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4 Maturation and Migration 

4.1 Distribution of Maturing Fraser River Sockeye Salmon 

A detailed analysis of the age composition of approximately 32,000 maturing sockeye salmon caught by the 
Japanese mothership gillnet fishery in 1961 and 1962 in the northwestern Pacific Ocean and Bering Sea led to 
the conclusion that homogeneous populations of sockeye salmon (based on age composition) were found 
within 1° × 1–1.5° lat./long. blocks (Fukuhara, 1975).  At a larger scale (2° × 5° lat./long.) age composition of 
the catches became heterogenous.  This assessment was based on samples of catches that represented 35 and 
38% of the total North Pacific sockeye salmon catch in these two years.  An important result of this study, with 
regard to what can be inferred from typical research vessel catches that deploy a small amount of fishing gear 
at predetermined stations in the ocean, is that they are not likely to be representative of the population of 
maturing sockeye salmon in the region where they were taken (Fukuhara, 1975).  This potentially limits what 
can be inferred from high seas research sampling. 
 
Nevertheless, most of what is known about stock-specific distributions of maturing sockeye salmon has been 
obtained from high seas tagging data (Myers et al., 1996), although other methods involving the identification 
of parasites with known distributions in freshwater (Margolis 1963; Bailey et al., 1988), or the characteristics 
of scale patterns developed in freshwater (Bilton and Messinger, 1975) have also been used with varying 
degrees of success.  Tagging was preferred, as the stock identification tended to be less ambiguous than the 
other methods.  The distribution of stocks in the North Pacific was a particularly important area of 
investigation for the INPFC, as distribution affected vulnerability to high seas salmon fishing.  Less attention 
was given during these studies to population-specific patterns of distribution, as the members of the 
Commission paid greater attention to the “continent of origin” or “national” distribution of stocks on the high 
seas.  
 
From 1956 to the mid-1990s, the total number of sockeye salmon tagged at sea and recovered in British 
Columbia and reported to the INPFC or the NPAFC (North Pacific Anadromous Fish Commission) was 1,241 
(Myers et al., 1996)5.  Only four additional tags have been recovered in British Columbia since that report was 
written so Myers et al. (1996) reflect what is known at present.  Tags recovered in general areas that are 
associated with Fraser River sockeye salmon fisheries were a result of two approaches:  (1) seine sampling on 
the continental shelf of the Gulf of Alaska (404 recoveries), especially along the west coast of Vancouver 
Island, and (2) floating longline sampling throughout the Gulf of Alaska basin (426 recoveries), mainly from 
1962 to 1967. 
 
Seining along the west coast of Vancouver Island in summer will tend to direct the tagging efforts toward 
maturing fish making their homeward migration.  Considering only those recoveries of tagged fish that were 
taken in Fraser River recovery areas but were tagged offshore, where both maturing and immature sockeye 
salmon are expected to occur, there is a noteworthy imbalance in the ratio of mature:immature tags recovered 
(781 ÷ 10 = 78.1).  Ten tags is the total number of recoveries of immature fish that were tagged the year before 
maturing and 781 is the number of recoveries of fish that matured in the same year as they were tagged.  On 
average, this ratio must be <1.0 because cohorts are always more abundant when they are younger (immature) 
than when they are older (mature) owing to an additional year of mortality.  If Ricker’s 1976 estimate of 
monthly natural mortality during the last year at sea (0.015 m–1) is used to approximate the abundance of a 
maturing cohort one year before maturity, it will be about 20% larger.  In nature, therefore, the ratio of 
mature:immature should be about 0.83 if Ricker’s estimates are reasonable.  Applying these estimates to the 
number of mature fish recovered (781) suggests that ~940 immature sockeye salmon from British Columbia 
should be in the records.  Where are these missing fish? 
 

                                                 
5 The results of regional tagging studies associated with the activities of the Pacific Salmon Commission (e.g., North 

Coast tagging in the 1980s) tend not to be reported to the INPFC/NPAFC. 
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Perhaps it is possible to understand something of sockeye salmon biology and/or sampling at sea by 
considering why the ratio is >>1.0 when it should be <1.0.  One explanation is the possibility that there is 
differential tagging mortality; i.e., catching an immature sockeye salmon on the high seas (~35 cm fork length) 
and tagging it induces a ~100-fold increase in mortality compared with catching and placing a tag on a 
maturing individual (~55 cm fork length).  The next idea is that mature and immature fish have different 
spatial distributions (including depth).  Floating longlines are baited hooks that dangle 1 m below the surface 
of the ocean.  If maturing fish are migrating nearer to the surface at twilight (when the gear is deployed) than 
the immature fish, the gear would tend to encounter more mature fish.  Another possibility is that the hooks 
and bait sizes are selective (Ralston 1990; M. Fukuwaka, pers. comm.).  The limited recoveries of tagged 
immature fish suggest a more southerly and westerly distribution of Fraser River sockeye salmon in the Gulf 
of Alaska but with considerable overlap with maturing fish.  Another possibility for the prevalence of maturing 
fish in the recoveries is the behaviour of maturing fish toward the gear.  The caloric requirements of growth, 
maturation, and migration must be significantly greater than those of growth alone.  The bait (salted 
anchovy/herring) provides a near-surface food for the migrants that is, perhaps, of less interest to the immature 
fish.  Recall that immature sockeye salmon caught by gillnets in the Gulf of Alaska in 1958 had relatively little 
in their stomachs compared to that found in the maturing fish (LeBrasseur, 1966).  
 
 

4.2 Diet and Feeding of Maturing Fraser River Sockeye Salmon 

The first assessment of the stomach contents of maturing sockeye salmon was conducted in the summer of 
1958 (LeBrasseur, 1966).  The stock of origin of these fish is unknown, but as the 1958 return of sockeye 
salmon to the Fraser River was one of the largest of the 20th century, it is not unexpected that some of the fish 
sampled will have Fraser River origins. Sockeye salmon were identified as either immature or maturing based 
on a visual inspection of the gonads.  Sockeye salmon was the only species of five examined (others included 
chum, coho, pink, and steelhead) to show a significant difference in stomach contents based on the state of 
maturity.  Maturing fish had a greater incidence of squid in the stomach than immature fish.  The stomach 
contents of maturing sockeye salmon were predominantly euphausiids, squid, and fish (LeBrasseur, 1966). 
 
In the Subarctic Current region of the Gulf of Alaska (47–51°N, 145–165°W) stomach contents analysis 
(% weight or volume) found that the major taxa were: euphausiids, copepods, amphipods, crustaceans, squids, 
pteropods, fishes, polychaetes, chaetognaths, gelatinous zooplankton, miscellanious other animals, and 
unidentified material.  A stomach content index (SCI) was calculated as SCW/BW × 100 (SCW: stomach 
content weight, BW: body weight).  Fork length data were obtained from the Hokkaido University HUFODAT 
database.  Stomach contents data were taken from LeBrasseur (1966), Pearcy et al. (1988), Kaeriyama et al. 
(2004), and previously unpublished data from M. Kaeriyama for 2003–2006. 
 
Over many years, the gonatid squid (Berryteuthis anonychus) was generally the dominant prey of sockeye 
salmon collected at the Subarctic Current area in the Gulf of Alaska (Fig. 32).  This is consistent with the 
generally southern locations of these samples in the Gulf of Alaska. LeBrasseur (1966) reported that the 
proportion of squid decreased and the proportion of fish in the diet increased at the Alaskan Stream to the north.  
The fraction of squid in sockeye salmon stomachs was positively correlated with the SCI (Fig. 33).  Although 
the proportion of squid in the stomachs of sockeye salmon did not have temporal trend, it was less than 50% in 
1982, 1983, 2000, and 2004 (Fig. 34), suggesting that feeding conditions were suboptimal in these years.  
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Fig. 32 Composition of stomach contents of sockeye salmon caught in the Gulf of Alaska (Subarctic Current) and the 
trend in the stomach contents index (see text for definition). 
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Fig. 33 Percentage of squid (by weight or volume) in the stomachs of sockeye salmon caught in the Gulf of Alaska in 
summer, 1980 to 2006 and 1958 versus the stomach content index (see text for description). 

 
 

 
Fig. 34 Percentage of squid (by weight or volume) in the stomach contents of sockeye salmon caught in the Gulf of 
Alaska by year. 

 
 

4.3 Growth of Maturing Fraser River Sockeye Salmon 

 “Yet it is only by tracing fluctuations in the growth of the individual from season to season that 
we can hope to ascertain whether such fluctuations can be correlated with each other, or with any 
external factors, and can also ascertain what, if any, regulatory mechanisms are involved.” 

Charles Henry Gilbert, 1914 
 

4.3.1 Average size at age 
At the beginning of the 20th century, it was understood that fish growth is the increase in mass (weight) of an 
individual fish with the passage of time, and that external factors might influence that process.  It is rarely 
observed in nature.  Occasionally, fish are tagged or marked as juveniles with marks that can be distinguished 
at recapture.  If the mass at tagging and mass at recapture were recorded by the researchers, a measure of 
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growth can be obtained for the interval of time that the fish was at large.  In general, these data are never 
measured with sufficient frequency during a fish’s life to understand the details of an individual salmon’s 
growth, but there have been times in the past when the average mass of maturing salmon was measured 
routinely within some rivers.  
 
The weights of individual maturing salmon were measured routinely (as was fork length) at canneries in the 
major sockeye salmon fisheries of British Columbia (Fraser, Rivers Inlet, Skeena, and Nass) by agents of the 
Province of British Columbia from 1913 to 1924 and the Biological (Fisheries) Board of Canada from about 
1925. When the IPSFC was established in 1937, responsibility for biological measurements for the Fraser 
River was transferred to the new Commission.  Routine measurement of sockeye salmon body weight and fork 
length were continued in the other major rivers (Smith Inlet replaced Fraser River) by the Board until the early 
1970s when these responsibilities were transferred to biologists employed by the federal government 
department responsible for fisheries.  Routine measurements of body weight of individual salmon diminished 
in the 1970s, and as a consequence, most contemporary studies of fish growth have considered only fish length 
(more easily measured) rather than mass.  It is possible to obtain a reliable detailed measure of an individual 
fish’s growth from the ring-like increments recorded in an otolith or fish scale (Fukuwaka and Kaeriyama, 
1997), but this is (currently) a labour-intensive process that few agencies undertake as routine practice.  
Therefore, growth of sockeye salmon is assessed currently by examining the mean lengths of a population or a 
group of populations.  
 
The mean fork length of Fraser River sockeye salmon caught in the fisheries has been reported routinely since 
the early 1900s (Gilbert, 1914).  However, stock-specific measurements of fish escaping the fishery to the 
spawning grounds have been measured relatively consistently only since the 1950s.  The fork lengths, 
computed as anomalies from the long-term age- and stock-specific average of stocks with the lengthier time 
series are shown in Figure 35.  The grand means (average of mean values) of age-1.x smolts are: age-1.1  
(39.8 cm), age-1.2 (54.2 cm), and age-1.3 (59.2 cm).  Prior to the 1950s, the grand mean of age-1.2 sockeye 
salmon caught from 1914 to 1956 was 60.1 cm.  The difference of –5.9 cm between the two periods (1914–
1956) versus (1950–2009) may be the greater influence of gillnet selectivity, in addition to factors associated 
with abundance. 
 
In what must have been one of the first biological samples of sockeye salmon size taken on the Fraser River, 
Charles H. Gilbert measured the sex and length of a sample of 500 fish collected from August 2 to 4, 1911 
(Gilbert, 1912).  He had just established a reliable method of determining fish age from the rings on their 
scales, and this was an essential prerequisite to measuring growth.  Older sockeye salmon tend to be larger, but 
it is not diagnostic; there is considerable overlap in the size frequencies of each age-class (Gilbert, 1912).  
Therefore, it was necessary to understand whether a change in mean size from year to year was a consequence 
of interannual variations in growth, or simply a change in the age composition.  A sample of sockeye salmon 
with more age-1.3 fish, for example, will tend to have an average mean size that is greater than a sample with a 
greater fraction of age-1.2 fish.  The mean lengths of males in 1911 were: age-1.2 (65.0 cm, +10.2 cm), age-
1.3 (67.1 cm, +7.9 cm) and of females were: age-1.2 (62.7 cm, +8.5 cm) and age-1.3 (65.9 cm, +6.7 cm).  The 
signed values in parentheses indicate how much larger the mean values were in the 1911 sample.  Some of the 
difference can be attributed to Gilbert’s method of measuring fork length using a tape placed along the body of 
the salmon so the curvature of the body gives a slightly longer measure of length than that obtained by 
contemporary measuring boards, but this will be a relatively small adjustment. 
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Fig. 35 Mean fork length anomalies (cm) for 16 populations with longer time series measurements for age-1.1 (top), 1.2 
(middle) and 1.3 (bottom) panels.  Each anomaly was computed by subtracting the long-term average, for each age and 
population, computed over the entire time series.  The male and female fork lengths were averaged. 
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4.3.2 Trends 
From 1952 to 1993, there was a significant linear trend (decrease) in mean size at maturity of 10 Fraser River 
stocks and the trend, it was felt, was due to increasing surface temperatures affecting sockeye salmon 
metabolism on the return migration (Cox and Hinch, 1997).  Mathisen et al. (2007) used a subset of return 
years (1973–2000) and found that there was no significant linear trend in mean size of Cultus Lake, Adams 
River, and Chilko Lake populations, but significant declines in mean length were observed in the Nadina and 
Stuart stocks.  However, when a more comprehensive view of the time series is considered (1952–2009 return 
years), it becomes evident that there is significant low-frequency variability in mean size (fork length)  
(Fig. 35) that is not a simple linear trend. 
 
The grand mean fork length (across stocks) of age-1.1 jacks was above average up to the 1976 brood year 
(1979 return year).  It dropped abruptly in the 1977 brood year, returned to average for the 1978 brood year 
and then remained below the long-term average until the present, except for the 1984 brood year when it was 
slightly above average.  The 1977 brood year went to sea in the spring of 1979 and returned in the summer of 
1980, so this was the first anomalous year for marine growth.  Since the 1977 brood year, the overall trend in 
the grand mean has been positive.  
 
The grand mean fork length of the more abundant age-1.2 sockeye salmon was near the long-term average in 
the early 1950s and increased through the mid-1970s to the largest mean fork length in the time series.  The 
first appearance of an abrupt decline in mean fork length occurred in the 1976 brood year which entered the 
ocean in 1978 and returned to spawn in the summer of 1980.  These years coincide with the return year of the 
first appearance of smaller-than-average age-1.1 jacks.  A reasonable hypothesis for the coincident appearance 
of strongly smaller-than-average Fraser River sockeye salmon in two different brood years is that they were 
both affected by the 1979/80 ocean environment.  The reduction was greater in age-1.1 than in age-1.2 sockeye 
salmon; the latter returned to nearer the long-term average for the late 1970s to mid-1980s when the mean fork 
length declined further.  
 
From the mid-1980s, the grand mean fork length of age-1.2 sockeye salmon increased but was highly variable. 
In some years (1992, 1996) the grand mean was as large as the highest values seen in the mid-1970s.  The 
general tendency from 1952 to 1993 was for Fraser River sockeye salmon to return at smaller mean size in 
years when the Gulf of Alaska surface waters were warmer (Cox and Hinch, 1997).  A similar correlation sign 
was evident in subsequent data (Fig. 36) but the month of June has the strongest correlation during the recent 
period.  The reason for the highest correlation appearing in the area of the California Current upwelling zone is 
unknown but it may be a result of the relatively short duration of the time series. 
 
The grand mean fork length of age-1.3 sockeye salmon is more variable with a generally declining trend.  The 
first noteworthy decline in mean size from previous years appeared in the 1975 brood year that went to sea in 
1977 and returned to spawn in 1980.  The observation of much lower mean fork length is shared among these 
three cohorts which have a common year of maturity.  The grand mean fork length of age-1.3 sockeye salmon 
has tended to be below average since the mid-1970s brood year.  The lowest values in the time series occurred 
in the 2000 and 2001 brood years. 
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Fig. 36 Contours of correlations between a grid of June SSTs in the Gulf of Alaska with the annual grand mean length of 
Fraser River sockeye (pooled across 16 stocks and sex) from 1993 to 2007.  Contour intervals are 0.1 and negative values 
are indicated by a dashed line.  SST data are NOAAs Extended Reconstructed SSTs on a 2°  2° lat./long. grid.  June 
exhibited a significantly stronger correlation of SST with length than the previous 5 months. 

 
 

4.3.3 Density-dependent growth (intra-specific) 
 

“If competition in the sea with members of their own race exercises any influence on stature, this 
should become evident where the annual runs oscillate so extensively as they do on the Fraser.  
There is widespread impression that the fish of the big runs average smaller than those of other 
years, and canners generally assert that the fish run more to the case in the big years than at 
other times.” 

Charles Henry Gilbert, 1914 
 
Gilbert’s thoughts about variation in the average size of maturing Fraser River sockeye salmon in relation to 
their own abundance continues to attract the interest of scientists working nearly a century later.  The 
fascination must, at least in part, be related to the conclusion that follows from this observation: that the sea 
provides only limited amounts of food for growing sockeye salmon.  Bristol Bay sockeye salmon were also 
found to have a smaller mean size when they were more abundant (Rogers 1980).  Fraser River sockeye 
salmon were found to be smaller when the total abundance of sockeye salmon in the Gulf of Alaska was 
greater (Peterman, 1984), but it was not a universal truth. In central and northern British Columbia, a density-
dependent effect on mean size appeared only in age-1.3 sockeye salmon but not in age-1.2 (McKinnell, 1995).  
The difference was attributed to differences in the temporal/spatial patterns of the two age-classes in the Gulf 
of Alaska.  
 
Considering how gross measures of sockeye salmon abundance in the Gulf of Alaska might affect average fork 
length of certain stocks may be appropriate if all stocks are broadly distributed in the Gulf of Alaska, but there 
are some interesting within-stock patterns in mean length and abundance.  The Adams River population, for 
example, shows no significant relationship between the annual returns of age-1.2 fish and their mean fork 
length, in spite of annual returns that can vary over three orders of magnitude up to 20 million.  Chilko Lake, 
on the other hand, has significantly smaller mean fork length in age-1.2 fish in years with its highest returns 
and these do not exceed five million.  Furthermore, marine survival is reduced at what is considered a high 
return abundance for this stock.  One is left with an impression that the Adams River population has an oceanic 
behaviour which allows all of its members to reach a fork length that is not affected by the population’s own 
abundance, while the Chilko Lake stock has an oceanic behaviour that does not produce a similar result.  When 
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considered across all 16 stocks described in Section 4.3.2, an analysis of covariance indicated that, while mean 
fork length differed significantly among stocks (P < 0.001), there was no statistically significant general 
influence of within-stock abundance.  Apart from Chilko Lake, the Gates and Late Stuart stocks were the only 
other two showing a significant abundance-related effect on mean length in age-1.2 returns.  
 
As has been found commonly in other British Columbia sockeye salmon stocks (Godfrey, 1958; McKinnell, 
1995), the mean length of the age-1.3 ecotype was highly positively correlated with that of the age-1.2 ecotype 
returning in the same year (Fig. 37), but not correlated with the mean length of its sibling age-1.2 ecotype that 
matured one year earlier. This provides strong evidence that mean length at maturity is determined in the final 
year at sea.  Stock-specific differences in mean length and co-maturing age-1.2 mean length explain 75% of 
the variation in mean length of the age-1.3 ecotype.  As was found in the age-1.2 ecotype in Chilko Lake, the 
mean length of the age-1.3 ecotype there was also significantly smaller (P < 0.05) when returns that 
accompanied it were high.  As was observed in the previous paragraph for the age-1.2 ecotype in the Adams 
River, the mean length of the age-1.3 ecotype was also independent of the Adams River return abundance. 
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Fig. 37 Mean fork length (cm) of age-1.3 ecotype of sockeye salmon in year x versus mean fork length (cm) of age-1.2 
ecotype of the cohort in year x + 1.  These ecotypes mature and return to spawn in the same year. 

 
 
Until the mid-2000s, the T/V Oshoro maru conducted annual cruises in summer to the Gulf of Alaska. Cruise 
tracks were typically, but not always, north–south transects along 145°W longitude.  Each night while on 
station, a multi-mesh gillnet was set to obtain biological samples of salmonids.  Fork lengths of the sockeye 
salmon caught in these surveys were recorded by sex and age.  From 1980 to 2000, fork length did not have a 
temporally varying cycle or trend by sex and by age (Fig. 38).  This may reflect the composite multi-stock 
nature of these samples.  As the data include only the period after 1980, it may not reflect the long-term pattern 
that is evident in samples taken of Fraser River sockeye salmon (Fig. 35). 
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Fig. 38 Mean and standard deviation of sockeye salmon fork length, by sex and ocean age (M1 = age-x.1, M2 = age-x.2, 
and M3 = age-x.3), of sockeye salmon caught by gillnet in the Gulf of Alaska along 165°W and 145°W.  Linear trend fits 
are indicated for each. None were statistically significant. 
 
 

4.3.4 Density-dependent growth (inter-specific)6 
When the ANCOVA described in Section 4.3.3 is repeated to include potential differences in mean fork length 
in odd/even years, it was found that the mean fork length of age-1.1 Fraser River sockeye salmon jacks was 
significantly smaller (P < 0.05), by 4 mm, in brood years that matured in odd years.  Likewise, the average 
fork length of age-1.2 sockeye salmon maturing in odd years was significantly smaller (P < 0.001), by 8 mm, 
than age-1.2 sockeye salmon maturing in even years.  Finally, the average fork length of age-1.3 sockeye 
salmon maturing in odd years was significantly smaller (P < 0.05), by 3.5 mm, than age-1.3 sockeye salmon 
maturing in even years.  As the odd/even cycle of abundance of pink salmon (O. gorbuscha) to the Fraser 
River is potentially a source of competition for Fraser River sockeye returning the same year, it is normal to 
consider that a reduction in mean size in odd years is a consequence of competition for food with pink salmon 
during the period of overlap in the Gulf of Alaska.  Presumably, the competition arises from the interactions of 
maturing sockeye salmon and maturing pink salmon, as the two groups do not likely share a common habitat 
until the pink salmon move off the continental shelf into the Gulf of Alaska.  
                                                 
6  See McKinnell and Reichardt (2012) for a discussion of the effect on first year marine growth. 
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If the biannual effect on maturing Fraser River sockeye salmon growth is due to maturing Fraser River pink 
salmon, the tagging data suggest that it must occur late in life because the high seas distribution of maturing 
sockeye salmon bound for the Fraser River is very different in time/space from that of Fraser River pink 
salmon (Fig. 39 top).  It would seem, therefore, that the greater potential for the mean length of Fraser River 
sockeye salmon to be lower in odd years is due to competition with a greater overall abundance of pink salmon 
in Alaska and its biennial cycle (Fig. 40).  
 
 

 
Fig. 39 (Top panel) Release locations of pink salmon that were tagged on the high seas and recovered in odd years in 
Fraser River salmon fisheries (same general recovery areas selected for sockeye salmon in Figure 17) compared to (bottom 
panel) the distribution of tagging locations of pink salmon (Myers et al., 1996).  Plot symbols indicate month of tagging. 
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Fig. 40 Catch of pink salmon in Alaska (Southeast and Central) and British Columbia (including Washington State).  
Data from Irvine et al. (2009) 

 
 
Ruggerone et al. (2003) found a similar interaction between Bristol Bay, Alaska, sockeye salmon growth and 
Russian pink salmon abundance.  The competitive effect of pink salmon abundance is not always expressed at 
this life history stage, as it has appeared at different life history stages (Ruggerone et al., 2007) and with 
varying degrees of influence.  In Puget Sound, Washington, for example, pink salmon abundance appears to 
influence survival.  The survival of hatchery releases of chinook salmon into Puget Sound was 59% lower for 
cohorts that were released in even years from 1984 to 1997 (Ruggerone and Goetz, 2004).  Juvenile pink 
salmon, especially from the Fraser River, are orders of magnitude more abundant in even years in the Salish 
Sea (Strait of Georgia + Puget Sound) than in odd years. 
 
An analysis of covariance of mean annual fork length (males and females averaged) of maturing age-1.2 Fraser 
River sockeye salmon stocks, from Figure 35, was used to examine correlations between mean fork length and 
coarse indicators of maturing Gulf of Alaska salmon abundance.  Covariates were total Gulf of Alaska pink 
salmon catch, total Gulf of Alaska sockeye salmon catch, and total western Alaska sockeye catch.  It was 
found that all three catch totals were statistically significant (P < 0.001) but the coefficients (relative influence 
on mean fork length) were largest for total Gulf of Alaska sockeye and least for Gulf of Alaska pink salmon 
catch.  These covariates “explained” 70% of the interannual variation in Fraser River sockeye salmon mean 
length.  The difficulty attributing catch (related to abundance) as the cause of the variation is that all catch time 
series and the mean length time series have a strong component of low frequency that may have arisen 
spuriously, and the catch time series are correlated with each other (Fig. 41).  The low frequency component of 
variation in mean fork length seems, rather generally, to follow as an inverse of the commercial catch of 
sockeye salmon in the Gulf of Alaska.  Larger Fraser River sockeye salmon and smaller catches are found in 
the early part of the time series, followed by smaller sockeye salmon and larger catches in the mid-period, by 
increased mean length and lower catches of sockeye salmon in the Gulf of Alaska in the latter part of the series. 
For unknown reasons, the mean length of age-1.2 Birkenhead sockeye salmon was uncorrelated with these 
catches but 13 other stocks had negative slopes. 
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Fig. 41 Total commercial catch pink salmon and sockeye salmon (tonnes  1000) in the Gulf of Alaska and total catch of 
sockeye salmon in western Alaska from 1955 to 2008.  Data from Irvine et al. (2009). 
 
 
Without considering population-specific differences in growth rates, Ishida et al. (1998) in their review of the 
growth of Pacific salmon, found that growth rates of maturing sockeye salmon, pink salmon, and coho salmon 
were higher than those of immature fish of the same age.  They considered that life history stages with higher 
growth rates and higher food requirements would provide conditions that would allow for density-dependent 
growth. 
 

Summary – For more than a century it has been recognized that the average size of sockeye salmon 
returning to the Fraser River varies from year to year.  Overall, the mean fork length at maturity of age-
1.1, 1.2, and 1.3 Fraser River sockeye salmon is independent of the abundance of the Fraser River cohort 
that survives to maturity.  An exception appears to be Chilko Lake where the mean fork length of age-1.2 
returns is negatively correlated with its abundance. 

 
 

4.4 Migration Behaviour and Timing 

 “There is no evidence that fish can navigate in the open waters.” 
Wilbert A. Clemens, 1951 

4.4.1 Depth of migration 
The first applications of data storage tags to maturing sockeye salmon in the Gulf of Alaska were conducted by 
the Fisheries Research Institute of the University of Washington.  These tags recorded ambient temperatures 
and pressures (depths) experienced by the fish at frequent intervals.  There are no recoveries of Fraser River 
sockeye salmon with these tags, but the behaviour of a maturing fish that was recovered at the mouth of the 
Taku River (Southeast Alaska) confirmed some previous ideas about their migration depth. The median daily 
depth was routinely <10 m (Fig. 42).  Only on the day of tagging was the median value >10 m. Excursions by 
the fish to deeper, colder waters were infrequent.  This result has some similarities and some differences to 
what was observed with ultrasonically tagged Fraser River sockeye salmon in 1985.  Quinn and terHart (1987) 
also observed a strong near-surface migration depth after the day of tagging in Queen Charlotte Strait, but the 
depth of migration deepened as the fish moved from that observed in the well mixed regions of Johnstone 
Strait/Discovery Passage into the stratified warmer and fresher waters of the Strait of Georgia. 
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Fig. 42 Box and whisker plots of daily variation in depth (m), and temperature (°C, blue) of a sockeye salmon tagged 
with a data storage tag, from its release in the Gulf of Alaska (55° 10 N 145° 04 W) in July 1999 until its recapture three 
weeks later in a fishery in the Taku River (Southeast Alaska).  The horizontal line within each vertical box indicates the 
median value over a 24-h period, and the extremes of each box indicate quartiles.  Outliers (x) and strong outliers () 
within each day appear at deeper/colder locations.  Data courtesy of the Fisheries Research Institute, University of 
Washington, Walker et al. (1999). 

 

4.4.2 Migration timing 
The common practice is to estimate, from available sources of run timing information, the date of the peak of 
the run in DFO Statistical Area 20 (western end of Juan de Fuca Strait).  The temporal pattern of sockeye 
salmon abundance during the return migration is a key uncertainty at the beginning of each fishing season.  
The uncertainty arises in-season because, in different years, abundance in the test fishery does not necessarily 
reflect the abundance of the run until after the peak of the run has passed and its timing that year becomes 
understood.  In different years, the same abundance can be an indicator of a weak, average, or a strong run.  
 
Blackbourn (1987) reported a tendency for the return timing of seven Fraser River sockeye salmon stocks or 
stock groups and one sockeye salmon stock in Washington State (Quinault Lake) to be later during years in the 
Gulf of Alaska when SSTs were warmer.  In contrast, he found that the return timing of many northern British 
Columbia sockeye salmon populations (Skeena, Copper River, Upper Cook Inlet, Chignik River) was early in 
warm years.  This led him to develop a “displacement” hypothesis where warmer SSTs in the Gulf of Alaska 
restricted the distribution northward and cooler temperatures allowed a more southerly distribution that put 
Fraser River sockeye salmon closer to the Fraser River at the onset of migration.  The ocean temperatures 
providing the greatest explanatory power were found to be those of the winter and/or spring immediately 
preceding their return to the Fraser River. 
 
With the passage of more than 20 years, it is possible to test this hypothesis with additional data for at least 
some of the stocks.  For Early Stuart, for example, the correlation of peak date with monthly SST in the 
NOAA Extended Reconstructed SST database (2°  2° lat./long. grid) for the period 1985 to 2010 was r = 
+0.76, but the maximum correlation occurred in spring (April/May) rather than the previous December 
reported by Blackbourn (1987).  Changes of a few months in these correlations are not entirely unexpected 
because of the autocorrelation in seasonal SST.  The peak correlation was found near Ocean Station Papa 
(45°N 145°W), approximately the same location reported by Blackbourn (1987).  
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Estimates of the peak date of return through Area 20 from the 1950s to the present for Chilko Lake sockeye 
salmon are more variable (Fig. 43).  Some of this variation may be due to co-migration with other Summer-run 
stocks and the need to use stock identification techniques to determine the proportion of Chilko Lake fish in 
the catch.  The Early Stuart run is sufficiently early so that it does not have this additional source of 
observation error.  Low frequency variability in Chilko Lake run timing is evident in Figure 43, largely due to 
later-than-average return dates in the early 1990s.  The trend has been earlier for the most recent decade, with a 
noteworthy outlier in 2005 that most runs to the Fraser River experienced.  
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Fig. 43 Date of 50% return of maturing Chilko Lake sockeye salmon through DFO Statistical Area 20 (western Juan de 
Fuca Strait) from 1950 to present.  Data since 1980 are based on run reconstructions by the Pacific Salmon Commission. 

 
 
Using a more conservative test of hypothesis than Blackbourn (1987), Hodgson (2000) confirmed that the run 
timing of Fraser River populations, except Pitt and Adams, tended to be earlier after cold spring–summer 
periods and later following warm periods.  Likewise, populations from the Cook Inlet, Kodiak Island (except 
Ayakulik), Alaskan Peninsula and Bristol Bay tended to be later following cold April–July periods and early 
migrations tended to follow warm periods.  In populations from Washington State, central and northern British 
Columbia, Southeast Alaska and Prince William Sound, there were no consistent relationships with SST within 
regions.  
 
Daily counts of sockeye salmon migrating past the Docee Fence (Long Lake) provide an opportunity to 
compare Fraser River sockeye salmon run timing with a central coast sockeye salmon population.  Peak dates 
for the Long Lake sockeye salmon returns were calculated (Table 3) from 1990 to 2009 using a salmon fishery 
run timing model (Schnute and Sibert, 1983).  During these years, selected only to provide a sample for 
comparison, the Long Lake sockeye salmon run arrived three weeks earlier, on average, than the Chilko Lake 
run and 10 days later than the Early Stuart run.  Year-to-year variation in timing was positively correlated 
among these runs, more so with Chilko Lake timing (r = 0.68, P < 0.01) than with Early Stuart timing (r = 0.45, 
P < 0.05).  There is no autocorrelation in the Long Lake time series but there is in both Fraser River time series, 
so the Early Stuart correlation is not statistically significant.  
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Table 3 Estimates of peak date sockeye salmon migration past the Docee Fence (Statistical Area 20, Long Lake) from 
1990 to 2009 based on the method of Schnute and Sibert (1983).  All dates are in July; subtract 181 from day of year to 
find the July date (182 for leap years).  Sockeye salmon counts from http://www.pac.dfo-mpo.gc.ca/ northcoast/counts/ 
docee/default.htm. 

Year Day of Year 

1990  209 (July 28) 
1991 203 
1992 195 
1993 202 
1994 202 
1995 198 
1996 197 
1997 202 
1998 194 
1999 204 
2000 196 
2001 197 
2002 196 
2003 196 
2004 198 
2005 206 
2006 204 
2007 197 
2008 197 
2009 200 

 
 
A recent study found that upon reaching the coast, sockeye salmon from Late-run populations (Adams River 
and Weaver Creek) had an average migration rate of approximately 20 km d−1 through the marine area and 
held at the river mouth and adjacent areas for approximately eight days before entering the river and Summer-
run populations (Birkenhead, Chilko, Horsefly and Stellako) had a migration rate approximately 33 km d−1 but 
they held near the river mouth for only approximately 2 days (Crossin et al., 2007).  Males migrated at higher 
speed than females through the Strait of Georgia.  Successful migrants had the property of delaying briefly 
before entering the Fraser River, combined with low plasma testosterone and high somatic energy. 
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Fig. 44 Contours of correlation between date of peak abundance of Early Stuart (top panel) and Chilko Lake (bottom 
panel) sockeye salmon in DFO Statistical Area 20 versus mean April SSTs at each 2°  2° lat./long. grid point in the 
northern North Pacific.  Warmer colours are positive correlations (later arrival when warmer) and cooler colours are 
negative correlations (earlier arrival when cooler).  Contour interval is 0.2 and contours equal to 0.0 and +0.5 are 
highlighted with thicker lines.  Sources: SST data from the NOAA Extended Reconstructed SST database.  Chilko Lake 
dates (1951–2009) from the Pacific Salmon Commission. 

 
 

Summary – The geographic pattern of correlations between Fraser River sockeye salmon run timing and 
SST (Fig. 44) were developed from >50 years of run timing data.  Blackbourn (1987) found that a warmer 
(colder) Gulf of Alaska before the return migration was associated with later (earlier) return timing.  This 
observation has survived the addition of 25 years of additional data.  For Early Stuart sockeye salmon, the 
largest positive correlation between temperature and run timing (r = 0.63) appeared near Ocean Station 
Papa (50°N 145°W), DFO’s longstanding ocean/climate research and monitoring site in the Gulf of 
Alaska.  The largest negative correlation (r = –0.51) was located northwest of the Hawaiian archipelago in 
March.  The broad-scale patterns correlation patterns suggest that return timing is associated with the 
large-scale climate patterns of the North Pacific Ocean.  During the period of record, one of the warmest 
years in the Gulf of Alaska, 2005, accompanied remarkably late run timing. 

 
 

4.5 Landfall 

The route used by Fraser River sockeye salmon to get from the central part of the Gulf of Alaska to the coast is 
known only in generality.  It has been inferred from the seasonal development of catches along the British 
Columbia coast and from the patterns of catches in high seas studies of the 1960s and 1970s.  Healey et al. 
(2000) described two general hypotheses for interannual variation in coastal migration routes.  The first has the 
sockeye salmon following isotherms or other watermass properties that affect the distribution of their prey.  
The second is that large-scale ocean currents have sufficient influence that they deflect the migration 
northward in years of stronger circulation in the Alaskan Gyre. 
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A few modelling studies have addressed issues associated with landfall (Thomson et al., 1992; Kolody and 
Healey, 1998; Healey et al., 2000).  Thomson et al. (1992) considered the hypothesis that the interannual 
variability of the Northeast Pacific Ocean circulation affected the latitude of landfall and the migration speed 
of maturing sockeye salmon returning to the Fraser River.  By comparing the years 1982 and 1983 they 
concluded that large-scale ocean circulation had the potential to affect the migration of Fraser River sockeye 
salmon.  Landfall is a loosely defined term, based on the idea that Fraser River sockeye salmon follow a 
compass orientation toward the coast until they make landfall at some average latitude which varies from year 
to year, then follow other cues presented along the coast as they migrate toward the Fraser River. 
 
Coastal test fisheries were established to assess the in-season development of the annual migration. They 
provide one of the few opportunities to examine year-to-year differences in migration using standardized 
methods.  The Round Island (Johnstone/Queen Charlotte Strait) and San Juan (Juan de Fuca Strait) gillnet test 
fisheries operate at the entrances to the approach routes to the Strait of Georgia.  They provide daily indices of 
abundance (CPUE – catch per unit effort) as the run passes each location.  Differences between these sites may 
provide an indication of where the returning sockeye salmon encounter the coast.  If, for example, a group of 
fish made landfall at the latitude of Queen Charlotte Sound, some took the western route around Vancouver 
Island and some took the eastern route, and migrated at the same speed, they would appear first at the Round 
Island fishery.  This would appear as a lag correlation in CPUE between the two fisheries.  If the group of fish 
first appeared at San Juan, it would suggest a more southerly landfall.  If the first part of the run appeared at 
San Juan and the latter part of the run took the eastern route down Queen Charlotte Strait, the ratio of San 
Juan:Round Island CPUE would decrease through the season.  
 
To study these trends, a three-day running average of sockeye salmon CPUE was computed for each of the two 
gillnet test fisheries using data from 2000 to 2009.  A cross-correlation was then computed between the two 
series in each year at various daily lags to understand whether the timing that was evident in the abundance 
index at San Juan led or lagged the timing of the abundance index at Round Island.  In each year from 2000 to 
2009, the maximum correlation between these two smoothed time series occurred when there was no lag 
between them, suggesting that the timing of the run occurs simultaneously at both test fisheries (Fig. 45).  This 
analysis says nothing about the relative fractions of the run following one route or the other, but it reveals that 
the timing is the same.  Except for the year 2000, there was no significant linear trend in the ratio of CPUE at 
the two fisheries (not shown), suggesting that the fractions migrating via either route does not change 
substantially through the season in most years.  As these are not population-specific trends, a negative trend in 
this ratio for one stock might be offset by a positive trend in another but this pattern is not one that is thought 
to occur in nature.  
 
The contemporaneous CPUE in the test fisheries across all 10 years of fishing examined in this study, suggests 
that there is no substantial alongshore migration of Fraser River sockeye salmon on the west coast of 
Vancouver Island (or it is equally northbound and southbound) so that the correlation between the two indices 
is maximum at zero lag.  If landfall was north of Vancouver Island, there should be a several day lag for those 
migrants to reach the San Juan test fishery compared to those arriving at Round Island. 
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Fig. 45 Daily values of the three-day running mean of sockeye salmon catch per unit effort (CPUE) in the San Juan test 
fishery in DFO Statistical Area 20 (ordinate) versus the same at Round Island (abscissa) test fishery in DFO Statistical 
Area 12. 
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4.6 Northern Diversion 

“The small catch [in 1936] in the Strait of Juan de Fuca and in Washington Sound and the large 
catch in the Johnstone Strait area presented a rather puzzling situation.” 

Wilbert A. Clemens, 1937 
 

On their homeward migration, sockeye salmon take one of two routes around Vancouver Island to the Fraser 
River (Fig. 46).  The average proportion entering the Strait of Georgia via Juan de Fuca Strait was relatively 
low until 1978 when a rather fundamental change occurred to increase the average proportion of migrants 
returning via Johnstone Strait (Hamilton, 1985; Groot and Quinn, 1987; McKinnell et al., 1999).  Prior to 1978, 
only the warmer El Niño years of 1936 (Tully, 1937) and 1958 (Royal and Tully, 1961) elevated the northern 
diversion significantly above 0.5, although case pack statistics from the canneries in 1937 indicated that 
modest (21%) northern diversions also occurred (Clemens, 1938).  Because the norm was considered to be 
Juan de Fuca Strait, the fraction returning via Johnstone Strait was called the northern diversion rate. 
 

 

 
Fig. 46 Percentage of Fraser River sockeye salmon taking the northern diversion from 1953 to 1985. Figure from Groot 
and Quinn (1987). 

 
The reason for migrating via one route versus the other is currently unknown, but higher northern diversion 
rates are generally associated with a warmer coastal ocean (Hamilton, 1985; Mysak, 1986; Groot and Quinn, 
1987).  The relationship between northern diversion and coastal SST was not a very useful predictor of the 
northern diversion rate before 1978, except perhaps in those few years of greatest positive temperature 
anomalies (McKinnell et al., 1999).  
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Fig. 47 Release locations of age-1.2 Fraser River sockeye salmon tagged on the high seas (west of 130°W) and caught 
the same year in the approach routes to the Strait of Georgia, by route, composite of all recoveries. 

 
 
Likewise, the location where Fraser River sockeye salmon make their “decision” to migrate around Vancouver 
Island is not known.  From high seas tagging studies, those individuals that were tagged in the Gulf of Alaska 
in spring west of 130°W longitude (to exclude fish that were tagged along the west coast of Vancouver Island) 
and recovered in the same year in fisheries in one of the two approach routes to the Strait of Georgia 
(Johnstone Strait and Juan de Fuca Strait) had no significant difference in the mean tagging location in the 
Gulf of Alaska (Fig. 47).  The “centre of gravity” of the fish taking the Johnstone Strait route, for example, 
was no farther north and/or west than the fish taking the Juan de Fuca Strait route.  Although this result was 
obtained from a composite of all release years, it suggests that the route taken around Vancouver Island by 
these sockeye salmon in the 1960s and 1970s was determined closer to the coast.  There were insufficient 
recoveries in the approach routes to know whether this pattern holds within each year, or whether it still holds 
today. 




