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Recent declines in the recreational catch of
coho salmon (Oncorhynchus kisutch) in the
Strait of Georgia are related to climate

R.J. Beamish, G.A. McFarlane, and R.E. Thomson

Abstract: Wild and hatchery-reared coho salmon (Oncorhynchus kisutch) from streams and rivers that flow into the
Strait of Georgia are caught in the Strait of Georgia and off the west coast of Vancouver Island. The percentage of
coho caught in either of these two areas varies from year to year. The variation is associated with the flow of
freshwater from the Fraser River and became more extreme in the 1990’s. In four of eight years in the 1990’s and in
the past three years, most coho have been caught outside the Strait of Georgia. The dramatic decline in the sport catch
in the Strait is related to ocean conditions in the Strait. The change in ocean conditions is related to an increase in the
number of days of zonal (westerly) winds in October, November, and December and to an increase in relative sea level

height. The climate change about 1989 that affected the pattern of winter winds and the circulation in the Strait of
Georgia was associated with changes in other global climate indices, demonstrating the impact that global climate
events can have on the dynamics of regional salmon stocks.

Résumé : Des saumons cohos (Oncorhynchus kisutch) sauvages ou élevés en pisciculture provenant de cours d’eau se
jetant dans le détroit de Georgia sont capturé chaque année dans le détroit et au large de la cdte ouest de I'ile de
Vancouver. Le pourcentage de cohos capturés dans ces deux secteurs varie cependant d’une année a I'autre. Cette
variation, qui est liée au volume d’eau douce provenant du Fraser, s’est accentuée au cours des années 90. Durant
quatre des huit années écoulées durant cette période, et au cours des trois dernicres années, la plupart des saumons
cohos ont été capturés a I’extérieur du détroit de Georgia. La baisse inquiétante du nombre de prises sportives dans le
détroit est liée aux conditions océaniques qui y régnent. Le changement de conditions océaniques est imputable a une
augmentation du nombre de jours avec vents zonaux (de 1’ouest) en octobre, novembre et décembre, ainsi qu’a une
¢élévation relative du niveau marin. Le changement climatique qui, vers 1989, a modifi¢ le régime des vents en hiver et
la circulation dans le détroit de Georgia a également provoqué des changements intéressant d’autres indices
climatiques. Cela démontre a quel point les événements climatiques d’envergure planétaire peuvent influer sur la

dynamique des stocks de cohos a I’échelle régionale.

[Traduit par la Rédaction]

Introduction

The coho salmon (Oncorhynchus kisutch) fishery in the
Strait of Georgia (Fig. 1), on the west coast of Canada, was
one of the most important sport fisheries in Canada. In 1994
the recreational fishery for coho throughout British Colum-
bia was estimated to be worth $295.3 million in Canadian
currency (Gislason et al. 1996). In the Strait of Georgia, it
accounted for $218.5 million (74%), even though 1994 was
a poor year for total coho catches (Fig. 2). In the 1990’s,
many coho in their first ocean year left the Strait of Georgia
and did not return the following year during the normal fish-
ing period. From 1980 to 1990 the recreational fishery for
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coho in the Strait of Georgia caught an average of 508 000
individuals annually, with a range of 288 000 — 1 003 000.
In 1991, 1995, 1996, and 1997, the years of extreme move-
ment offshore, the average annual catch was 26 000, with a
range of 5000 — 46 000. Although they were accessible to
the commercial and recreational fishery off the west coast of
Vancouver Island, the value of coho to the recreational fish-
ery was substantially less, as most sportfishing occurs in the
Strait of Georgia. Here, we show that a change in climate is
associated with the change in behaviour that caused the re-
cent collapse in the sport fishery for coho in the Strait of
Georgia.

In general, coho spawn in coastal rivers and streams in the
late fall and die after spawning (Sandercock 1991). The fry
remain in the river over winter and go to sea in the spring of
the following year. In this paper, we refer to these juveniles
as ocean age 0, or their first year in the ocean. These fish
suffer very high ocean mortality and the few survivors feed
in the ocean until they reach a size the following year that
allows them to be retained by the fishery. We refer to these
fish as ocean age 1, but other methods of identifying age are
also used (Sandercock 1991). Most coho caught in the
oceans fisheries are ocean age |, but they can be identified
as 1.1 (1 freshwater year and 1 marine year). It is the ocean
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Fig. 1. Study area with insert showing the location of Vancouver Island in the North Pacific Ocean. The broken line is the border

between Canada (British Columbia) and the United States.
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age 1 coho that survive the fisheries that provide the spawn-
ing escapement to the rivers in the late fall.

Methods

Estimates of percentage of coho offshore

Estimates of the percentage of coho that enter the Strait of Geor-
gia and are caught on the west coast of Vancouver Island exist
since 1976 (Simpson et al. 1997). These estimates were for the
three largest hatcheries (Quinsam River, Chilliwack River, Big
Qualicum River) and represent an average 58% of the hatchery
production in the 1990’s. We also estimated the percentages of
coho caught off the west coast that were produced in all hatcheries
that released their production into the Strait of Georgia. Coho
caught off the west coast of Vancouver Island (or in the Strait of
Georgia) could originate from a number of stocks both in Canada
and in the United States. Because a small percentage of most
hatchery coho are tagged, it is possible to identify the portion of
the catch that originates from the Strait of Georgia stocks. These
estimates of coho that moved out of the Strait were considered to
be close approximations, even though effort and the time of year of

capture were not considered. The percentages were calculated us-
ing coded-wire tagged (CWT) coho released from hatcheries. The
number of coho from each hatchery was determined by expanding
the estimated catch of coho with CWT’s according to the percent-
age marked by each hatchery. The percentages of hatchery fish
contributing to the catch inside and outside the Strait of Georgia
were then determined. The percentages were used to represent the
movement of wild and hatchery fish. It is the behaviour of the
hatchery fish, however, that we are studying as indicated by the
proportion of CWT reported in the two areas. The behaviour of the
hatchery fish appears to be similar to that of wild fish, as the pat-
tern of reported total catches of hatchery and wild coho is similar
to the pattern of movement of hatchery fish (Fig. 2). The percent-
age of hatchery coho in the catches of Strait of Georgia stocks in-
creased. In 1997, it was estimated that 76.6% of the juvenile coho
in September in the Strait of Georgia were from hatcheries (Bea-
mish et al. 1998). Prior to 1995, coho catches in the Strait of Geor-
gia and off the west coast of Vancouver Island were not actively
managed (Department of Fisheries and Oceans 1996). The sport
fishery for coho remained open all year in both areas and there
were no changes in the management of the commercial fishery
from 1985 to 1993 that would have an impact on the relocation of
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effort from one area to the other. Exploitation rates remained high
(65-80%) and the number of coho returning to spawn generally
declined (Rice et al. 1995; Department of Fisheries and Oceans
1996). Thus the percentage of hatchery coho in the catch in the
two areas is representative of abundance in the areas. Active man-
agement started in 1995, but the sport fishery in the Strait of Geor-
gia had already collapsed (Fig. 2).

Survey methods

Coho were captured from 1995 to 1997 using a large rope trawl
(described in Beamish and Folkes 1998). Sets were made through-
out the Strait of Georgia from 06:00 to 18:00 at depths ranging
from the top 15 m to >100 m. As few coho were caught below
45 m, most of the fishing effort was in the top 45 m. A comprehen-
sive survey of the Strait of Georgia could be completed in less than
10 days. These surveys were undertaken in the spring shortly after
coho entered the ocean and in the summer, fall, and winter. We re-
port the results of some of these surveys to establish the timing of
movement out of the Strait of Georgia in 1996-1997.

Creel census

Sport catch and effort have been monitored in a creel census
program since 1980 and reported in a series of publications (Co-
llicutt and Shardiow 1995). The presence of coho in the Strait of
Georgia during the winter in past years was examined using these
reports of sport catches. Unfortunately the reports were produced
sporadically, but they are the only available assessment of coho
presence in the Strait of Georgia in the winter.

Winter wind types off the west coast of British
Columbia

A classification of the westerly winds was made for October—
March from 1972 to 1996 using the procedures of McKendry (1994)
and Yarnal (1993). We used a correlation-based map pattern classi-
fication method to examine synoptic-scale circulation for each day
(October—March) off the west coast of Canada for the years 1972—
1996. The fields were derived from the Canadian Meteorological
Centre gridded sea surface pressure data set for the Northern
Hemisphere by synthesizing the fields covering the region from
northern Washington to northern British Columbia. The Kirchofer
technique is an approach to synoptic classification in which map
patterns are normalized to remove the seasonal cycle and are
placed into discrete categories on the basis of an interactive proce-
dure that compares all grids by a sums of squares measure (Yarnal
1993). Daily direction of winds off British Columbia from 1976 to
the fall of 1996 were categorized into 17 types. These types were
similar to the 26 types reported in Moore and McKendry (1996). In
this study, we report only the days of zonal winds (directly towards
Vancouver Island and Juan de Fuca Strait). The other dominant
types are meridional flows from the north or from the south.

Sea level heights, salinity, and temperature

Sea level heights were derived from hourly coastal tide gauge
records archived by the Marine Environmental Data Services
(Ottawa, Ont.) and the Canadian Hydrographic Services (Sidney,
B.C.). These data have been carefully edited to remove erroneous
values and to correct offsets associated with recording format (e.g.,
feet versus metres), missing records, data retrieval software, and
repositioning of gauges. The edited sea level heights were used to
generate hourly time series of sea surface differences between se-
lected pairs of gauge stations. Since exact geodetic elevations of
the tide gauges are not known (i.e., the gauge positions have not
been accurately surveyed), the measured sea level differences are
not representative of the true sea level slopes between the stations.
To circumvent this problem, we first portioned the difference re-
cords by month and calculated the global averages (mean monthly
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values) for each of the 12 months using all available data in that
record. This yields the annual cycle in monthly mean sea level dif-
ference, which serves as a reference for further analysis. Months
having fewer than two complete tidal cycles (25 h) were omitted
from the averaging process. We then calculated the time series of
monthly average values for each difference series and subtracted
the mean monthly values (mean annual cycle) for that station pair.
This gives the monthly anomaly of sea level difference relative to
the long-term mean for each pair of stations. Positive values indi-
cate that the monthly sea level gradient between the pair of stations
increased relative to the average gradient, while negative values in-
dicate that the monthly gradient decreased. Sea surface salinity and
temperature data taken at lighthouses in the Strait of Georgia (in-
cluding Chrome Island) were accessed through the Institute of
Ocean Sciences website http://www.ios.bc.ca/ios/osap/data/lighthouse/
besop.htm. A relationship between coho movement out of the Strait
of Georgia and sea surface salinity in the Strait in February has
been identified in unpublished reports (i.e., Simpson et al. (1997).

Results

Offshore migration and relationship with surface
salinity and temperatures

Except for the years 1991, 1995, 1996, and 1997, the fluc-
tuations in catch of hatchery fish outside the Strait of Geor-
gia compared with inside ranged from about 20% to about
60% (Fig. 2A). In 1991, 1995, 1996, and 1997, few coho
were caught in the sport or commercial fisheries in the Strait
of Georgia, confirming that few wild or hatchery coho were
in the Strait (Fig. 2B). The sport catches in the Strait of
Georgia for 1991, 1995, and 1996 averaged only 6% of the
average catches from 1980 to 1990 (Fig. 2B). The 1997 data
are preliminary, and are lower for the Strait than in 1996.
There is a distinct, inverse relationship between the catches
in the Strait of Georgia (Fig. 2B) and the proportion of
hatchery fish caught offshore (Fig. 2A). The fluctuations in
catch/movement became extreme in the 1990’s and there
was evidence of reduced movement offshore in 1993 that
corresponds to a high catch in the Strait of Georgia. Because
the percentage of hatchery fish caught offshore determined
from all hatchery releases and the three largest hatcheries
was virtually identical, we used the estimates from all hatch-
ery releases in the comparisons with physical parameters.

In the late 1980’s, there was an earlier start in the spring
of increasing Fraser River discharge. Because the Fraser River
receives most of its water from snowmelt in the mountains,
the lowest flows occur in the winter and the highest in June.
Even though the annual mean flow has declined since 1976
(Beamish et al. 1995), more water has been flowing out of
the Fraser River earlier in the year in the 1990’s (Fig. 3B). A
comparison of the anomaly of the percentage of all hatchery
produced coho caught offshore with either the anomaly of
the annual Fraser River flow (Fig. 3A) or the anomaly of the
winter (December-March) Fraser River flow (Fig. 3B) shows
that there is a similarity in the patterns. In years, or winters,
of high flows, a higher percentage of coho are caught off-
shore. The relationship is better when the winter flows are
used (R? = 0.27, P = 0.07 compared with an R?> = 0.07, P =
0.38 for the annual anomaly 1976-1988). Beginning about
1991, the general pattern of higher Fraser River flow and
more coho movement offshore remains, but the impact of
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Fig. 2. (A) Percentage of hatchery coho that enter the Strait of
Georgia that are caught outside the Strait of Georgia or
“offshore”. The broken line (triangles) represnts the percentage
catch from the three largest hatcheries and the solid line
(squares) is for all hatcheries. (B) Number of coho caught in the
sport (crosses) and sport and commercial (squares) fisheries in
the Strait of Georgia. The 1997 value is preliminary.
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higher or increasing flows is greater, suggesting that some-
thing in the relationship changed in the 1990’s.

Sea surface salinity in the Strait of Georgia is inversely
related to Fraser River flows in winter (Fig. 4A), and partic-
ularly in February (Fig. 4B). A regression analysis of the
February Fraser River flow anomalies with the February
Chrome Island salinity anomalies for the 1976-1988 and
1976-1997 periods identified significant (P < 0.05) inverse
relationships (R?> = 0.38 and R® = 0.25, respectively). This
sea surface salinity relationship with Fraser River flow in the
southern Strait also changes beginning in the early 1990’s
(Fig. 5A). A regression analysis shows a close relationship
between the surface salinity in February and the offshore
catch of all hatchery-produced coho in the same year (R* =
0.60, P < 0.01) (Fig. 5B). The salinity anomaly is largest in
February (Fig. 5A), but both the 6-month period from Octo-
ber to March and the 3-month period from December to
February have similar distinct shifts in their relationship with
river flows in the 1990°s. The years 1990 and 1993 were pe-
riods of higher salinity in the Strait and years when either an
average or a large percentage of coho did not move to off-
shore waters.

The sea surface temperature (SST) anomaly patterns for
winter (December—March) in the Strait of Georgia did not
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Fig. 3. (A) Annual flow from the Fraser River from April 1 to
March 31 (flow year; this flow year is used because flows are
lowest at this time) expressed as an anomaly from 1970 to 1996
(solid line, squares) compared with the anomaly of the offshore
catch of coho from all Strait of Georgia hatcheries (broken line,
triangles). (B) Relationship as in Fig. 3A, but for Fraser River
winter flows (December—March).
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correspond closely to the pattern of catch offshore (Figs. 6A
and 6B). The combined temperature from all lighthouse sites
(Fig. 6A) and the Nanoose site (Fig. 6B) (for a history of the
Nanoose site, see Beamish et al. 1995) had similar anomaly
patterns, confirming that both temperature series were simi-
lar. In 1991, 1995, 1996, and 1997 when coho abundance
was high offshore, two years had above-average winter SST
in the Strait of Georgia and two were below average. In
1993, the winter SST anomaly was similar to 1995, yet in
1993, few coho were caught offshore, and in 1995, large
numbers were found offshore. Also, there was a very poor
relationship between Fraser River flow and SST in the Strait
(P > 0.4). Offshore, at Amphitrite Point (Fig. 6C), the years
of high offshore abundance of coho were years of slightly
above-average SST, yet the extreme values in 1992 did not
result in extreme movement offshore.

Sea level heights

Sea levels were shown as monthly anomalies of sea level
difference between selected stations (Fig. 7). Campbell River,
in the northern part of the Strait of Georgia (Fig. 7), was
compared with Victoria at the eastern end of Juan de Fuca
Strait. Campbell River also was compared with Pt. Atkinson
in the southeastern portion of the Strait of Georgia. Pt.
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Fig. 4. (A) Average sea surface salinity at Chrome Island
lighthouse in February (broken line, diamonds) compared with
the average annual Fraser River flow (April 1 — March 31)
(solid line, squares). (B) Relationship as in Fig. 4A, but for
February flows.
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Atkinson and Victoria were compared with Tofino, on the
Pacific Ocean side of Vancouver Island.

Beginning in 1989, there was an abrupt change in sea
level gradient within the coastal waters, with relatively
higher sea level heights at Victoria compared with Campbell
River. There was an equally abrupt increase in sea level at
Pt. Atkinson compared with Campbell River, and both
Victoria and Pt. Atkinson had higher sea levels relative to
Tofino (several other stands of relatively high water between
these two regions are found in the records, but these have
short time scales compared with the protracted change in
1989). The change in sea level height between inside the
Strait of Georgia and the offshore areas (specifically, Tofino)
was more abrupt for Pt. Atkinson than for Victoria.

The sea level differences show that there was an abrupt
increase in relative sea level beginning in 1989 at the eastern
end of Juan de Fuca Strait (Victoria). This increase was as-
sociated with an equally abrupt increase in relative sea level
in the southern Strait of Georgia compared with the northern
end of the strait (Pt. Atkinson versus Campbell River). The
1991-1992 El Nifio event in the Pacific Ocean affected the
sea level difference between Victoria and Campbell River,
and there was a short-term reduction in sea level difference
in 1993 between Pt. Atkinson and other sites (specifically,
Campbell River and Tofino) that corresponds to the reduced
coho movement offshore (Fig. 2A). However, these were all
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Fig. 5. (A) Average February surface salinity in the Strait of
Georgia at the Chrome Island lighthouse compared with the total
monthly Fraser River flows in February. Crosses indicate values
from 1963 to 1988; circles indicate values from 1989 to 1997. It
is clear that the relationship changes in the 1990’s. Note that in
1993 the salinity is higher and the coho catches in the Strait of
Georgia were also large. (B) Relationship between surface
salinity in February and the percentage of coho caught offshore.
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short-term events compared with the persistent change in
relative sea level that began in 1989.

Winter winds

The number of days of offshore zonal winds (Fig. 8, in-
sert) was summed for October, November, and December
and shown as the average total number of days per month
for the three months (Fig. 8). The highest number of days of
offshore zonal winds for this period occurred after 1989
(Fig. 8). The high percentages of coho offshore in 1991,
1995, and 1996 (Fig. 2A) were associated with a higher
number of days of zonal winds in the previous winter. The
relationship is not exact, as the low number of days in 1993
did not result in extremely high catches in the Strait of Geor-
gia in 1994, indicating that factors in addition to wind direction
may be involved in the salinity changes. A more detailed
analysis that weights direction with speed may explain the
inconsistencies, but the relationship as presented shows that
the change in the pattern of winds in the 1990°s was associ-
ated with the physical oceanographic changes in the Strait of
Georgia.
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Fig. 6. Sea surface temperature (SST) anomaly for December—March

511

for (A) the combined lighthouse data and (B) the temperatures

from the Nanoose site reported in Beamish et al. (1995). (C) SST anomaly for the offshore site (on the west coast of Vancouver
Island) at Amphitrite Point. The solid line in each panel is the percentage of hatchery fish caught offshore that were released from all

Strait of Georgia hatcheries.

.50 >
19A £
> - 25 2
g <
= 0 = T ) I__l ©
a P
175} — -25 é
A £
T T T T T T T T T -50 O

1971 1974 1977 1980 1983 1986 1989 1992 1995 1998
50 >
B g
9]
£ H M P
E s
2 0 . : ° PY gl &
< L] 8
& o
» — -25 f:’
Sfec g
T | T T T T T R -50 O

1971 1974 1977 1980 1983 1986 1989 1992 1995 1998
2 50 >
C £
S
i Ol T o §
8 O & rY ’\ 0 §
< ©
o
7 o
» -1 --25 o
5
=
-2 T T T T | T BT T -50 O

1971 1974 1977 1980 1983

Year

Juvenile coho surveys

In September 1996, 164 tows were made throughout the
Strait of Georgia (Table 1). The standardized catches (catch
per hour) indicated that coho were slightly more abundant in
the north than in the south (Table 1). In November 1996, the
42 tows caught fewer coho throughout the Strait of Georgia,
particularly in the north (Table 1). In February 1997 and
March 1997, no coho were caught in the 34 tows in the
Strait of Georgia (Table 1).

Creel surveys

The results are listed as catch per “boat-day”, which is the
catch per boat for 1 day of fishing. There was variation in
the interview effort among years, and in some years, there
were no interviews in the winter. The data for January and
February were combined because catches and effort were
low. Even though the data were considered minimal, the
number of boat days surveyed was quite large (Table 2). In
years when the outside catch was exceptionally high (1991,

1986 1989 1992 1995 1998

1995, 1996), there was no evidence that coho were present
in either the north or south in the winter. In years when
catches were high in the Strait of Georgia (1988, 1993), the
winter catches were relatively high.

Discussion

The 21-year history of catches of coho that enter the Strait
of Georgia as smolts in one year shows that a varying per-
centage of these fish are caught outside the Strait of Georgia
in the next year. The pattern of this variation of catch inside
and outside the Strait of Georgia is similar to the proportion
of hatchery coho caught in these areas and can be divided
into two distinct periods on the basis of the extreme behav-
iour that occurred in the 1990’s. Moreover, this recent change
in behaviour matches known changes in climate that are
both global and regional.

Fraser River flow was associated with the percentage of
catch outside the Strait of Georgia, and the relationship

© 1999 NRC Canada

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




512

Can. J. Fish. Aguat. Sci. Vol. 56, 1999

Fig. 7. Sea level height anomalies for various locations around the Strait of Georgia and offshore (on the west coast of Vancouver
Island). Sea level heights are expressed as differences in anomaly values between locations, and all show an abrupt change in the

1990’s.
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Fig. 8. Number of days of the most typical zonal wind pattern
averaged for the 3-month period October-December. The insert
shows the typical zonal flow pattern (L is the area of low
pressure).
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changed in the 1990°s. The February salinity and Fraser
River flow comparison clearly showed a shift in the re-
sponse. Beamish et al. (1997a, 1997b) proposed that there
was a shift in the climate in the Pacific Ocean about 1989.
Indicators of global climate such as the Southern Oscillation
index and the Aleutian Low Pressure index changed about
the late 1980’s. Trenberth and Hoar (1996) also found that
the climate pattern in the tropical Pacific in the early 1990’s
was unique in this century. One change that is relevant to
the behaviour of coho was a change in the dominant direc-
tion of the westerly winds in the winter. The dominance of
westerly winds in the winter after about 1989 probably in-
creased the frequency of estuarine circulation reversals, or at
least reduced the strength of the near-surface outflows. The
estuarine circulation results from the outward flow of Fraser
River freshwater through Juan de Fuca Strait and the com-
pensatory flow of nutrient-rich bottom water into the Strait.
In the winter, the circulation can be reversed if strong west-
erly (zonal) winds increase the sea level height at the western
extremity of Juan de Fuca Strait. Perhaps the best evidence
for a reduced outflow of brackish water from the Strait of
Georgia in the 1990’s, and therefore reduced overall salinity
in the Strait, is the abrupt increase in sea level slope between
the Pt. Atkinson tide gauge and gauges outside the Strait.
The question is whether the magnitude of the sea level change
(roughly about 3-5 cm) is reasonable given the area of the
Strait of Georgia and the mean volume runoff from the Fra-
ser River. Using a typical average runoff of 3000 m*.s™! and
the known surface area of 6800 km? for the Strait of Georgia
(Thomson 1981), the time-rate-of-change of sea level due to
runoff is (3000 m?s')/6800 km® = 4.4 x 107 m-s~! (assum-
ing all of the runoff is spread over the surface of the basin).
If we assume that the enhanced westerly winds during the
1990’s caused an effective 1-day delay in the flushing of
brackish water to the ocean during the entire winter period
of 3 months (about a 1% increase in the winter flushing
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Table 1. Catch per hour of ocean age 0 coho in the Strait of
Georgia in 1996 and ocean age 1 (the same brood year) in 1997.

North South
September 1996 111 (15) 5337
November 1996 9 (16) 22 (26)
February and March 1997 0 (13) 0 (21

Note: The number of tows is given in parentheses. Depth range is 045
m. The north and south areas were determined by drawing a line
approximately across the middle of the Strait of Georgia.

Table 2. Coho catch per boat-day in the sport fishery in the
Strait of Georgia.

January—February March

North South North South
19814 0.4 (700) 0.1 (4400) 0.2 (500) 0.4 (2800)
1982 — — — -
1983 0.2 (1101) 0.1 (1040) 0.7 (/51) 0.4 (1932)
1984 1.3 (646) 0.1 (1757) 2.8 (474) 0.7 (1894)
1985 1.0 (446) 0.05 917) 2.6 (645) 0.3 (1814)
1986 0.1 (443) 0.1 (2138) 2.5 (993) 2.0 (1883)
1987 0.4 (1094) 0.3 (2774) 0.7 (405) 0.5 (1802)
1988 el 213y 0.4 (2278) 3.8 (870) 1.8 2672)
1989 0.6 (629) 0.3 (1695) 1.6 (1139) 0.6 (1894)
1990 1.8 (399) 0.4 (992) 2.3:(1303) 0.7 (2168)
1991 0.1 (275) 0(905) 0 (417) 0 (1120)
1992 1.7 (475) 1.0 (691) 1.2 (1097) 2.0 (3490)
1993 0 (580) 4.3 (1463) 1.8 (272) 5.2 (1000)
1994 0 (514) 0.1 (944) 0.3 (500) 0.8 (1271)
1995 — — (144) (422)

Note: The number of boat-days is given in paremtheses. The north is
Statistical Area 14 and the south is Statistical Area 17. A dash indicates
that no surveys were made. No surveys were made in 1996.

“Data were not collected until May.

time), the net change in sea level is 4.4 x 107 m x ¢ x 0.864
x 10°, where ¢ = 3.8 cm, which is consistent with the ob-
served increase in sea level difference. In other words, a
small change in the retention time of water in the Strait of
Georgia could account for the change in sea level slope and
associated change in upper layer salinity. The earlier onset
of the spring freshet as seen in the higher winter flows may
exacerbate this effect. Thus, the more frequent westerly
winds blowing directly across the Pacific contribute to more
frequent reversals and a lowering of the salinity in the south-
ern Strait of Georgia. The change in wind pattern may also
explain why the onset of the annual Fraser River freshet is
occurring earlier. However, it is not possible to explain all
aspects of the mechanisms responsible for the abrupt lower-
ing of the surface salinity in the Strait of Georgia in the
1990’s. For example, the role of rainfall remains difficult to
assess.

In 1996, we were able to show that coho smolts that en-
tered the Strait of Georgia from freshwater were distributed
throughout the Strait until the fall. By fall, there was both a
change in the overall catch rates in the north and south of
the Strait and a decline in catch rates in the north compared
with the south. This indicated that coho were migrating south
and apparently out of the Strait of Georgia. In February and
March of the following year, there were virtually no coho in
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the Strait of Georgia. There was no question that coho left
the Strait of Georgia late in the first ocean year and were
virtually absent by February of the second ocean year in
1997.

We cannot determine if a late-fall southern migration, pos-
sibly out of the Strait, is normal behaviour or is a conse-
quence of the present conditions in the ocean ecosystem. In
the 1980’s and early 1990’s, coho were captured in the sport
fishery in the winter, but the relative abundance was un-
known except that the extreme low and high estimates in the
creel census match the sport catch record for the rest of the
year. We interpreted the creel census data to indicate that in
the past, some coho did not leave the Strait in the winter. Off
Oregon and Washington, juvenile coho were observed to mi-
grate seasonally with a north migration in August and Sep-
tember (Pearcy and Fisher 1988). Thus, it would not appear
unusual that coho in the Strait of Georgia had a seasonal
migration pattern. Movement completely out of the Strait,
however, is unusual. The response of coho to ocean condi-
tions and climate identified in this study indicated that the
movement of coho may be profoundly affected by ocean
conditions. This response contrasts with reports that there
were specific migratory and nonmigratory types of coho in
the Strait of Georgia (Milne 1950; Healey 1978) If such
types did exist, our study would indicate that climate and
ocean conditions probably influenced the general behaviour
of coho in the 1950’s. If distinct migratory and nonmigratory
types still exist, they were equally affected by the ocean
conditions in the 1990’s.

Beamish et al. (1994) identified a relationship between the
annual volume of water flowing out of the Fraser River and
the relative survival of coho. In general, total coho survival
(the total catch and escapement compared with juvenile pro-
duction) was always average or above average in a year
when the annual flows declined from a high level in the pre-
vious year to a low level. Conversely, when flows increased
from a low level to a high level, the survival was either poor
or average and never above average. The relationship was
believed to be associated with changes in the salinity of the
surface layer (St. John et al. 1992; Beamish et al. 1994), al-
though the mechanism was not determined. In this study, it
was the increased flow in the winter and the annual flow that
were related to movement out of the Strait of Georgia. Re-
duced surface salinity in the winter was also associated with
offshore movement as shown here and in earlier studies (i.e.,
Simpson et al. (1997). However, our fishery surveys indi-
cated that most coho left the Strait of Georgia before Febru-
ary; thus, February salinity levels are an indicator of earlier
ocean changes that influenced the behaviour of coho. The
change in climate about 1989 changed the relationship be-
tween Fraser River flow and surface salinity such that sur-
face salinities were lower for similar levels of flow before
and after 1989 (except around 1993 when wind patterns
changed and relative sea levels dropped). If the reduced sur-
vival reported by Beamish et al. (1994) was more related to
reduced surface salinity than higher flow, the changes in the
1990°s may also result in reduced survival.

Why coho move out in their first ocean year when the sur-
face salinity is low and do not move back into the Strait of
Georgia in their second ocean year is not known. Coho may
prefer colder, saltier water in the winter, so there may be a

Can. J. Fish. Aquat. Sci. Vol. 56, 1999

physiological basis for leaving. There also may be a rela-
tionship with the availability of preferred food items or even
an avoidance of a competitor. Once coho leave, it appears
that most coho stay out of the Strait of Georgia almost until
it is time to return to their respective spawning streams and
rivers.

Despite our inability to understand all of the details of the
mechanisms that affected the movement of coho, there is lit-
tle doubt that the recent behaviour change in coho is related
to a change in climate. We are not proposing that the move-
ment out of the Strait is exclusively related to physical changes
in the ocean, but rather that there is a clear impact of cli-
mate. It is important to emphasize that a relationship among
coho migration, Fraser River flows, and salinity existed from
the 1980’s to the 1990’s, but the impacts changed when the
pattern of atmospheric circulation changed. A signal of cli-
mate impacts on the behaviour of coho focuses our attention
on the role of climate in fisheries management. It also re-
minds us that we need to pay attention to the message that
global climate change is occurring (Kerr 1995).
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