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Abstract: Some female Pacific salmon (Oncorhynchus spp.) arrive at spawning grounds but fail to complete spawning
prior to death. One hypothesis regarding egg retention is that some individuals do not have sufficient time on spawning
grounds for successful completion of spawning. We investigated this hypothesis by quantifying the relationships among ar-
rival timing, reproductive longevity, and egg retention in female sockeye salmon (Oncorhynchus nerka) from Weaver
Creek Spawning Channel (British Columbia, Canada) in 2006. 250 females were tagged over three sampling periods and
followed until death. Earlier-arriving females lived longer than later-arriving females (p < 0.001), but patterns of egg reten-
tion were not different across sampling dates (p > 0.40). Complete spawners tended to establish a redd sooner after arrival
than incomplete spawners (p = 0.001); there was no relationship between spawning completion and reproductive maturity
or fork length (p > 0.30). Consistent with the time limitation hypothesis, females retained a lower proportion of eggs with
increasing reproductive longevity. Several long-lived females (>7 days) failed to spawn completely before death, indicating
that time limitation was not a factor for spawning success in all females. Further research examining the role of individ-
ual-specific behavioural physiology on egg retention in sockeye salmon is needed.

Résumé : Certaines femelles de saumons du Pacifique (Oncorhynchus spp.) arrivent aux sites de reproduction, mais ne
complètent pas la fraie avant de mourir. Une hypothèse sur la rétention d’œufs veut que certains individus ne passent pas
assez de temps sur les sites de reproduction pour compléter la fraie avec succès. Nous avons examiné cette hypothèse en
mesurant les relations entre le calendrier de l’arrivée, la longévité reproductive et la rétention des œufs chez des saumons
rouges (Oncorhynchus nerka) femelles dans le chenal de fraie de Weaver Creek (Colombie-Britannique, Canada) en 2006.
Nous avons marqué 250 femelles lors de trois périodes d’échantillonnage et les avons suivies jusqu’à leur mort. Les femel-
les qui arrivent tôt vivent plus longtemps que celles qui arrivent tard (p < 0,001), mais les patrons de rétention des œufs
ne varient pas d’une date d’échantillonnage à une autre (p > 0,40). Les femelles qui complètent leur reproduction ont ten-
dance à s’établir sur les frayères plus tôt après leur arrivée que celles qui ne la complètent pas (p = 0,001); il n’existe pas
de relation entre l’achèvement de la fraie et la maturité sexuelle ou la longueur à la fourche (p > 0,30). En accord avec
l’hypothèse de la limitation temporelle, les femelles retiennent une proportion plus faible de leurs œufs à mesure que leur
longévité reproductive s’accroı̂t. Certaines femelles à longévité élevée (>7 jours) ne réussissent pas à compléter leur repro-
duction avant la mort, ce qui indique que la limitation temporelle n’est pas un facteur dans le succès de la fraie chez toutes
les femelles. Il existe un besoin de travaux futurs sur le rôle de la physiologie comportementale spécifique aux individus
sur la rétention d’œufs chez le saumon rouge.

[Traduit par la Rédaction]

Introduction

Adult Pacific salmon (Oncorhynchus spp.) make long dis-
tance migrations from ocean feeding areas to natal spawning
streams to reproduce. All Pacific salmon die after spawning,

yet some females fail to completely deposit eggs prior to
death (Gilhousen 1990; Quinn et al. 2007). While egg reten-
tion in healthy sockeye salmon females is typically quite
low (i.e., less than 5% of females; Burgner 1991), this
spawning failure, known as prespawning mortality, can
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reach 90% of some populations in the Fraser River water-
shed in some years (Gilhousen 1990). In years of high pre-
spawning mortality, hundreds of thousands of females may
fail to spawn completely, resulting in a potential loss of hun-
dreds of millions of unspawned eggs. High levels of pre-
spawning mortality (i.e., >20% of females) have also been
observed in populations of sockeye salmon from other
watersheds (Quinn et al. 2007) and in the four other species
of North American Pacific salmon (Groot and Margolis
1991; Fukushima and Smoker 1997; Reimchen 2000). Yet
despite the tremendous conservation and economic conse-
quences associated with this phenomenon, its causes are still
largely unknown.

Extreme environmental conditions can affect travel rates
and migratory success in Pacific salmon (Lee et al. 2003;
Crossin et al. 2008; Farrell et al. 2008). For example, high
water temperatures increase physiological stress and inci-
dence of disease and, combined with high discharge, can ac-
celerate energy depletion and senescence (Hinch et al. 2006;
Farrell et al. 2008; Keefer et al. 2008) and even stop migra-
tions (Rand and Hinch 1998). Given that sockeye salmon
must complete migration and spawning using stored energy
reserves, delays in migration may exhaust energy reserves
prior to spawning completion (Keefer et al. 2004). Thus,
sockeye salmon may experience reduced reproductive lon-
gevity in years with extreme environmental conditions dur-
ing migration.

Few studies have examined the effects of reproductive
longevity on the ability of female salmonids to successfully
deposit eggs, but most report that reproductive longevity and
egg retention can change over the spawning season (Gil-
housen 1990; Fukushima et al. 1998; Morbey and Ydenberg
2003). Several studies have shown a seasonal decline in re-
productive longevity (van den Berghe and Gross 1989; Mor-
bey and Ydenberg 2003; Hendry et al. 2004); Morbey and
Ydenberg (2003) developed a theoretical model using non-
anadromous kokanee (Oncorhynchus nerka) suggesting that

early-arriving females live longer to protect their redds
from superimposition by later arrivals. Prespawning mortal-
ity is typically highest near the start of the spawning season
and declined quickly thereafter (Gilhousen 1990; Fukushima
and Smoker 1997). Experiments to test this latter effect and
to determine the relationship between reproductive longevity
and egg retention have not been conducted.

Other behavioural and environmental factors may also in-
fluence reproductive longevity and egg retention in female
Pacific salmon. The potential relationships among some of
these factors and reproductive longevity and egg retention
are shown (Fig. 1). Females that are not fully mature when
they arrive at the spawning grounds will complete the proc-
ess of sexual maturation prior to establishing redds; hence,
they can live relatively longer on the spawning grounds
(Morbey and Ydenberg 2003; Morbey and Guglielmo
2006). Thus, the reproductive maturity of females at arrival
may have an influence on behaviour, reproductive longevity,
and egg retention.

The length of time that it takes a female to establish a
redd after arrival at the spawning grounds can potentially in-
fluence not only the length of time on her redd, but may
also affect reproductive longevity and egg retention. It has
been theorized that female salmonids can increase their re-
productive longevity by waiting to establish a redd (Blanch-
field and Ridgway 1997; Morbey and Ydenberg 2003)
because this behaviour allows them to conserve energy and
avoid aggressive interactions. Females that spend more time
on their redds can improve their reproductive success by
guarding their redds from superimposition from later-arriving
females (Fukushima et al. 1998). Conversely, a female that
does not spend a minimum amount of time on a redd may
be unable to complete spawning.

Fish size can also affect reproductive success in salmo-
nids (van den Berghe and Gross 1986; Foote 1990; Steen
and Quinn 1999) and hence may also influence egg retention
and reproductive longevity. Specifically, larger females

Fig. 1. Conceptual model of the interrelationships among the factors investigated in this study. The primary relationship of interest is be-
tween reproductive longevity and egg retention. Reproductive maturity, fork length, arrival timing, time to establish redd, and time on redd
are all theorized to influence egg retention either directly or through indirect effects on reproductive longevity. Dashed arrows indicate
negative relationships; solid arrows indicate positive relationships. An asterisk (*) indicates relationships that were supported by our data.
NS indicate relationships that were not supported by the data in this study.
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often have larger and more eggs (van den Berghe and Gross
1989), may arrive and establish redds earlier (Blanchfield
and Ridgway 1997; Rich et al. 2006), obtain better redd lo-
cations (van den Berghe and Gross 1989; Foote 1990), and
guard redds longer (van den Berghe and Gross 1986) than
smaller females. Thus, experiments to examine egg retention
and reproductive longevity must consider size and matura-
tion state.

The first objective of this study was to characterize the
relationship between reproductive longevity and egg reten-
tion in female sockeye salmon. We hypothesized that the
potential causes of egg retention outlined above would be
mediated through effects on reproductive longevity. Thus,
we predicted that egg retention would be lower for females
that lived longer after arrival at the spawning grounds. Our
second objective was to quantify how reproductive longevity
and egg retention, as well as the relationship between these
two variables, changed over the spawning season. We hy-
pothesized that females that arrived earlier in the spawning
season would live longer. Our third objective was to quan-
tify how other factors, such as maturity, behaviour, and fish
size, affect egg retention and reproductive longevity. We hy-
pothesized that (i) immature females would establish redds
later and live longer than mature females; (ii) females that
establish their redds shortly after arrival would live longer

on the spawning grounds and be more likely to complete
spawning; and (iii) females that spend more time on their
redds would have a higher probability of complete
spawning.

Materials and methods

The study took place at the Weaver Creek Spawning
Channel (49832’N, 121888’W), which is approximately
125 km east of Vancouver, British Columbia, Canada
(Fig. 2). The spawning channel was constructed in 1965 to
provide spawning habitat for approximately 20 000 sockeye
salmon; smaller numbers of pink (Oncorhynchus gorbuscha)
and chum (Oncorhynchus keta) salmon are also permitted to
spawn in the channel. Weaver Creek sockeye are a well-
studied population; see Quinn (1999); Essington et al.
(2000), and Mathes et al. (2010) for more details. The chan-
nel is 2.9 km long and 6 m wide, with a layer of gravel sub-
strate of a size suitable for spawning (1.2–7.6 cm),
providing optimal and relatively uniform spawning habitat
throughout the channel. Mean water depth is 25–30 cm and
mean current velocity is 0.4 m�s–1 (Quinn 1999). The
entrance to the channel is manually operated, and fish are
counted into the channel daily throughout the spawning
season.

Fig. 2. (a) Map of Canada showing the study location in British Columbia and (b) the lower Fraser River. The star indicates the location of
the Weaver Creek Spawning Channel. Weaver Creek Spawning Channel (49832’N, 121888’W) was built next to (1) Weaver Creek. (2) Sal-
mon move from the creek up a fish ladder into the entrance of the channel and hold below (3) the splitter shed before being allowed into the
spawning channel. Fish were captured from (4) the holding pool, tagged, and released into (5) the spawning channel.
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In 2006 the spawning channel was opened on 5 October
and spawning took place through the month of October.
Peak female abundance in the spawning channel occurred
on 14 October. The abundance of female sockeye salmon in
the Weaver Creek Spawning Channel was 18 837 in 2006.
To assess overall and seasonal changes in reproductive lon-
gevity and egg retention, we tagged (details below) and re-
leased 250 female sockeye salmon during three sampling
periods (5–6 October, 13 October, and 19 October), which
spanned the main period of salmon entry into the channel.
Our objective was to obtain data on at least 20 females that
retained most of their eggs at death. Median annual pre-
spawning mortality for sockeye salmon in the Weaver Creek
Spawning Channel (1996–2005) was 13.3% (range 3.75% to
21.05%); median abundance during this time period was
15 739 (range = 2854–20 789; Rick Stitt, Weaver Creek
Spawning Channel, Fisheries and Oceans Canada, 16250
Morris Valley Road, Agassiz, British Columbia, personal
communication, 2006). To be sure of achieving our target
of 20 females that had >75% egg retention, we anticipated
having to tag up to 500 females, but after the first week of
observations it was evident that prespawning mortality was
higher than expected, so we tagged only 139, 71, and 40
females in the first, second, and third sampling periods,
respectively.

Water temperature in the spawning channel declined from
15.0 to 7.4 8C at about 1–1.5 8C per week through October.
Fish in the three sampling periods experienced mean spawn-
ing ground temperatures of 14.1 ± 0.1 8C, 13.3 ± 0.2 8C,
and 12.1 ± 0.2 8C, respectively (Rick Stitt, Weaver Creek
Spawning Channel, Fisheries and Oceans Canada, personal
communication, 2010).

Salmon were captured from the holding pool at the top of
the fish ladder below the entrance to the spawning channel
(Fig. 2). We assumed that all fish in the holding pool had
an equal likelihood of entering the spawning channel when
the gates were open. All fish that were caught were used in
the study, regardless of condition, so that the data were rep-
resentative of fish condition at arrival. Fish were captured
by dip net and immediately placed, ventral side up, in a V-
shaped trough with continuous flow-through water from the
spawning channel for processing. Fish were biopsy-sampled
(i.e., 3 mL blood sample and 0.03 g gill biopsy; 30–90 s du-
ration) for another study (K.A. Hruska, unpublished data),
measured to fork length, and tagged with individually
marked Peterson discs. This biosampling procedure has
been validated and used in several recent adult sockeye
studies and has minimal impacts on the speed or survival of
the fish during upstream migration (Cooke et al. 2005;
Crossin et al. 2007). The abdomen of each female was pal-
pated to determine maturity; a female was considered ma-
ture if the eggs felt loose within the abdomen and eggs
were extruded from the vent with the application of gentle
pressure and immature if the eggs felt tight within the abdo-
men and eggs were not extruded with the application of gen-
tle pressure (Craik and Harvey 1984; de Gaudemar and
Beall 1998). Each fish was released into the spawning chan-
nel (Fig. 2) immediately after processing. We recorded total
handling time from capture to release in seconds. Handling
time ranged from 2 to 5 min and was not correlated with ei-
ther reproductive longevity or egg retention.

The spawning channel was surveyed daily to map the lo-
cations of tagged individuals. Each fish was observed for
approximately 20–30 s to assess the status of redd establish-
ment and spawning activity. For each female, we calculated
two behavioural indices, time to establish a redd and time
on redd, based on the following: the last day observed be-
fore redd establishment, first day observed on redd, last day
observed on redd, and first day observed off redd. The day
of redd establishment was calculated as the midpoint be-
tween the last day before redd establishment and the first
day on redd. The day off redd was calculated as the mid-
point between the last day on redd and the first day off
redd. If more than 2 days of observations were missed be-
tween either of these check points, the female was excluded
from the analysis. Time to establish redd was calculated as
the number of days between the first day in the channel and
the day of redd establishment. Time on redd was calculated
as the number of days between the day of redd establish-
ment and the day off redd.

Dead fish were collected daily. Reproductive longevity
was calculated as the number of days between arrival and
death. Eleven of the 250 tagged females were not recovered
from the channel and were excluded from reproductive lon-
gevity calculations. There was evidence of scavenging by
gulls (Larus spp.) on eight additional females, so these fish
were excluded from egg retention analyses because of the
potential bias in final egg retention values. Total and gonad
mass were measured for each dead fish. Gonadosomatic in-
dex at death (GSID) was calculated by dividing the remain-
ing gonad mass by the somatic mass at death (i.e., total
body mass minus gonad mass). Expected gonadosomatic in-
dex (GSIE) was calculated based on the relationship between
gonadosomatic index and somatic mass for unspawned fe-
males in this population. For unspawned females in this
population, gonad mass typically ranges from about 350 to
500 g and is positively correlated with female fork length.
Egg retention was then calculated as GSID/GSIE � 100%.

Statistics
All statistics were calculated using either SAS 9.1 or

JMPIN 4.0.4 (SAS Institute Inc., Cary, North Carolina,
USA). Effects were considered significant at a = 0.05. Val-
ues are given as mean ± standard error (SE) unless other-
wise indicated. Owing to multiple comparisons, we applied
Bonferroni corrections to minimize the chance of a type II
error (Rice 1989). However, Bonferroni corrections are
highly conservative, so we indicated effects at a = 0.05 to
allow the reader to define for themselves effects that are bi-
ologically meaningful (Cabin and Mitchell 2000).

There were only two females that arrived immature in the
final sampling period; thus, we were unable to analyse the
data using a two-way analysis of variance (ANOVA) (i.e.,
maturity � sample period). Instead, one-way ANOVAs were
used to test for differences in fork length and reproductive
longevity between maturity classes and then between sam-
pling periods for mature and immature females separately.
Because of reproductive longevity differences between ma-
turity and sampling groups, we chose not to pool data across
these groups for the remaining analyses (see below).

A preliminary exploration of the data was done to assess
whether data fit the assumptions of normality and homoge-
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neity of variances. Time on redd data were transformed
(square root) to normalize the residuals. Egg retention could
not be normalized because of the large number of zero val-
ues in the data set; similarly, time to redd establishment data
could not be normalized owing to the large number of unity
values. Thus, Kruskal–Wallis tests were used to test for dif-
ferences between maturity and arrival timing groups for
these two parameters. All egg retention and time to redd
values are reported as medians.

Because of the large number of zero values in the data
set, egg retention and time to establish redd data were cate-
gorized to facilitate further analysis. For egg retention, fe-
males were categorized as either completely spawned
(£0.5% egg retention at death) or not completely spawned
(>0.5% egg retention at death). A small number of eggs
may occasionally become trapped behind an organ and thus
be retained in the body cavity. During preliminary data anal-
ysis, we explored the use of a range of thresholds for cate-
gorizing these data (i.e., 0 eggs, 0.5% egg retention, 1% egg
retention, 5% egg retention, 25% egg retention, 50% egg re-
tention, and 75% egg retention). Each of these thresholds re-
sulted in similar negative relationships between reproductive
longevity and egg retention, although the relationships were
not as tight when higher proportions of egg retention were
used. For time to establish redd data, females were catego-
rized as follows: established a redd within £2 days, estab-
lished a redd in >2 days (range: 3–8 days), or never
observed establishing a redd. Chi-square analysis was used
to determine whether egg retention differed by maturity
class, sampling period, or redd establishment category,
whether redd establishment category differed by either ma-
turity class or sampling period, and whether maturity class
differed by sampling period. Logistic analysis was used to
determine whether spawning success differed by fork length.

Females were grouped by their maturity and arrival group
for analysis of relationships between reproductive longevity
and egg retention. Females were similarly grouped for logis-
tic regression analysis of the probability of complete spawn-
ing as a function of reproductive longevity. Similar analyses
were done to analyze for correlations between time on redd
and egg retention.

To determine whether handling impacted spawning suc-
cess in the tagged fish, prespawning mortality was calcu-
lated for the tagged fish following the methods in
Gilhousen (1990). The values for tagged fish in the study
were compared with values for all sockeye salmon females
in the spawning channel.

Results

Reproductive longevity
The females that were immature at arrival lived approxi-

mately 1 day longer than females that arrived in the mature
state (ANOVA; df = 1, 226; F = 9.13; p = 0.003; mature =
6.3 ± 0.2 days; immature = 7.4 ± 0.3 days). Among mature
females, those from the first sampling session lived longer
on the spawning grounds than those from the latter two sam-
pling periods (ANOVA; df = 2, 160; F = 8.35; p < 0.001; 5–
6 October = 7.0 ± 0.2 days; 13 October = 5.9 ± 0.4 days;
19 October = 5.3 ± 0.4 days). This result was similar for im-
mature females; females from the first sampling session

lived significantly longer than those from the second sam-
pling session (ANOVA; df = 1, 63; F = 10.67; p = 0.002;
5–6 October = 8.1 ± 0.3 days; 13 October = 6.1 ±
0.5 days). Fork length was related to reproductive longevity
(correlation; df = 217; p = 0.043; r = –0.137); however, this
relationship was not significant when each sampling period
was considered separately (correlation; 5–6 October: df =
125, p = 0.438; 13 October: df = 59, p = 0.804; 19 October:
df = 28, p = 0.185), indicating that the relationship was
driven by differences in fish size across arrival periods.

Egg retention
Percent egg retention did not differ across sampling peri-

ods (Kruskal–Wallis; df = 2; c2 = 1.26; p = 0.534; median:
5–6 October = 8.2%; 13 October = 14.6%; 19 October =
10.8%) or maturity categories (Kruskal–Wallis; df = 1; c2 =
0.27; p = 0.604; median: mature = 11.0%; immature =
7.6%). There was no difference in the proportions of mature
and immature females that were categorized as completely
spawned vs. not completely spawned (contingency analysis;
df = 1; c2 = 0.86; p = 0.353; mature = 22% were completely
spawned; immature = 28% were completely spawned). Sim-
ilarly, the proportion of females categorized as completely
spawned or not completely spawned did not differ across
sampling session (contingency analysis; df = 2; c2 = 2.80;
p = 0.246; 5–6 October = 29% were completely spawned;
13 October = 20% were completely spawned; 19 October =
22% were completely spawned). Fork length was not related
to egg retention (logistic regression; df = 1; c2 = 0.96; p =
0.326).

For the mature females in the first sampling period, there
was a significant negative correlation between percent egg
retention and reproductive longevity (Fig. 3a; correlation;
df = 83; p < 0.001; r = –0.442). This relationship was also
significant in all the other sampling period – maturity
groups except among immature females from the first sam-
pling period (Table 1). There was considerable variability in
these relationships, largely resulting from females that lived
for more than 7 days in the spawning channel yet died with
high egg retention. Some individuals had greater egg reten-
tion than would be expected for the length of time they
spend in the spawning channel.

Among mature females in the first sampling period, lon-
ger-lived individuals had a higher probability of being com-
plete spawners (Fig. 3e; logistic regression; df = 1; c2 =
14.70; p < 0.001). This pattern was similar for females that
arrived in the last sampling session (Table 1), although not
so for the immature females in the first sampling group and
for both maturity groups in the second sampling session (lo-
gistic regression; df = 1; p > 0.10). There were no complete
spawners that died before the fourth day in the spawning
channel.

Timing of redd establishment
On average, >70% of the females were observed in the

channel each day. There were sufficient data to calculate
the time to establish redds for 154 females and the time on
redds for 143 females. In addition, 14 females were classi-
fied as never forming redds. Mature and immature females
did not differ for the time to establish a redd (Kruskal–
Wallis; df = 1; c2 = 0.06; p = 0.808; median; mature:
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1.5 days; immature: 1.5 days) or time on redd (ANOVA;
df = 1, 153; F = 0.70; p = 0.404: mean ± SE; mature: 4.2 ±
0.2 days; immature: 4.6 ± 0.3 days). There was also no dif-

ference among sampling periods of the time to establish a
redd (Kruskal–Wallis; df = 2; c2 = 4.38; p = 0.112; median;
5–6 October: 1.5 days; 13 October: 1.3 days; 19 October:

Fig. 3. Scatterplots of (a) egg retention vs. reproductive longevity and (b) egg retention vs. time on redd for mature female sockeye salmon
(Oncorhynchus nerka) that were tagged at the Weaver Creek Spawning Channel on 5–6 October 2006. An exponential decay trend line is
indicated on the graph. Bar graphs indicate the number of females that were classified as spent (open bars) or not completely spawned (solid
bars) by (c) reproductive longevity and (d) time on redd. Probability of females spawning completely is shown as a function of
(e) reproductive longevity (z = –4.26 + 0.44x) and (f) time on redd (z = –4.50 + 0.79x). c2 and p values and equations for the logit are
indicated in the bottom right corner of the graph.

Table 1. Correlations between reproductive longevity and egg retention at death by sam-
ple period – maturity groups in female sockeye salmon (Oncorhynchus nerka) at the
Weaver Creek Spawning Channel in 2006.

Correlation between egg
retention and reproductive
longevity

Probability of
complete spawning

Group r p value n c2 p value
5–6 October mature –0.442 <0.001 85 14.70 <0.001
5–6 October immature –0.028 0.861 42 2.75 0.097
13 October mature –0.543 <0.001 40 3.66 0.056
13 October immature –0.690 <0.001 21 3.26 0.071
19 October mature –0.837 <0.001 30 4.39 0.036*
All females –0.440 <0.001 219 29.08 <0.001

Note: The probability of completely spawning as a function of reproductive longevity was deter-
mined by logistic regression for each of the sample period – maturity groups. Bold p values indicate
significant effects with Bonferroni correction (a = 0.008). An asterisk (*) indicates significant ef-
fects at a = 0.05.
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2.0 days) or the time on redd (ANOVA; df = 2, 141; F =
2.73; p = 0.069; mean ± SE; 5–6 October: 4.7 ± 0.3 days;
13 October: 4.0 ± 0.3 days; 19 October: 3.9 ± 0.4 days).

Fork length was negatively correlated with time spent on
redd among females that arrived in the first sampling session
(correlation; df = 73; p = 0.008; r = –0.306) but not for the
other two sampling periods (correlation; 13 October: df =
36, p = 0.946; r = 0.011; 19 October: df = 19, p = 0.288;
r = –0.250). Fork length was not related to whether a female
established a redd within 2 days or in more than 2 days for
any of the sample periods (logistic regression; all p > 0.45).

Sixty-eight percent (109 of 160) of the females that were
observed to establish redds did so within 2 days of arrival.
Median egg retention by these females was 3%. Of the 109
females that established a redd within 2 days, 36 (33%)
were considered completely spawned; in contrast, only 16%
(8 of 51) of the females that took longer than 2 days to es-
tablish redds were completely spawned (contingency analy-
sis; df = 1; c2 = 5.6; p = 0.018). Median egg retention
among females that took longer than 2 days to establish a
redd was 30%. In addition, females that established redds
within 2 days were on their redds longer than females that
took more than 2 days to establish a redd (ANOVA; df = 1,
136; F = 22.98; p < 0.001; mean ± SE; redd in £2 days:
4.8 ± 0.2 days on redd; redd in >2 days: 3.0 ± 0.3 days on
redd). However, females that took more than 2 days to es-
tablish redds lived significantly longer in the spawning
channel (ANOVA; df = 1, 147; F = 8.58; p = 0.004;
mean ± SE; redd in £2 days: 6.6 ± 0.2 days; redd in
>2 days: 7.6 ± 0.3 days). Females that were not observed
on a redd lived a similar length of time (6.6 ± 0.8 days;
range 1–13 days) as females that did establish a redd.

Among mature females in the first sampling period, there
was a negative correlation between egg retention and time
spent on redd (Fig. 3b; Table 2; correlation; df = 48; p <
0.001; r = –0.691), and the probability of being a complete
spawner increased with increasing time spent on redd
(Fig. 3f; Table 2; logistic regression; df = 1; c2 = 19.40;
p < 0.001). These relationships were also significant during
all the other sampling period – maturity groups (Table 2)
except for females from the last sampling period, for which
the probability of being a complete spawner did not increase
with increasing time on redd. There were no complete
spawners among females that were observed on redds for
2 days or less.

Other factors
Maturity at time of arrival differed among the three ar-

rival timing groups (contingency analysis; df = 2; c2 =
16.42; p < 0.001); 67% of 139 females that arrived in the
first sampling period, 59% of 71 females in the second sam-
pling period, and 93% of 40 females in the final sampling
period were mature at arrival. None of the females were still
immature at death. There was no difference in fork length
between mature and immature females (ANOVA; df = 1,
217; F = 2.06; p = 0.153; mature = 58.9 ± 0.3 cm; imma-
ture = 59.6 ± 0.4 cm). Females that arrived in the first sam-
pling period were significantly shorter than females that
arrived in the last sampling period (ANOVA; df = 2, 216;
F = 5.92; p = 0.003; fork length: 5–6 October = 58.5 ±

0.3 cm; 13 October = 59.7 ± 0.4 cm; 19 October = 60.6 ±
0.7 cm).

Female density in the spawning channel ranged between
0.07 and 0.36 females�m–2. Mean density in the spawning
channel during the first, second, and third sampling sessions
were 0.24 ± 0.04, 0.34 ± 0.01, 0.19 ± 0.02 females�m–2, re-
spectively. In our study year, prespawning mortality in the
Weaver Creek population was 28.4% (Rick Stitt, Weaver
Creek Spawning Channel, Fisheries and Oceans Canada,
personal communication, 2006). When prespawning mortal-
ity was calculated in a similar manner (Gilhousen 1990), the
prespawning mortality for the tagged fish in our study was
24%.

Discussion
While several studies have looked at the benefit of greater

reproductive longevity as a result of redd guarding in Pacific
salmon (Quinn and Foote 1994; Morbey and Ydenberg
2003; Hendry et al. 2004), to our knowledge there have
been no studies that examined the relationship between re-
productive longevity and the ability of females to complete
spawning. In general, as predicted, egg retention was lower
among females that lived longer after arrival at the spawn-
ing grounds and reproductive longevity was higher among
early-arriving individuals. However, the prediction of higher
egg retention in early-arriving individuals was not
supported.

We observed a significant decline in egg retention with an
increasing number of days on the spawning grounds for
most maturity–arrival timing groups. Completely spawned
females lived approximately 2 days longer on the spawning
grounds than females that retained at least some eggs at
death. This result was consistent with other reports of de-
clining egg retention with increased reproductive longevity
(Yolanda Morbey, Department of Biology, University of
Western Ontario, London, Ontario, personal communication,
2010) and supports our hypothesis that some females were
running out of time to complete spawning. Females that
lived longer after arrival had a greater probability of being
completely spawned. This benefit to reproductive success
was in addition to any benefit that was derived from being
able to protect the redd from superimposition by later-
arriving females (McPhee and Quinn 1998; Morbey and
Ydenberg 2003).

The 4-day minimum reproductive longevity for complete
spawning in this population is consistent with the spawning
behavior of sockeye salmon. After arrival, a female must
spend time searching for a suitable spawning location, fight-
ing for that location, and then digging her redd. In addition,
female sockeye salmon do not spawn all of their eggs in a
single spawning episode; rather, they deposit a portion of
their eggs during each of several spawning events and then
pause to cover the eggs and dig a new nest within the redd
(reviewed by Burgner 1991). Our data indicate that a female
spent more than 2 days on her redd to complete spawning.
Thus, 2 days may be the minimum amount of time a female
requires to perform the three to seven spawning episodes
necessary to deposit all of her eggs. The mean time that fe-
males in our study spent on their redds (4.4 days) is similar
to results from other Fraser River sockeye salmon (e.g.,
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3.5 days; Early Stuart sockeye, Gluskie Creek, British Co-
lumbia; Healey et al. 2003). In contrast, most sockeye sal-
mon females in a population on Kodiak Island were
completely spawned within 2 days of establishing a redd
(Clark 1959). The Kodiak Island population experiences in-
tense predation pressure from bears (Ursus arctos), suggest-
ing that sockeye can complete spawning more quickly if the
risk of reduced fitness is extremely high.

Our results are consistent with the idea that females can
increase time on spawning grounds by waiting to establish a
redd (Blanchfield and Ridgway 1997; Morbey and Ydenberg
2003). Similarly, Morbey and Ydenberg (2003) observed an
increase in spawning ground lifespan of 0.65 days for every
day a female kokanee salmon delayed in establishing a redd.
Increased reproductive longevity can be important for pre-
venting redd reuse by later-arriving females, as redd super-
imposition can be an important source of egg mortality
(Fukushima et al. 1998; Steen and Quinn 1999). While a
longer period of redd guarding would be more advantageous
for females that arrive early in the spawning season, we did
not observe any difference in the time to establish a redd
among the three sampling periods. Similarly, while we pre-
dicted that immature females would delay establishing a
redd longer than would mature females, there was no differ-
ence in the length of time to establish a redd between the
maturity classes.

Females that established redds within 2 days of arrival
spent longer (>1.5 days) on redds than females that took
longer than 2 days to establish redds, suggesting a trade-off
between reproductive longevity and time on redd. A small
number of females were observed off their redds for at least
1 day before death, indicating that redd departure may have
been due to displacement rather than death for some fe-
males. Egg retention was strongly correlated with time spent
on the redd; the females that established a redd sooner after
arrival generally had lower levels of egg retention, possibly
because of the greater time spent on the redd. Waiting to es-
tablish a redd may be a successful strategy if the additional
day spent in the channel provides a large benefit in terms of
redd guarding, an effect that was not measured in our study.
However, as our data show, waiting is not always the most
effective strategy for maximizing reproductive success
(Morbey and Ydenberg 2003). For example, predation on
the spawning grounds may increase the risks of waiting

(Clark 1959; Quinn and Kinnison 1999). In populations like
Weaver Creek sockeye salmon, fish can encounter high tem-
peratures during upriver migration and arrive at spawning
grounds with high levels of physiological stress and ad-
vanced stages of naturally occurring diseases (Wagner et al.
2005; Farrell et al. 2008; Crossin et al. 2008); these environ-
mental conditions may also increase the risks associated
with waiting. However, this population can also wait in the
cooler Harrison Lake prior to arrival at the spawning
grounds (Mathes et al. 2010).

Our results did not support the conclusions of Gilhousen
(1990), who stated that prespawning mortality was highest
in the early part of the season for all Fraser River sockeye
salmon stocks. However, Gilhousen (1990) related egg re-
tention with date of death without knowing the date of ar-
rival for individual fish. In contrast, we tagged females at
three distinct times during the spawning season to directly
measure the effects of arrival timing on egg retention and
reproductive longevity. Williams (1973) tagged females at
the start, middle, and end of the spawning season and, like
us, found no differences in egg retention throughout the
spawning season. Gilhousen (1990) likely observed a de-
cline in egg retention throughout the spawning season be-
cause of the lower levels of egg retention in longer-lived
females, which created the impression that earlier-arriving
females had higher levels of egg retention.

The hypothesis that larger females have reduced egg re-
tention was unsupported. Instead, larger females from the
first sampling group spent less time on their redds than
smaller females. This finding is contrary to findings by
van den Berghe and Gross (1986), who found that larger fe-
males guard their redds longer than smaller females. How-
ever, the effects of fish size are not always clear, as other
studies have also failed to find links between female size
and reproductive success parameters (Holtby and Healey
1986; Quinn and McPhee 1998; Morbey and Ydenberg
2003). The range in female size in this study was small rel-
ative to other studies (Holtby and Healey 1986;
van den Berghe and Gross 1989), which may have contrib-
uted to the limited number of size effects observed.

Why some females died soon after arrival at the spawning
grounds and why some failed to spawn even after spending
up to 2 weeks in the spawning channel remain unresolved
questions. It is possible that females possess physiological

Table 2. Correlations between time spent on redd and egg retention at death by
sample period – maturity groups in female sockeye salmon (Oncorhynchus
nerka) at the Weaver Creek Spawning Channel in 2006.

Correlation Logistic regression

Group r p value n c2 p value
5–6 October mature –0.691 <0.001 50 19.40 <0.001
5–6 October immature –0.590 0.002 25 10.22 0.001
13 October mature –0.759 <0.001 24 12.33 <0.001
13 October immature –0.648 0.012 14 6.13 0.016*
19 October mature –0.839 <0.001 21 0.18 0.673
All females –0.669 <0.001 135 42.24 <0.001

Note: The probability of completely spawning as a function of time on redd was de-
termined by logistic regression for each of the sample period – maturity groups. Bold
p values indicate significant effects with Bonferroni correction (a = 0.008). An asterisk
(*) indicates significant effects at a = 0.05.
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states related to the environmental conditions encountered
during migration or on the spawning grounds that predispose
them to specific behavioural strategies on the spawning
grounds. High water temperatures on spawning grounds
may have contributed to the observed high levels of egg re-
tention; however, environmental conditions on the spawning
grounds were quite uniform so it is unlikely that these fac-
tors explain the in-season patterns of reproductive longevity.
Recent physiological telemetry studies of adult Fraser River
sockeye have found that osmoregulatory, stress, and ener-
getic states of individuals predict migratory success (Cooke
et al. 2006; Young et al. 2006). Incorporating physiological
assessments into spawning ground behavioural studies
(Hruska et al. 2010; as suggested in Hruska et al. 2007)
may help to elucidate the relative contribution of behaviour
and physiology to egg retention, as well as other aspects of
spawning success, in sockeye salmon.
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