of population (k = 'see column 
1 in Table 2), Y, = effect of year (1 = 1988, 1990, 1991, 
1992, 1993), PYk, = interaction between population and 
year, eijkl = error term. 
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Table 2. Comparison of body length and egg weight among populations of sockeye salmon from lakes Iliamna, Aleknagik and Nerka. 
Body length (mid-eye to the end of the hypural plate) and mean egg weight were arithmetic means for all sampled females. Long-term 
length was derived from the long-term average age composition and age-specific lengths for each population (Blair et al. 1993, Wetzel 
1993). Average egg weight was the arithmetic mean when the egg weight of each female was allometrically adjusted to the long-term aver- 
age length for each population. Standardized egg weight was the arithmetic mean when the egg weight of each female was allometrically 
adjusted to a common body length of 450 mm. Values are for all years pooled and standard errors are shown in parentheses. 

Population N Body Long-term Mean egg Average egg Standardized 
length length weight weight egg weight 

Iliamna Iliamna 
Chinkelyes 

Copper 

Fuel Dump 

Gibraltar 

Knutson Bay 

Pedro 

Tazimina 

Woody 

Aleknagik 
Agulowak 

Bear 

Hansen 

Happy 

Mission 

Yako 

Nerka 
Little Togiak 

Lynx 

N4-N6 

Pick 

26 

32 

100 

37 

118 

29 

46 

150 

25 

46 

47 

45 

28 

19 

25 

24 

27 

24 

474.0 
(7.1) 

456.4 
(6.4) 

437.3 
(3.6) 

460.5 
(6.0) 

471.7 
(3.4) 

434.9 
(6.8) 

475.0 
(5.4) 

442.5 
(3.0) 

452.4 
(7.3) 

441.0 
(5.4) 

434.4 
(5.3) 

434.1 
(5.4) 

441.5 
(6.9) 

430.1 
(8.4) 

459.4 
(7.3) 

437.3 
(7.4) 

457.7 
(7.0) 

442.1 
(7.4) 

456 

447 

427 

466 

455 

464 

427 

462.0 

443.5 

444.5 

467.9 

440.7 

443.2 

449.0 

454.3 

96.3 
(2.9) 

113.0 
(2.6) 

112.2 
(1.5) 
96.6 
(2.4) 
96.9 
(1.4) 
84.5 
(2.7) 

104.2 
(2.2) 

113.5 
(1.2) 

113.4 
(2.9) 

101.6 
(2.2) 
94.4 
(2.1) 
99.4 
(2.2) 
96.7 
(2.8) 
96.6 
(3.4) 

107.4 
(2.9) 

100.9 
(3.0) 

105.5 
(2.8) 
99.9 
(3.0) 

92.0 
(2.2) 

110.9 
(2.0) 

109.0 
(1.1) 
97.9 
(1.8) 
92.7 
(1.0) 

101.0 
(1.6) 

108.8 
(0.9) 

115.8 
(2.2) 

102.0 
(1.6) 
96.8 
(1.6) 

108.5 
(1.7) 

102.4 
(2.2) 

102.7 
(2.3) 

103.2 
(2.1) 

104.2 
(2.3) 

90.5 
(2.2) 

110.0 
(2.0) 

116.1 
(1.1) 
94.0 
(1.8) 
91.5 
(1.0) 
87.9 
(2.1) 
97.4 
(1.6) 

115.8 
(0.9) 

112.3 
(2.2) 

103.8 
(1.6) 
98.2 
(1.6) 

103.6 
(1.7) 
98.9 
(2.1) 

101.7 
(2.5) 

104.9 
(2.2) 

104.5 
(2.3) 

103.5 
(2.1) 

103.1 
(2.3) 

Pearson's product-moment correlation coefficient was 
used to test for a relationship between measures of egg 
weight and biotic (body length, snout length) and abiotic 
(gravel size) factors which varied among populations. 
For 23 collections (comprised of 16 populations - Table 
4), data had been collected on female length, snout 
length and egg weight. These collections were used to 
test: (1) whether mean egg weight was correlated with 
the mean body length of females or with the mean length 
of their snouts, and (2) if standardized egg weight was 
correlated with standardized snout length. For the full 
suite of egg collections which had corresponding gravel 
size estimates (those populations listed in Table 1), each 
egg weight index was compared to each gravel size in- 
dex. Sample sizes for these analyses varied because 
some populations did not have data for calculating long- 

term average egg weight (see Table 2) and others did not 
have data for all of the gravel size indices (see Table 1). 
The former analyses (1) were conducted on individual 
collections (population- and year-specific) because each 
had discrete and independent measures of both egg 
weight and snout length for each year of collection. The 
latter analyses (2) were conducted on pooled data for 
each population and, separately, on a data set comprised 
of all the individual collections (population- and year- 
specific). 

Correlations between body length and reproductive 
development (egg weight and snout length) were defined 
for each Alaskan collection (population- and year-spe- 
cific) using simple linear regression. To compare varia- 
tion in the size of traits independent of covariation with 
body length (e.g., Reist 1985, 1986, Fleming and Gross 
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1994, Quinn and Foote 1994), residuals from the above 
relationships were then regressed on each other for (1) 
all fish pooled, (2) all of the fish within each population, 
and (3) each individual collection (population- and year- 
specific). A positive slope between residuals indicated 
that individuals with heavier than average eggs also had 
longer than average snouts and a negative slope an in- 
verse relationship. For the Cedar River population, sim- 
ple linear regressions were again used to define relation- 
ships between body length and each of the reproductive 
traits (gonad weight, egg number, egg weight, snout 
length and hump size). Regressions of residuals from 
each of these relationships were then used to test for cor- 
relations between traits independent of the effect of body 
size. 

Results 
Variation among populations 
The egg weight of the 848 collected sockeye salmon fe- 
males ranged from 62 to 153 mg (mean = 103.7 ? 0.6 
S.E.). Mean egg weight differed among lakes (F = 5.34, 
df = 2, p = 0.005), among habitat types (F = 19.02, df = 
2, p < 0.001), and among populations (F = 10.34, df = 
13, p < 0.001) but not among years (F = 2.11, df = 4, p = 
0.078); with an interaction between population and year 
(F = 3.48, df = 17, p < 0.001). Among the populations, 
the smallest eggs by at least 11.8 mg were found in fe- 
males from Pedro Creek (84.5 mg) and the heaviest eggs 
(> 107 mg) were found in 3 river populations and the 2 
island beaches. Within the Iliamna Lake system the larg- 
est eggs were found at Woody Island (113.5 mg), Fuel 
Dump Island (112.2) and the Copper River (113.0 mg). 
For Lake Aleknagik and Lake Nerka, the largest eggs 
were found in river spawning females from the Agu- 
lowak River (113.4 mg) and the Little Togiak River 
(107.4 mg). 

Egg weight adjusted to the long-term average female 

body length for each population did not differ among 
lakes (F = 1.58, df = 2, p = 0.207) or among habitat types 
(F = 0.18, df = 2, p = 0.836) but varied among popula- 
tions (F = 15.91, df = 10, p < 0.001) and among years (F 
= 3.39, df = 4, p = 0.009); with an interaction between 
population and year (F = 2.24, df = 16, p = 0.004). Long- 
term average egg weight was greatest, by at least 4.9 mg, 
for the Agulowak River females (115.8 mg) due to a 
large long-term average body length (462.0 mm) and 
large eggs in our collections (113.4 mg). In contrast, fe- 
males from the island beaches in Iliamna Lake (Woody 
and Fuel Dump), while characterized by mean egg 
weight similar to females from the Agulowak River, had 
a small long-term average body size (427 mm) and 
hence smaller long-term average egg sizes (108.8 and 
109.0 mg, respectively) than the Agulowak River fish. 

Egg weight standardized to a common body length of 
450 mm differed among lakes (F = 10.33, df = 2, p < 
0.001), among habitat types (F = 40.37, df = 2, p < 
0.001), and among populations (F = 27.54, df = 13, p < 
0.001), but not among years (F = 1.70, df = 4, p = 
0.148); with an interaction between population and year 
(F = 2.12, df = 17, p = 0.005). In general, sites with a 
large mean egg weight also had a large standardized egg 
weight. However, the females from island beaches in I1- 
iamna Lake had smaller than average body lengths yet 
large eggs, hence they had considerably greater adjusted 
egg weights than the other populations. Conversely, the 
Knutson Bay females and Chinkelyes Creek females in 
our collections were very large (471.7 and 474.0 mm, re- 
spectively), resulting in small standardized egg weights 
(91.5 and 90.5 mg, respectively) relative to their mean 
egg weights (96.9 and 96.3 mg, respectively). 

Values for Pearson's product-moment correlation co- 
efficient (rp) can range between -1 and +1, where -1 rep- 
resents a perfect negative correlation, +1 a perfect posi- 
tive correlation and 0 no correlation whatsoever. For the 
16 Alaskan populations with body length, snout length 
and egg weight data, mean egg weight was not corre- 
lated with mean female body length (rp = 0.35, p = 

Table 3. Pearson's product-moment correlation coefficient (rp) for the relationship between each egg weight index and each gravel size in- 
dex. On the left side of the table are the results when all collections are considered (i.e., years are not pooled for each population) and on the 
right side are the results when data for all years are pooled within each population. Egg weight indices were arithmetic mean egg weight 
(mean), egg weight adjusted to the long-term average female body length of the population (average), and egg weight adjusted to common 
body length of 450 mm (standard). Bulk samples (McNeil and Ahnell 1960) were used to calculate the geometric mean particle size (Platts 
et al. 1979), the Fredle Index (Lotspeich and Everest 1981), and the percentage of particles, by weight, less than three sieve sizes (Young et 
al. 1991). The geometric mean was also calculated from independently collected pebble counts (pebble). 

All collections Pooled years 

Gravel size index Mean Average Standard Mean Average Standard 

geometric mean 0.79* 0.74* 0.91* 0.86* 0.70 0.90* 
Fredle Index 0.77* 0.70* 0.88* 0.83* 0.64 0.90* 
% < 3.3 mm -0.69* -0.79* -0.86* -0.71* -0.79* -0.85* 
% < 1.7 mm -0.66* -0.78* -0.83* -0.66* -0.77* -0.81* 
% < 0.85 mm -0.65* -0.76* -0.80* -0.66* -0.75* 0.79* 
geo. mean (pebble) 0.67* 0.60* 0.80* 0.61* 0.45 0.70* 

* p < 0.05. 
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Fig. 3. The relationship between standardized egg weight (allo- 
metrically adjusted to a common body size of 450 mm) and geo- 
metric mean gravel size (Platts et al. 1979) calculated from sam- 
ples obtained using a McNeil bulk substrate corer (McNeil and 
Ahnell 1960). 

0.103) or with mean female snout length (rp= 0.16, p = 
0.305) among populations. Furthermore, standardized 
egg weight was not correlated with standardized snout 
length (rp = 0.09, p = 0.68) among populations. For the 
populations with body length, egg weight and gravel 
size data available, the egg size indices were positively 
correlated with the size of surface and subsurface grav- 
els and negatively with the percentage of fine sediments 
(Table 3). Pearson's correlation coefficients ranged from 
0.65 to 0.91 and only 3 of the 36 correlations were not 
statistically significant. The non-significant correlations 
were for average egg weight in the years-pooled analysis 

compared to the geometric mean gravel size from the 
pebble count and the geometric mean gravel size and the 
Fredle Index from bulk samples. Of the egg weight indi- 
ces, standardized egg weight correlated best with the 
gravel size indices. Of the gravel size indices, geometric 
mean gravel size calculated from bulk samples corre- 
lated best with the egg weight indices. The correlation 
between gravel size and egg weight was largely deter- 
mined by 3 population groups (Fig. 3). The smallest 
eggs and gravels were found at Knutson Bay and Pedro 
Creek in Iliamna Lake and the largest eggs and gravels 
were found at island beaches in Iliamna Lake (Fuel 
Dump and Woody). The sampling sites in lakes Ale- 
knagik and Nerka were mostly small creeks; they all had 
gravel sizes between the extremes mentioned above and 
most had intermediate egg sizes. 

Variation within populations 
Within each collection of Alaskan females (i.e., popula- 
tion- and year-specific), egg weight was positively cor- 
related with body length (r2 = 0.21 - 0.76, p < 0.05 for 
22 of the 23 collections), snout length was positively 
correlated with body length (r2 = 0.29- 0.91, p < 0.05 
for 22 of the 23 collections), and snout length was posi- 
tively correlated with egg weight (r2 = 0.20 - 0.80, p < 
0.05 for 20 of the 23 collections). Residuals were then 
used to compare trait development independent of cova- 
riation with body size. When the residuals for all 493 fe- 
males were analyzed together, there was a positive rela- 

Table 4. The results of tests for a relationship between residual snout length and residual egg weight within populations of Alaskan sockeye 
salmon. Residuals were calculated from population- and year-specific regression equations between body length and each trait (snout 
length and egg weight). Residual egg weight was then regressed on residual snout length within each population. Values for the slopes rep- 
resent the increase in egg size (mg) for a given increase in snout length (mm). A positive slope indicates that for individuals of a given size, 
those with larger eggs also had larger snouts and vice versa. 

Population N slope F p r2 

Iliamna 
Copper 16 -0.26 0.29 0.60 0.02 
Fuel Dump 40* -0.18 0.17 0.69 0 
Knutson Bay 53* 0.66 4.76 0.03 0.09 
Pedro 28* 0.36 3.71 0.06 0.12 
Tazimina 23 0.98 2.27 0.14 0.10 
Woody 25* 1.16 6.42 0.02 0.21 

Aleknagik 
Agulowak 25 0.60 0.28 0.60 0.01 
Bear 46* 0.46 2.97 0.09 0.06 
Hansen 47* 0.47 1.94 0.17 0.04 
Happy 44* 0.99 7.01 0.01 0.14 
Mission 28 0.65 4.24 0.04 0.14 
Yako 19 0.39 0.79 0.39 0.04 

Nerka 
Little Togiak 25 0.92 6.10 0.02 0.21 
Lynx 24 0.78 1.96 0.18 0.08 
N4-N6 27 1.25 20.70 <0.01 0.43 
Pick 23 0.67 1.27 0.27 0.05 

* populations for which 2 years of data were used. 
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Fig. 4. The relationship between residual snout length and resid- 
ual egg weight for 73 females from the Cedar River. Residuals 
were calculated based on regression equations between female 
body length and each of the traits. The trend line was generated 
using simple linear regression to define the relationship between 
residual egg weight and residual snout length. 

tionship between snout length and egg weight (slope = 
0.62, F = 41.74, p < 0.001, r2 = 0.08). When residuals 
were considered at the population level, 6 of the 16 dem- 
onstrated a significant positive relationship and in all but 
2 of the others, the trend was also positive although not 
significantly so (Table 4). When each of the 23 collec- 
tions were considered individually (population- and 
year-specific), 5 had significant positive slopes (p < 
0.05) and all but 2 of the other slopes were positive. The 
two collection-specific regressions which were negative 
were both far from significant (p > 0.05). 

For the Cedar River females, body length was posi- 
tively correlated with all of the measured traits (gonad 
weight: r2 = 0.58, egg number: r2 = 0.45, egg weight: r2 = 
0.23, snout length: r2 = 0.59 and hump size: r2 = 0.68, p < 
0.001 for all traits). Each trait was positively correlated 
with every other trait (r2 = 0.21-0.74, p < 0.001 for all 
comparisons) except for egg weight vs egg number (r2 = 
0.02, p = 0.18). Considered independently of their cova- 
riation with body size, significant positive relationships 
prevailed for most pair-wise comparisons between traits. 
Residual hump size was positively correlated with resid- 
ual snout length (F = 18.55, p < 0.01), residual gonad 
weight (F = 11.76, p < 0.01), residual egg weight (F = 
4.46, p = 0.04) and residual egg number (F = 4.64, p = 
0.03). Residual gonad weight was also positively corre- 
lated with residual egg weight (F = 18.78, p < 0.01) and 
egg number (F = 80.36, p < 0.01). Residual snout length 
was positively correlated with residual egg weight (Fig. 
4), but was not correlated with residual gonad weight (F 
= 1.37, p = 0.25) or residual egg number (F = 1.41, p = 
0.24). The only relationship which was negative was that 
between residual egg weight and residual egg number F 
= 5.13, p = 0.03). 

Discussion 
Fleming and Gross (1989, 1994) suggested that breeding 
competition influences the morphology and life history 
of salmonids. They found that the intensity of breeding 
competition among coho salmon (0. kisutch Walbaum) 
populations was positively correlated with snout length 
and negatively correlated with egg weight (Fleming and 
Gross 1989), implying a negative correlation between 
egg size and snout size. We found no evidence for such a 
relationship among the sockeye salmon populations we 
investigated, even after removing possible effects of 
variation in the body length of females by standardizing 
egg weight to a common body size. We do not have di- 
rect estimates of differences in the intensity of competi- 
tion among populations, but spawner densities were sim- 
ilar among the populations we sampled (Demory et al. 
1964) and were much higher than those which would 
typically occur in coho salmon. The interaction between 
breeding competition and the development of reproduc- 
tive traits has yet to be adequately explained for Pacific 
salmon. 

Neither body length nor snout length correlated well 
with egg weight among populations. In contrast, correla- 
tions between egg weight and measures of the size com- 
position of incubation gravels were very high, ranging 
between 0.65 and 0.91 based on Pearson's correlation 
coefficient (Table 3). Further examination of the associa- 
tion between egg size and gravel size at specific sites 
was particularly informative. At Knutson Bay and Pedro 
Creek, gravel sizes were much smaller (geometric mean 
- 1.0 mm with 87 - 91 % of the gravel < 3.33 mm) than 
those commonly used by salmon for spawning (Kondolf 
and Wolman 1993) and much smaller than those gener- 
ally considered suitable for embryo incubation (Chap- 
man 1988). At a common body length, females at these 
2 sites had smaller eggs (91.4 and 88.0 mg, respectively) 
than most sockeye salmon throughout their range 
(Burgner 1991, Beacham and Murray 1993). These sites 
are fed by groundwater and the gravel has little silt (< 
0.300 mm), which may explain why embryos are able to 
incubate successfully in such fine substrate. At the 2 
sites with the heaviest eggs (island beaches at Woody 
and Fuel Dump; see also Mathisen and Gunner0d 1969), 
incubation gravels were very large (geometric mean > 
25 mm) and devoid of fine sediments (see also Kerns 
and Donaldson 1968). Thus, our results confirmed the 
prediction that egg size is positively correlated with the 
size of incubation gravels. This relationship was most 
evident at the extremes of gravel size and may not be de- 
tectable over smaller ranges (Fig. 3). 

The positive association between gravel size and egg 
weight was clearest when egg weight was standardized 
to a common body length (Table 3). We conclude that 
natural selection caused by, or associated with, gravel 
size acts on the evolution of egg size per se rather than 
indirectly through covariation with body size. For exam- 
ple, at island beaches which had the largest gravel, fe- 
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males were small-bodied yet had the largest eggs. Al- 
though the positive correlation between egg weight and 
gravel size was examined as a linear relationship it may 
conform better to a curvilinear function. When the size 
of incubation gravels decreases at the low end of the 
range, the added constraint on egg size is likely to be 
most severe. At very large gravel sizes, the relationship 
should approach an asymptote as the incremental benefit 
of large eggs is exceeded by the reduction in fitness as- 
sociated with reduced egg number (sensu Lloyd 1987). 

The relationship between egg weight and gravel size 
may stem from a mechanism whereby oxygen limita- 
tions in finer gravels select for smaller eggs through re- 
duced oxygen demand and more efficient surface-to-vol- 
ume ratios. This oxygen-limitation theory has had many 
proponents (Holtby and Healey 1986, Sargent et al. 
1987, van den Berghe and Gross 1989, Fleming and 
Gross 1989, 1990, Quinn and Bloomberg 1992) but we 
acknowledge two alternative yet complementary expla- 
nations. At the lower end of the gravel size continuum 
large fry, which arise from large eggs (Hutchings 1991), 
may be at a disadvantage because they may have more 
difficulty emerging through fine gravels (Koski 1975, 
but see Crisp 1993). At the upper end of the gravel size 
continuum small eggs may be selected against because 
they are more susceptible to gape-limited predators such 
as sculpins which can penetrate large gravels (Phillips 
and Claire 1966). The latter theory may be especially 
relevant for the Iliamna Lake island beaches because 
sculpin densities are very high and egg consumption is 
substantial (Kems and Donaldson 1968; C. Foote, 
School of Fisheries WH-10, Univ. of Washington, Seat- 
tle, WA 98195 unpubl.). 

In contrast to the differences among populations, 21- 
76% of the intra-population variation in egg weight 
could be explained through covariation with body 
length, a result consistent with previous research (van 
den Berghe and Gross 1989, Quinn and Bloomberg 
1992, Beacham and Murray 1993). One explanation for 
the increase in egg weight with body size relates to the 
optimal tradeoff between egg size and egg number. The 
ratio of gonad weight to body weight can be fairly con- 
stant among salmon of different sizes within populations 
(Quinn and Bloomberg 1992, but see Holtby and Healey 
1986). The constancy of gonad to body weight ratio for 
sockeye salmon of differing sizes is supported by data 
from a separate collection of 82 females from the Cedar 
River in 1994 (Hendry and Quinn unpubl.). By infer- 
ence, the limited resources available for egg production 
must be partitioned between egg size and number. The 
sacrifice in egg number necessary for small females to 
produce large eggs would likely result in fewer surviv- 
ing offspring and reduced fitness. 

In females from the Cedar River, an interaction be- 
tween the expression of different reproductive traits was 
identified. All of the traits examined were positively cor- 
related with body length and hence with each other. 
Most of these positive correlations remained after the ef- 

fect of covariation with body size was removed: individ- 
uals which had greater development of a particular trait 
for a given size also had greater development of the 
other traits. We hypothesize that for a given body size, 
energy availability varies among individuals (see also 
Healey and Heard 1984), allowing increased develop- 
ment of a full suite of reproductive traits in energy-rich 
individuals and restricting the development of such traits 
in energy-poor individuals. Consistent with this hypoth- 
esis, Quinn and Foote (1994) found that female sockeye 
salmon that were heavier than average for their length 
also had larger than average snouts. Egg size and egg 
number were inversely related for a given body size in 
the Cedar River fish, consistent with previous evidence 
of a trade-off between these traits (e.g., Bromage et al. 
1990, Quinn and Bloomberg 1992). 

An alternative explanation for the positive covariation 
between egg size and body size may be that optimal egg 
size differs for fish of varying size. Increasing body size 
in Pacific salmon females has been related to success in 
obtaining a high quality nest site (Schroder 1981, Foote 
1990, Quinn and Foote 1994), preparing the site for em- 
bryo deposition, and providing parental care in the form 
of nest defense (van den Berghe and Gross 1984, 1986, 
1989, Fleming and Gross 1994). As nest site quality in- 
creases, oxygen availability may cease to be a limiting 
factor for developing embryos (Chapman 1988), result- 
ing in a relaxation of selection against increasing egg 
size (see also Holtby and Healey 1986). By this mecha- 
nism, larger eggs could evolve in larger females because 
these fish can obtain and prepare a better incubation en- 
vironment, within which their eggs will have increased 
survival despite their large size. 

Both egg weight and snout length were positively cor- 
related with each other due to their association with fe- 
male body size. Considered independent of this associa- 
tion, individuals with larger snouts generally had heavier 
than average eggs. This relationship was (1) highly sig- 
nificant when all fish were pooled, (2) significant within 
6 of the 16 Alaskan populations, and (3) positive al- 
though not significantly so in 8 of the other 10. Thus, the 
weight of evidence supports a positive association be- 
tween these traits rather than a negative one. Had our 
sample sizes been larger within each population, statisti- 
cal significance might have been the norm. Supporting 
this contention, the 73 Cedar River fish were character- 
ized by many significant relationships between repro- 
ductive traits including egg weight and snout length, 
even considered independently of covariation with body 
size. Increased development of secondary sexual charac- 
teristics for a given body size enhances competitive abil- 
ity in male salmon (humps: Quinn and Foote 1994, and 
snouts: Fleming and Gross 1994). In female salmon, 
snout length has been related to mating success (females 
use their snout and enlarged teeth during intra-sexual ag- 
gression) but its importance has yet to be separated from 
the correlation with body size (van den Berghe and 
Gross 1989, Fleming and Gross 1994, Quinn and Foote 
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1994). If snout length is directly associated with compet- 
itive ability, females with larger snouts for a given body 
size might obtain better nest sites. The eggs of these 
competitively superior individuals would be less con- 
strained by oxygen limitations, allowing increased egg 
size. 

Synthesis 

This study documented variation in egg weight within 
and among populations of sockeye salmon from a re- 
stricted geographical area (Bristol Bay, Alaska). The 
level of variation we recorded was comparable to that 
previously recorded for this species throughout its range 
(Burgner 1991, Beacham and Murray 1993, Linley 
1993). Post-emergent juveniles and pre-spawning adults 
from these populations were likely exposed to similar 
selective regimes, and we tested predictions that egg size 
would be related to specific physical and biological fea- 
tures of the spawning and incubation environment. 
Among populations, most of the variation in egg weight 
was explained through a strong positive correlation with 
the size composition of incubation gravels. This correla- 
tion likely relates to dissolved oxygen availability and 
surface-to-volume ratio constraints for eggs. Within 
populations, both egg weight and snout length were pos- 
itively correlated with body length and hence with each 
other. Independent of their correlation with body length; 
some evidence indicated that egg weight and snout 
length also covaried positively. Positive associations be- 
tween body size, egg weight and snout length; and be- 
tween egg weight and snout length, independent of body 
length, may reflect: (1) an interaction between competi- 
tive ability and the quality of the incubation environment 
and/or (2) the ability of energy-rich females to invest in 
the development of both gonads and secondary sexual 
traits. Lending additional credence to the latter hypothe- 
sis was the observation that within populations only egg 
weight and egg number reflected a trade-off. 
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