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Abstract.—Large numbers of spiny dogfish Squalus acanthias moved into the area near the
mouth of the Big Qualicum River, British Columbia, at the time hatchery-reared smolts of Chinook
salmon Oncorhynchus tshawytscha and coho salmon O. kisutch were leaving the river in 1988 and
1989. A small percentage of the spiny dogfish preyed on the smolts, but the resulting smolt mortality
is believed to have been large because of the large numbers of spiny dogfish in this area. Spiny
dogfish also fed on adult salmon in the fall. The long-term decline in survival of chinook salmon
produced at the Big Qualicum Hatchery was similar to the pattern of survival of other hatchery-
produced salmon. We propose that this long-term decline in survival results from predation.

Spiny dogfish Squalus acanthias are abundant
in the Strait of Georgia. The biomass of the pop-
ulation is about 60,000 tonnes (Fargo and Tyler
1989), representing 35 million spiny dogfish (based
on an average weight of 1.7 kg). This small shark
is an omnivorous, opportunistic feeder (Ketchen
1986), but its predation on Pacific salmon has
rarely been observed. In the most comprehensive
published study of feeding habits of spiny dogfish,
27 stomachs containing Pacific salmon were iden-
tified from 9,466 examined (Jones and Geen 1977).
In three other studies that examined the possibil-
ity that spiny dogfish might be important preda-
tors of Pacific salmon in the Strait of Georgia
(Chatwin and Forrester 1953; Godfrey 1968; Rob-
inson et al. 1982), only one spiny dogfish was found
to have fed on salmon (Chatwin and Forrester
1953). This inability to demonstrate substantial
predation on young or adult salmon has resulted
in the belief that spiny dogfish are not important
predators of salmon (Jones and Geen 1977;
Ketchen 1986).

In this study we reexamined the role of spiny
dogfish as predators of Pacific salmon, particularly
hatchery-produced chinook salmon Oncorhyn-
chus tshawytscha and coho salmon O. kisutch. We
examined the diet of spiny dogfish for 2 years in
the Strait of Georgia to determine if spiny dogfish
fed on salmon smolts, and we examined produc-
tion from a hatchery near the spiny dogfish pop-
ulation we sampled as well as other hatcheries in
the Strait of Georgia to determine if the pattern
of survival could be related to predation.

Methods
Abundance of spiny dogfish.—A swept-area

abundance estimate of spiny dogfish in the study

area (Figure 1) was made by towing a bottom trawl
net at 3.5-5.5 km/h. Surveys were conducted from
July 11 to July 17 in 1988 (44 tows) and from July
24 to 28 in 1989 (40 tows). Abundance of spiny
dogfish was estimated by dividing the survey area
(Figure 1) by the total area fished and multiplying
by the total catch of spiny dogfish. Area fished was
determined by multiplying the distance swept by
the net by the width of the net; the width of the
net for each tow was determined according to pro-
cedures used by Saunders et al. (1984). The net
was assumed to catch all spiny dogfish in its path.
Confidence intervals (95%) for the estimate of
spiny dogfish abundance, mean length of spiny
dogfish, and mean length of ingested salmon smolts
were determined with the procedures described by
Cochran (1977). Trawl surveys were not conduct-
ed during the period of greatest predation on salm-
on smolts to avoid altering the feeding behavior
of spiny dogfish. However, gillnetting was con-
ducted during both the trawl survey and the pe-
riod of dogfish predation. Spiny dogfish abun-
dance during the period of salmon smolt predation
(May and June) was estimated by calculating the
average daily catch per standardized gill-net set
(catch per unit of gill-net effort or CPUE) during
the period of smolt predation, dividing by the gill-
net CPUE during the abundance survey and mul-
tiplying by the estimated spiny dogfish abundance
during the trawl survey. Gill-net CPUE was also
used directly as an index of abundance.

Predation study. —Chinook and coho salmon
from the Big Qualicum Hatchery are released into
the Big Qualicum River, British Columbia, ap-
proximately 1.5 km from the Strait of Georgia
(Figure 1). The estuary of the river is small, less
than 600 m by 450 m, and salmon smolts move
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FIGURE 1.—Big Qualicum River study area. Thick lines enclose the bottom trawl survey area. A is the standard
gill-net fishing site used in 1988; it is located on the gill-net transect formed by Loran C line 5990-Y-29325. B is
the gill-net transect on Loran C line 5990-Y-29330, and C is the gill-net transect on Loran C line 5990-Y-29320.

quickly into the surrounding waters of the Strait.
We conducted our predation study in these sur-
rounding waters and in the estuary (Figure 1).

In 1988, we fished at one location (Figure 1, site
A) about 1 km from the mouth of the river at a
depth of 10 m. From May 16 through July 22,
1988, we set gill nets (90 m x 4 m, 13-15-cm
stretched mesh) every 2 d. All sets were on bot-
tom, alternating between morning sets (0500-0700
hours) and evening sets (2200-2400 hours). In
most sets, one 90-m net was set for 1 h. If more
nets were set or if the duration extended beyond
1 h, catches were standardized to one 90-m net/
h. At the same time, we set longlines with about
70 size-12/0 "mustad" halibut hooks on bottom
and vertically from the surface. Hooks were baited
with Pacific herring Clupea pallasi or chinook
salmon smolts. After the first 2 weeks we found
that all gear types caught spiny dogfish almost ex-
clusively; therefore, we concluded that spiny dog-
fish would be the major predator in the area. Be-
cause catches were highest in the morning and
stomach contents of fish caught then were more
easily identifiable than the stomach contents of
fish caught in the evening, we fished only in the
early morning with gill nets after the first 2 weeks.
Catches from the 13-cm stretched-mesh gill nets
were used in this analysis because this mesh size
caught the most fish and was the only mesh size
used later in the study (Figure 2).

From December 1988 to March 1990, we fished
along three transect lines including site A fished
in 1988 (Figure 1). Gill-net sets were at depths of
5m, 10 m, 20 m, 35 m, and 55 m, although not
all depths were fished on the same date. All spiny
dogfish captured in gill nets were measured for
total length (tip of snout to tip of tail) and sex was
determined.

Hatchery releases.—Salmon are released from
the Big Qualicum Hatchery by opening barriers,
allowing access to the river. Salmon move pas-
sively into the river over a period of about 4 weeks.
Once in the river, most are believed to migrate
the short distance to salt water in less than 1 d
(Mace 1983). Release dates are determined by the
hatchery manager.

In 1988, 5.6 million chinook salmon were re-
leased on May 10 and 1.2 million coho salmon
on May 14. Hatchery staff estimated that 5%
(279,000) of the chinook salmon smolts in this
release had entered salt water by May 19, 50% by
June 1, and 90% by June 8. No chinook salmon
smolts remained in the hatchery after June 15.
Half of the coho salmon smolts had left the hatch-
ery by May 25 and 90% by June 4; all had entered
salt water by June 18. In 1988, about 24,000 coho
salmon were released directly into salt water about
6 km offshore. A second group of about 12,000
coho salmon was transported directly to a net-pen
about 0.5 km offshore.
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FIGURE 2.— Length-frequency distributions of spiny dogfish caught (A) by gill net and (B) by bottom trawl in

1988. Lengths are shown at 2.5-cm intervals.

In 1989,0.6 million chinook salmon smolts were
released from the hatchery on May 10, 3.1 million
were released on May 25, and 2 million chinook
were released from June 7 to June 11. The first
release of coho salmon smolts (0.5 million) oc-
curred on May 7; 0.2 million coho salmon were
released on May 11, and the remaining 0.76 mil-
lion were released from May 25 to June 8.

Stomach contents. —Contents of stomachs from
spiny dogfish captured in gill nets were visually
classified into broad taxonomic categories. Salm-
on were identified to species and preserved. All
salmon identifications were confirmed in the lab-
oratory according to standard taxonomic criteria.
The state of digestion was categorized according
to the results of the digestion study (below; Table
1) as freshly ingested (skin present on at least one
side of the body and head parts intact; in stomach
less than 12 h), partially digested (skin missing on
both sides and soft parts of head digested, about
25% digested; in stomach less than 24 h), and di-
gested (pieces of muscle present, about 50% di-
gested; in stomach more than 24 h).

About 70 spiny dogfish, caught in the Strait of
Georgia on April 14, 1989, on longlines baited
with herring, were transported live to the Pacific
Biological Station and held in two large tanks

(50,000 L) supplied with aerated, flowing water at
ambient temperature (9-11 °C). On April 18 and
April 24, we tagged the spiny dogfish and force-
fed them one coho salmon each by placing a smolt
head first as deeply as possible into the shark's
throat. Five force-fed spiny dogfish were left in
the tank for each of six time periods (6, 12, 18,
24, 36, or 48 h). After the designated digestion
period, spiny dogfish were removed, killed, mea-
sured and dissected to examine their stomach con-
tents. Condition and length of salmon in the gut
were recorded; then the salmon were photo-
graphed and preserved in 10% formalin.

Hatchery production.—We examined survival
of chinook and coho salmon released from the Big
Qualicum Hatchery and from all hatcheries that
release salmon into the Strait of Georgia to deter-
mine if survival appeared random among brood
years1 or followed some pattern. Hatchery release
and survival data were obtained from the Salmon
Enhancement Program and Kuhn et al. (1988).
Releases included chinook salmon fry, chinook
salmon smolts, and coho salmon smolts reared in

1 In northwestern salmon terminology, "brood year"
means a year-class of salmon, referenced to the year in
which eggs were fertilized.
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TABLE 1.—States of digestion of coho salmon force-
fed to spiny dogfish.

Digestion
period (h) Typical state of digestion

12 Fins and skin partially digested; soft parts of
head partially missing

18 Skin missing: soft tissue of head digested; fins
missing; stomach wall partially digested

24 Head digested in most samples; stomach wall
missing

36 Only large pieces of muscle remain
48 Only small pieces of muscle and otoliths remain

hatcheries. From 1972 to 1981, the hatchery re-
lease estimates included a relatively small number
of coho salmon released before smolting. The
number of chinook salmon fry released in the au-
tumn was not included; however these releases
were small compared to spring releases. The
hatcheries that released chinook salmon into the
Strait of Georgia and were included in our analysis
were Big Qualicum, Chemainus, Little Qualicum,
Puntledge, Sechelt, Indian, Lions Bay, Vancouver
Bay, Englishman River, Oyster River, Seymour,
Quinsam, Capilano, Tenderfoot, Nanaimo, and
Cowichan. Hatcheries, special projects, or public
involvement projects producing coho salmon were
Big Qualicum, Tenderfoot, Quinsam, Puntledge,
Capilano, Sechelt, Rosewall, Vancouver Bay, Sey-
mour, Indian Arm, Sliammon River, Lower
Campbell River, Noons Creek, Cowichan River,
Horseshoe Bay, and the West Vancouver Labo-
ratory.

Results
Spiny Dogfish Abundance

In 1988, 2,248 spiny dogfish were captured in
the trawl survey (Figure 1). The estimated abun-
dance in the survey area was 173,000 fish (95%
confidence interval, ±110,000 fish). Lengths
ranged from 42 to 116 cm (Figure 2) and averaged
72 cm (±0.4 cm). The difference of 0.8 cm (±0.9
cm) in mean lengths between spiny dogfish caught
in the trawl and gill-net surveys was not statisti-
cally significant (P > 0.05), indicating both meth-
ods sampled a similar population. In 1989, 1,464
spiny dogfish were captured. The estimated abun-
dance was 126,000 fish (±87,600 fish). Lengths
ranged from 46 to 110 cm and averaged 74.7 cm
(±0.4 cm).

On May 19, 1988, the gill-net catch of spiny
dogfish in a 1-h period (CPUE) was 70.0 fish/h
(Figure 3). Gill-net CPUE averaged 39.3 spiny
dogfish/h for the period May 19 to June 15, then
declined to an average of 10.7/h by late June and
4.0/h in July (Figure 3). In 1989, the combined
gill-net CPUE for all depths increased abruptly
from 6.6 spiny dogfish/h in April to 21.6/h by
early May (Figure 3). At depths less than 20 m,
CPUE averaged 28.6 spiny dogfish/h between May
15 and June 21 (Figure 4). Maximum average
CPUE occurred on May 10 at 43.6/h (Figure 3).
The CPUE declined in late June to 13.2 spiny
dogfish/h (Figure 4); it averaged 7.2/h during July
and 3.8/h for the remainder of the year. At the
time of the 1988 and 1989 trawl surveys, the av-
erage gill-net CPUEs were 2.1 and 4.2 spiny dog-
fish/h, respectively. Using these average CPUEs
as relative indices of abundance, we estimate that
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up to 1.4 million spiny dogfish were in the study
area at the time most hatchery-reared salmon en-
tered salt water (mid-May to mid-June) in 1988
and that 1.0 million spiny dogfish were present in
1989.

The abundance of spiny dogfish increased close
to shore in October and November (Figure 4).
Spiny dogfish at this time were feeding on larger
salmon.

Predation Study
The extent of digestion of the salmon force-fed

to spiny dogfish was used to assess the length of
time salmon had been in the stomachs of spiny
dogfish caught in the gill nets. There was some
variation in the amount of digestion at each time
period but the states of digestion at 12, 24, 36,
and 48 h were quite distinct (Table 1). Skin, fins,
and soft pans of the head of the coho salmon
smolts were digested first. After 18 h, the stomach
wall was digested; after 24 h, the head was missing
from four of the five coho salmon. After 36 h,
only large pieces of muscle remained. At 48 h,
smaller pieces of muscle were left and one spiny
dogfish had no fish remains.

In 1988, predation on Chinook and coho salmon
smolts occurred in the spring and early summer.
Although gillnetting started on May 16, 1988, the
standardized gill-net sets did not begin until May
19. In 1988, 1,161 spiny dogfish were captured
from May 19 to July 22. Young chinook and coho
salmon occurred regularly in the stomachs of some
spiny dogfish caught in gill nets set up to June 15

(Figure 5). After June 15, spiny dogfish that had
eaten salmon were caught in only two sets. The
percentage of spiny dogfish with chinook and coho
salmon in their stomachs was highest (21.7%) in
mid-May, suggesting that some predation oc-
curred earlier (Figure 5). Because salmon were first
released from the hatchery on May 10 it is prob-
able that predation occurred from May 10 to May
16. Thirty-eight percent of the 558 spiny dogfish
captured from May 19 to June 15, 1988 had emp-
ty stomachs. Of the 344 spiny dogfish with stom-
ach remains, 69 contained chinook and coho
salmon smolt remains; 41 stomachs contained
smolts that appeared to have been ingested less
than 24 h previously, according to our digestion
study. The amount of predation, therefore, ap-
peared to increase rapidly to a maximum about 1
week after the hatchery began to release salmon.
Over the next 6 weeks there was a gradual decline
in the amount of predation.

Coho salmon predominated in the stomachs
initially and chinook salmon later (Table 2). There
were 31 coho salmon, 63 chinook salmon, and 15
unidentified salmon in the 41 stomachs that con-
tained salmon in the less-than-24-h digestion cat-
egory, an average of 2.7 salmon smolts per stom-
ach. Five stomachs contained both chinook and
coho salmon. One spiny dogfish had eaten 17
salmon smolts. One coho salmon contained a cod-
ed wire tag identified with the Big Qualicum
Hatchery.

Chinook and coho salmon in the stomachs had
average estimated fork lengths of 8.6 cm (±0.5
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FIGURE 5.—Percentages of the daily catches of spiny dogfish caught by gillnetting that had salmon smolts in their
stomachs in 1988 and 1989.

cm; range, 7-13 cm) and 13.6 cm (±0.5 cm; range,
12-15 cm), respectively. The average sizes of chi-
nook and coho salmon released from the hatchery
in 1988 and 1989 were 1 and 18 cm, respectively.

In 1988, the direct release of coho salmon 6 km
offshore attracted large numbers of spiny dogfish
within several hours, and the sharks were ob-
served feeding on the salmon. Twenty-four hours
after other coho salmon were released directly into
a saltwater net-pen, 18 spiny dogfish were found
feeding on salmon inside the net. An underwater
examination indicated that spiny dogfish had ap-
parently "chewed" through the net meshes.

In 1989, most predation on salmon occurred
from May 15 to June 21. Of the 1,470 spiny dog-
fish captured between May 15 and June 21 at the
site fished in 1988, 988 had been feeding and 20
of these had remains of young salmon in their
stomachs; 14 of the 20 contained the remains of
42 salmon that had been in the stomachs less than
24 h.

In 1989, 5,078 spiny dogfish were caught along
the three transect lines at depths less than 10 m
over the period May 15 to June 21. Only two of
111 spiny dogfish sampled after June 21 contained
salmon smolts in their stomachs. The largest
catches of spiny dogfish feeding on salmon oc-
curred on May 26 and 27 (Figures 3, 5). Of the
5.078 spiny dogfish caught in 1989, 3,577 had
stomach contents and 44 contained salmon smolt
remains, 34 of which contained remains of 67

salmon that had been in the stomach less than 24
h: 21 coho salmon, 18 Chinook salmon, and 28
unidentified salmon, an average of 2.0 salmon per
stomach.

Coho salmon occurred more frequently than
chinook salmon in stomachs at the beginning of
the 1989 predation period. The average size of the
chinook salmon in spiny dogfish stomachs was 7.2
cm (±1.0 cm; range, 5.5-12.0 cm). Coho salmon
in stomachs averaged 11.9 cm (±0.4 cm; range,

TABLE 2.—Numbers of salmon smolts, by species, eat-
en within the previous 24 h by spiny dogfish collected
in the 1988 gill-net sampling.

Date
May 19
May 20
May 26
Jun 1
Jun4
Jun 7
Jun 9
Total

Spiny
dogfish
caught'/

spiny
dogfish

with
salmon
remains

70/4
69/15

114/5
57/7
17/3

107/6
41/1

Number of smolts in spiny dogfish
stomachs

Coho
salmon

2
24
2
2
0
I
0

31

Chinook
salmon

2
10
26
8
8
6
3

63

Uniden-
tified

salmon
0
0
1
6
0
8
0

15

Total
salmon
smolts

4
34
29
16
8

15
3

109

* Does not include catches from gill-net sets in which salmon
predation did not occur.
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9.5-13.2 cm). Only two spiny dogfish had both
coho and chinook salmon in their stomachs. Sev-
en ingested coho salmon and two chinook salmon
had been tagged with coded wires at the Big Qual-
icum Hatchery.

The impact of this predation on the survival of
smolts released from the Big Qualicum Hatchery
was estimated from the daily predation estimates
and the size of the spiny dogfish population. In
1988, an average of 7.3% of spiny dogfish caught
from mid-May to mid-June had salmon smolts in
their stomachs. If the population of spiny dogfish
was about 1.4 million, as estimated, and the av-
erage number of salmon in the stomachs less than
24 h was 2.7, then the number of salmon smolts
killed in the study area in 4 weeks could have been
about 7.7 million (approximately equivalent to
the total 1988 release). In 1989, at the site fished
in 1988, an average of 1% of the spiny dogfish
caught between May 15 and June 21 had an av-
erage of 3.0 salmon smolts in their stomachs. Based
on the 1989 population estimate of 1 million spiny
dogfish, we estimate that approximately 1.1 mil-
lion salmon smolts were consumed. Alternatively,
a lower estimate of 0.5 million salmon smolts killed
is obtained if we use the catches from the three
transect lines, in which 0.7% of the spiny dogfish
caught had an average of 2.0 salmon smolts in
their stomachs.

Pieces of larger salmon, 15-50 g, were found in
spiny dogfish stomachs throughout the year but
were more common in fall and winter (Septem-
ber-March). Spiny dogfish were predominantly
caught at deeper depths at this time. Flesh color,
skin color, and scale pattern confirmed that the
flesh pieces found in the spiny dogfish stomachs
were from larger salmon.

Between December 1988 and March 1989, 367
spiny dogfish were caught at depths of 40-60 m.
Of the 138 (37.6%) that had been feeding, 11 (8.0%)
contained pieces of larger salmon. Between Sep-
tember 1989 and March 1990, 642 spiny dogfish
were caught at depths of 40-60 m, 429 (66.8%) of
which had been feeding. Of these, 68 (15.9%) had
been feeding on larger salmon. One spiny dogfish
contained the fresh remains of a whole, early ma-
turing (jack) salmon.

Survival of Hatchery Produced Salmon
The Big Qualicum Hatchery started production

in 1971. Percent survival for chinook and coho
salmon released that year was low (Figure 6). Per-
cent survival for chinook salmon increased to
10.5% in the mid-1970s then declined. Fish of the
1984 brood year (released in 1985 and all returned
by 1989) had the lowest survival (0.1%). Coho
salmon survival was highest (33.8%) for the 1973
brood year (released in 1975). Percent survival
was high (average, 23.1%) for brood years from
1973 to 1977 but declined with the release of the
1978 brood year in 1980. The survival of the 1985
brood year was 2.3%. Brood years of the mid-
1970s, when releases were smaller, provided the
greatest returns. The trend to a maximum return
as releases increase can be modelled by a Ricker-
type stock-recruitment relationship. According to
the calculated relationship for chinook salmon

R = 0.064 P*<-7.3i * »07)P
r2 - 0.72, where R is the number of adults re-
turning from a smolt release equal to P, the max-
imum returns would occur at releases of about
1,400,000 smolts (Figure 7A). For coho salmon,
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r2 = 0.88, the maximum returns would occur at
releases of about 610,000 smolts (Figure 7B).

The survival of chinook and coho salmon from
the other hatcheries that release salmon into the
Strait of Georgia followed a similar trend. The
relationship between the number of chinook salm-
on smolts released and the number of adults re-
turned by brood year (total catch in all fisheries
and any returning to the rivers) for all Strait of
Georgia hatcheries (Figure 8A) was described by

* = 0.036 pe(-w* I O V ,
r2 = 0.81. We again used a Ricker curve because
preliminary returns for 1985 and 1986 brood years
indicate total returns will be approximately 22,000
and 42,000, respectively; hence the curve appears

to be dome shaped. The estimated maximum re-
turn was 70,072 at a release of 5,300,000.

The relationship between the total number of
coho salmon smolts released into the Strait of
Georgia and the total number of returns (Figure
8B) was described by

* = 0.139 />e<-2.07x 107)^

r2 = 0.87. The estimated maximum return of
247,030 occurs at a release of 4,830,000.

Discussion
The observations of spiny dogfish feeding on

salmon provide the first evidence that this small
shark may be an important predator of salmon in
the Strait of Georgia. The number of spiny dogfish
with pieces of larger salmon in their stomachs dur-
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ing the fall and winter was surprisingly high. The
aggregation of spiny dogfish in the vicinity of the
Big Qualicum River in the fall and early winter of
1988-1989 and 1989-1990, as indicated by an
increase in the CPUE, coincided with the aggre-
gation of adult salmon in the estuary prior to their
spawning migration into fresh water, suggesting
that spiny dogfish may be attracted by the salmon.
The larger salmon eaten by spiny dogfish through-
out the fall and early winter (seasons when 8.0%
of feeding spiny dogfish in 1988-1989 and 15.9%
in 1989-1990 contained remains of large salmon)

included adult salmon before they entered fresh
water and spawned salmon that were washed from
the river into the estuary. The prespawning adults
eaten may have been alive or the remains of fish
killed by other means such as seal predation; how-
ever, very few seals were observed. It is difficult
to believe that a spiny dogfish could catch a live
adult salmon, but the possibility cannot be re-
jected. The feeding that occurred in the early win-
ter was on dead spawned salmon that were washed
into the ocean, because no mature salmon re-
mained in salt water. The impact that predation



SPINY DOGFISH PREDAT1ON ON SALMON SMOLTS 453

on prespawning adults has on total returns is dif-
ficult to assess until it is determined how the adults
were killed. If the spiny dogfish attacked and killed
the salmon, the mortality may be high even though
spiny dogfish abundance is relatively low at this
time of year, because abundance of adult salmon
is also relatively low. It is important to know if
mortality of aggregating prespawning adults is high,
because optimizing hatchery production requires
an understanding of all sources of marine mor-
tality.

The recovery of tagged smolts showed that pre-
dation occurred on chinook and coho salmon
smolts reared in the Big Qualicum Hatchery. About
3% of the hatchery-released salmon were tagged
in 1988 and 1989, so we would not expect to find
large numbers of tagged salmon in the stomachs
of spiny dogfish. We collected 176 freshly digested
salmon from spiny dogfish stomachs from mid-
May to mid-June in 1988 and 1989. We found 1
tagged salmon in 1988 and 9 in 1989. All 10 tagged
salmon, about double the expected number of tag
recoveries (3% of 176), were from the Big Quali-
cum Hatchery. Furthermore, the timing of pre-
dation corresponds to the hatchery release sched-
ule, and the sizes of the salmon eaten were similar
to the sizes released. Therefore, it is probable that
many of the young chinook and coho salmon con-
sumed were released from the Big Qualicum
Hatchery.

In 1988, the estimated mortality was about
equivalent to the total release of chinook and coho
salmon. In 1989, the estimate of mortality was
considerably lower; however, each annual mor-
tality estimate probably is related to the behavior
of the smolts in the sampling area. Both spiny
dogfish and salmon smolts can move offshore and
out of the sampling area. Spiny dogfish feed on
salmon smolts in the offshore areas, as indicated
by the predation that occurred almost as soon as
smolts were intentionally released offshore. The
sharks also appear to be attracted to salmon smolts,
as evidenced by the predation on salmon smolts
in the net-pen. Therefore, spiny dogfish may fol-
low aggregations of salmon smolts and mortality
outside of the sampling area would not be mea-
sured. The calculations of total salmon mortality,
therefore, indicate that predation by spiny dogfish
is an important source of early marine mortality
of salmon produced at the Big Qualicum Hatchery
and probably are not relative indices of survival.

The potential impact of predation mortality on
smolt survival can be studied by examining the
pattern of salmon returns from hatcheries releas-

ing smolts into the Strait of Georgia. The rela-
tionship between releases and returns we identi-
fied indicates that mortality of smolts released from
the Big Qualicum Hatchery increased gradually as
more smolts were released each year. The pattern
of gradually increasing mortalities with increasing
releases was virtually identical for all hatcheries
studied (Figure 8). We believe this indicates that
predation in general and spiny dogfish predation
in particular may be the major source of the early
marine mortality of salmon released from the Big
Qualicum Hatchery and other hatcheries around
the Strait of Georgia.

Our view that predation is the cause of the grad-
ual decline in survival is based on the belief that
most marine mortality of salmon occurs shortly
after smolts enter salt water. Several studies in-
dicate year-class strength is determined at this time
(Parker 1971; Ricker 1976; Hargreaves and
LeBrasseur 1985; Fisher and Pearcy 1988). Also,
studies of the releases of chinook salmon from the
Big Qualicum Hatchery show a constant propor-
tion of the stock returning at each age (Farlinger
et al. 1990). This indicates that the number of
smolts that will survive to be caught in the fishery
or return to the hatchery probably is determined
early after the smolts enter salt water. Predation,
therefore, is an attractive mechanism to explain
the causes of the variation in the size of the brood
year.

Pacific salmon experience low survival in the
marine environment. Exact estimates of marine
survival are difficult to find, but estimates for wild
salmon from the Big Qualicum River before the
hatchery was established ranged from 0.2 to 7.4%
for chinook salmon and from 5.4 to 15.5% for
coho salmon (Fraser et al. 1983). Our study in-
dicates that, in recent years, the average marine
survival of hatchery-reared chinook and coho
salmon in the Strait of Georgia has been consis-
tently lower than for wild salmon. There is evi-
dence that hatchery rearing produces fish that are
less wary of predators (Fenderson et al. 1968; Swain
and Riddell 1990) or are more domesticated (Vin-
cent 1960; Doyle and Talbot 1986) than wild fish
and thus more susceptible to predation. The be-
havior of hatchery-reared salmon is altered be-
cause of crowding, and only a short period of
crowding seems to be enough to cause the change
(Keenleyside and Yamamoto 1962). A study of
Atlantic salmon Salmo solar in Sweden showed a
much higher average survival for wild fish than
for smolts reared in hatcheries (Osterdahl 1969).
Volovik and Gritsenko (1970) attributed high pre-
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dation rates on a hatchery-reared stock of pink
salmon Oncorhynchus gorbuscha in the former
Soviet Union to behavioral changes induced in
the hatchery that made released fish more suscep-
tible to predation than wild pink salmon. A con-
clusion from a North American review of studies
of predation on Atlantic salmon was that hatch-
ery-produced smolts appeared to be more vulner-
able to predation than wild smolts (Ruggles 1980).
Studies have shown that some form of condition-
ing to predation improved the survival of hatch-
ery-reared salmon after they were released from
the hatchery. Experiments in which naive hatch-
ery fish were exposed to predation indicated that
the mortality of hatchery fish, which normally was
14-30% higher than that of wild smolts, was low-
ered by the experience (Kanid'yev et al. 1970).

The predation process is typically described
(Holling 1959) as a numerical response (change in
predator abundance per unit time) and a func-
tional response (prey eaten per unit time). In this
study, there was an on-shore movement of spiny
dogfish in the spring that we believe was a re-
sponse to the movement of salmon smolts into
salt water and to an accumulation of other food
sources such as juvenile Pacific herring (Hay et al.
1989). Pacific herring were a major food of spiny
dogfish, accounting for up to 10-20% of their diets
during the study. The small percentage of spiny
dogfish that preyed on the hatchery-reared chi-
nook and coho salmon indicates that the numer-
ical response to the salmon smolt accumulation is
confined to a small percentage of the spiny dogfish
in the area. Also, spiny dogfish that fed on salmon
were at the low end of their functional response
curve because their stomachs contained only two
or three salmon on average but could have held
considerably more (one spiny dogfish contained
17 salmon). Thus, both the numerical and func-
tional responses of predatory spiny dogfish could
increase substantially.

Increasing freshwater survival of coho and chi-
nook salmon through hatchery rearing was ex-
pected to increase total survival, but it was not
expected that the marine environment would im-
pose a maximum on the relationship between
number of released smolts and survival to adults.
The occurrence of a dome-shaped survival curve
for hatchery-reared salmon indicates that survival
decreases as releases increase beyond an optimum
threshold, resulting in fewer adult returns. Coho
salmon releases for all Strait of Georgia hatcheries
appear to be close to the optimum for maximum
survival. However, coho and chinook salmon re-

leases from the Big Qualicum Hatchery and Chi-
nook salmon releases from all hatcheries exceed
the optimum for marine survival. Because the in-
crease in mortality as releases increase beyond the
optimum may be related to crowding in the rear-
ing channels or other hatchery practices, the sur-
vival of salmon might improve if hatchery-reared
salmon were made more wary of predators. The
removal of predators from the sea may not be
possible because of large incidental catches of oth-
er species. Also, removal of predators would be
expensive because many predators would have to
be removed even though relatively few spiny dog-
fish prey on salmon and the predators that remain
could increase the number of salmon they eat sub-
stantially. Thus, reducing releases and improving
the ability of smolts to avoid predation may be
the best methods of improving survival.

There are short-term pitfalls to this approach,
however. Reductions in hatchery output of only
one species may not achieve previous levels of
production for that species because spiny dogfish
in the area may respond numerically and func-
tionally to the total abundance of hatchery-reared
salmon released. There is also a possibility that
releases of both chinook and coho salmon at the
optimum levels estimated in this study will not
achieve previous levels of survival immediately
because spiny dogfish (and other predators) have
adapted to the large current releases and both their
numerical and their functional responses may be
stronger now than when the releases of salmon
from hatcheries were first increasing.

We believe that adaptive or experimental
hatchery practices along the lines we suggest could
improve salmon survival. Hatchery practices must
be at least as adaptive as the predators that await
the hatchery-reared salmon at the river mouth.
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