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THE CONTENTS OF THESE PROCEEDINGS ARE NOT TO BE TREATED 
AS PUBLISHED MATERIAL. Any reference to these contents should be approved by 
the author(s) responsible and cited as a personal communication. 

The content of the papers in these proceedings are essentially as submitted by the 
authors. The editors have restricted their activities to standardizing the format and 
appearance of the documents, and performing a superficial review for minor edits (e.g., 
spelling). 
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FOREWORD 

Traditionally, the Pink and Chum Salmon Workshop has been structured to facilitate the exchange of 
findings and ideas related to on-going work. We all want and need up-to-date knowledge of investigations 
taking place in other states and provinces before the infonnation has dried-up in the processing of formal 
reports. The excitement of learning about new and innovative work should be a primary objective of the 
presenters and attendees. We trust that all researchers, managers and students experienced some of that 
excitement during the 1991 Workshop. 

The focal session was presented by our Alaskan colleagues working on the impacts of the disastrous 
. 1989 Exxon Valdez oil spill. While results of direct impact studies could not be released at the time of the 
meeting, we now appreciate the depth of thought and speed of action which were required in order to 
monitor the impacts and investigate the full implications of the spill. We encourage all the oil spill session 
presenters to publish their results speedily so that other researchers have access to what is possibly the most 
comprehensive work on the effects of oil spills oii salmonids. 

Sessions were developed on a range of other topics in order that the Workshop appeal to a maximum 
number of people. The breadth of studies was impressive and the depth of the investigations was 
encouraging. The 16th Northeast Pacific Pink and Chum Salmon Workshop, which will be held in Alaska 
in 1993, should benefit from the quality of on-going work in these fields. 

The contact persons for the 1993 Workshop are Bill Smoker (Universicy of Alaska) and Chuck 
Meacham (ADFG). 

Don Bailey ( Jim Woodey 
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Comparative Performance of Two West Coast Vancouver Island 
Chum Salmon (Oncorhynchus Keta) Facilities 

B.W. Anderson and D.D. Bailey 

Department of Fisheries and Oceans 
555 - West Hastings 

Vancouver, B.C. 

Nitinat·and Conuma hatcheries, two Japanese style chum hatcheries located on the west coast 
of Vancouver Island were compared. The first releases a single stock into an inlet like lake while 
the second releases five stocks of chum into a fiord like inlet. Since hatchery operation began the 
returns to these areas have increased from 128,000 to 904,000 for Nitinat and 175,000 to 225,000 
for Nootka Sound (Conuma): 

The age 3 composition for Nitinat is 18% versus 30% for Conuma. The Nitinat ag~ 3 
composition seems to be related to lake productivity while Conuma reflects overall hatchery 
averages for chum production. The average fry survival for Nitinat hatchery is 3.1 % versus 0.9% 
for Conuma hatchery. This difference is felt to be related to competition for available food, 
presences or absences of predators, and a more critical optimum time of release for Conuma. 

Since 1983 brood year Conuma chum survivals have been very low. This is felt to be more 
than hatchery related as the wild stocks in Kyuquot Sound located immediately north of Nootka 
Sound have l!.lso experienced a decreased productivity. It is speculated that a possible contributor 
to this decline is the predation by chub mackerel in the area. 

Of the nine major Sa1monid Enhancement Program (SEP) chum salmon ( Oncorhynchus keta) hatcheries, 
two are located on the west coast of Vancouver Island. 

Nitinat Hatchery is located 48° 51 'N and 124° 39'W on the south west coast of Vancouver Island, 
British Columbia near the head of Nitinat Lake at the confluence of the Nitinat and Little Nitinat rivers 
(Figure 1). Nitinat began operation in 1980 and is the largest Japanese style chum hatchery in SEP. A 
Nitinat Lake study from 1975-77 concluded that chum fry rear in this estuarine-like lake for up to two 
months (Fedorenko et al. 1979). The apparent under utilization of lake rearing potential, relative absence 
of predators, and easy manageability of this area for a terminal harvest made this a desirable enhancement 
location. 

Conuma Hatchery is located approximately 170 km north west of Nitinat hatchery (Figure 2) near the 
head of Tiupana Inlet at the confluence of Conuma river and Leagh creek (49° 48' N, 126° 25' W). 
Conuma began operation in 1978 as the first Japanese style chum hatchery on the B.C. coast. Conuma was 
designed to enhance a number of stocks in a relativel;r protected terminal harvest area. 

Both Nitinat and Conuma hatcheries are designed to produce 25 million and 18 million I g chum fry 
respectively. Nitinat Hatchery is a single stock hatchery while Conuma enhances five rivers emptying into 
Tiupana Inlet. Both hatchery water supplies are a mixture of surface and well water allowing for some 
temperature manipulation for fish culture purposes. Well water temperature is 9° C at Nitinat and 8° C at 
Conuma. Surface water temperatures during incubation and rearing vary from 1.5° to 14° C and 3° to 10° 
C, respectively. · 

The incubation technology used at both sites is modified Atkins incubators and substrate lined concrete 
keeper channels. Fry are reared in concrete raceways at Nitinat and concrete or earthen (recently PVC 
lined) ponds at Conuma. Chum fry are reared between 30 to 45 days at both sites and released at r g size. 

Nitinat chum are released directly into the Nitinat River which flows into Nitinat Lake. Nitinat Lake 
is 23 km long and 1.2 kin wide and its surface is a few feet above low tide (Northcote et al. 1964). Usable 
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water depth in the lake-is between 10 m at the head of the lake and 30 ~ at the mouth. Below this depth 
is a permanent anoxic layer containing detectable levels of hydrogen sulphide. 

Conuma Hatchery fry are released into their river of origin either directly as is the case with Conuma 
stock, or transported by truck or helicopter to the other river systems within Tlupana Inlet Tlupana is a 
deep fiord like inlet {Pickard 1963; Tully 1937) which is one of three inlets making up Nootka Sound. 

AREA PRODUCTION 

Statistical Area production for Nitinat is Area 21-22 (Nitinat) and for Conuma is Area 25 (Nootka 
Sound) (Figure 3). Adult production (catch and escapement) for area 21-22 (Nitinat) from 1951 to 1982 
averaged 127,500 fish (Lightly et al. 1985) and since the hatchery went into production the average return 
is 904,000 for this area (Figure 4). Area 25 (Nootka Sound) from 1951 to 1982 averaged 175,000 fish and 
since 1982 average adult production is 225,000 fish for this area (Figure 5) .. Since. the introduction of the 
hatcheries, the 1978 to 1985 brood hatchery releases have averaged 16.5 million chum from Nitinat and 
12,7 million fry from Conuma (Table 1). This is 29% more fry released from Nitinat. Adult hatchery 
production for the same broods has averaged 698,000 for Nitinat and 74,000 for Conuma. This represents 
7 times greater adult production per fry released than C9numa. The calculated exploitation rate for Nitinat 
and Conuma is 74% and 39% respectively. Clearly, Nitinat hatchery has been much niore successful than 
Conuma. 

Table 1. Nitinat and Conuma Hatchery chum production (1978-1985 broods). 

Hatchery No. Fry Adult Catch 
Released Production 
(Millions} {fish} {fish} 

Nitinat 16.5 698,016 516,308 
Conuma 12.8 73,946 29,144 
% Increase 29% 844% 1671% 

AGE COMPOSITION 

The average age 3 composition for Conuma Hatchery is similar to SEP hatchery average and greater 
then Nitinat (Table 2). 

Table 2. Average brood year age composition for SEP hatcheries. 

Hatchery Age 3. Age4 Age 5 
(%}· (%} (%) 

SEP 30. 66 4 
Nitinat 18 73 9 
Conuma 30 64 6 

Comparison between the two hatcheries is complicated by the data used to calculate age composition. 
Because of low catches Conuma age composition is based primarily on escapement sampling whereas 
Nitinat age composition is based primarily on fishery and secondarily on escapement sampling. The age 
composition error rates between escapement sampling and fishery sampling can be large. Escapement 
estimation often results in biased age sampling because only a portion of the run is sampled. Variable 
return year harvest rates also make calculation of age composition difficult 

The number of Nitinat Age 3 returns are further complicated by the total number of fish released, the 
time of release (early, mid or late release groups), and by the size of fry at release. The more fry released 
the less percent Age 3 to return. Smaller fry at release results in less percent Age 3 to return and at any 
size at later releases yields less percent Age 3 to return. We have not observed this pattern for Conuma 
brood year returns. 
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HATCHERY CHUM SURVIVAL 

Nitinat and Conuma hatchery fry-to-adult survival is shown in Figure 6. Nitinat averaged 3.12% 
survival but ranged from 0.84% to 7.13% for the 1980 to 1985 broods. Conuma averaged 0.92% survival 
but ranged from 0.18% to 2.54% for the 1978 to 1985 broods. Similar biases for calculation of age 
composition are present in calculation of survival. Because escapement is usually underestimated and 
escapement is such a large portion of Conuma production compared to Nitinat, actual Conuma survival is 
likely underestimated. Nevertheless, Nitinat was well above and Conuma below the SEP average of 1.7%. 
Conuma shows a serious decline in survival from the initial years of operation, especially after the 1983 
brood year. 

The patterns of survival for these two areas reflect the historical returns for these areas (Figures 4 and 
5). Nitinat bas shown a few very productive years whereas Nootka production has been less variable. 

REASONS FOR SURVIVAL DIFFERENCES 

FOOD AVAILABILITY 

The reasons for the high survival at Nitinat hatchery are assumed to be those iterated by Fedorenko 
(1979). These include favorable rearing conditions including abundant zooplankton, warm surface water 
(10-15° C), under-utilized lake rearing potential, and relative absence of predators. The rearing potential 
of the lake bas now been more fully utilized with large numbers of fry and the historical reasons for low 
production, i.e., low fry numbers to the lake, are no longer relevant. The high annual variability in survivals 
suggests that these lake rearing conditions are highly variable between years. We hypothesize that at Nitinat 
inter and intra species competition for available food ar:e major factors affecting survival while at Conuma 
predation may also be involved. 

The reasons for the declining survival at Conuma especially for the 1983 to 1985 broods is less clear. 
The following discussion evaluates various factors thought to control early. marine survival and speculates 
on the possible reasons for this Conuma decline. 

TIME OF RELEASE 

A review and comparison of survival versus time of release was done. The comparison was 
accomplished by counting the total number of relea~es within a given week for all release years and for the 
same week counting the tqtal number of releaseS"ccmtributing to within 20% of its maximum brood year 
survival. · 

Based on the timing of releases to date Nitinat hatchery returns appear to have a wide window of 
release from approximately April 19 to May 9 (Figure 7). However for Conuma the optimtim time of 
release is more narrow centering around the third week of April (Figure 8). 

The decline in survival at Conuma may be related to this restricted optimum release timing. The mean 
release date was April 18 for the 78-79 broods but advanced to April 26 for the 80-85 broods. If time of 
release is a factor in survival the. 86-89 brood survival should improve as the mean release· date was April 
22. Time of release and survival differences suggest that factors influencing survival are different for these 
two hatcheries. 

A comparison of historical trends of productivity between Area 25 (Nootka Sound, Figure 9) and Area 
26 (Kyuquot Sound) chum (Figure 10) indicates that they follow almost identical patterns of annual 
variation. Both showed similar declines from 1987 to 89 return years. This would suggest the poor returns 
to Nootka are more than hatchery related. The juvenile migration timing for these poor return years also 
coincides with the occurrence of El Nino events and the observations of great abundance of mackerel in 
Barclay Sound (Ashton et al. 1985). 
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The warm waters of El Nino were observed from 1982 through to 1984 (Ashton et al. 1985). At these 
times many warm water species such as jack mackerel (Trachurus symmetricus) and chub mackerel 
(Scomber japonicus Houttuyn, 1782) appear in coastal waters. Further observations of mackerel were made 
in 1985 (D. Ware, pers. comm.). 

PREDATION 

Fedorenko (1979) identified few predator species in NitinatLake but those caught included coho SllJ.Olts, 
sculpins, cutthroat , flounder, birds, mink, and harbour seals. In Tlupana Inlet all the predators mentioned 
above are present plus other usual predator species found within British Columbia inlets (e.g., rockfish 
Sebastes spp., lingcod Op-iodon elongatus, etc.). Conuma stocks are subject to similar causes of mortality 
as Nitinat plus the additional influence of a greater variety of predators in the nursery area. Predation and 
food availability are likely both vital factors in fry survival at Conuma. 

Nootka Sound temperatures are generally warmer than coastal waters from spring through to fall (Figure 
11). Temperatures in Tlupana Inlet are also warmer than temperatures at the head of the inlet than in 
Nootka Sound. The presence of warm water for long periods of time in Tlupana Inlet is evidenced by the 
presence of northern anchovy (Engraulis mordax) and more recently chub mackerel (Scomber japonicus) 
throughout the summer and fan months. Chub mackerel were observed in the head waters of Tlupana Inlet 
in early June of 1983, August of 1984 and June of 1985. Mackerel were also observed and captured off 
Conuma River mouth in September of 1989. The fish weighed approximately 1.8 kg. 

If mackerel are present in the estuary during spring releases the predation rates would be expected to 
be very high and may be a major factor in the low survivals at Conuma for the 1983-85 broods and the 
resultant low returns observed in Area 25 and 26 from 1987 to 1989. 

The presence of mackerel as in early June suggests that they have wintered in Tlupana Inlet. Estuary 
conditions are such that potential trapping of warmer water fish may occur due to cooling of outer coastal 
areas while the inlet stays warm until fall rains (Figure 12). This would create a temperature barrier to 
warm water fishes migrating out of the inlet. 

No warm water fishes have been observed in Nitinat lake and predation from this source is unlikely. 

CONCLUSIONS 

Although chum fry production at Conuma Hatchery is only slightly less than at Nitinat, adult production 
and fry to adult survivals are substantially lower. Undesirable times of release, higher than normal 
predation, and predation from El Nino migrating warm water mackerel are all considered to have lowered 
production and survival'. The lowered production is more than hatchery related as confirmed by similar 
reductions in production of wild stocks in neighboring Kyuquot Sound. 
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Survival, Marine· Distribution, and Age at Maturity 
of Hood Canal Hatchery Chum 

Howard J. Fuss and Charles W. Hopley 

Washington Department of Fisheries 
115 General Administration Building 

Olympia, Washington 98504 

Hood Canal hatchery is the major producer of hatchery reared chum in Washington state. 
Since 1974 releases .of chum from this hatchery have exceeded 14 million annually and have 
provided an extensive and important commercial fishery in Puget Sound and Hood Canal. Although 
survival estimates have been rqade since 1965, these are based ~n estimated run sizes and do not 
quantify contribution rates to tile various North American fisheries. Beginning in 1980, five 
consecutive broods of chum were coded-wire tagged as part of three separate studies. In this paper 
.we have assumed that distribution is unaffected by the various study treatments and treat each tag 
group as a replicate. 

Based on the estimated recovery of over 6,600 tags we· found that survival rates r.a.llge from 
about 0.6% to nearly 4%. A portion of Hood Canal hatchery chum migrate as far north as the 
Aleutian Islands, and by August and September of their third or fourth year of life; they ¥e in 
Southeast (S.E.) Alaska. Alaska recoveries amount to only about 0.1 % of the· total recoveries. In 
October the fish are widely distributed from Canada southward to the Tacoma area of Puget Sound: 
It appears that in some years a portion of the run uses the northern migratory route through the 
Johnstone and Georgia straits. The total Canadian recovery of tagged fish was 0.5% of the total 
survival. However, differences in both fishery and sampling intensity may cloud this picture 
somewhat. Escapement to the hatchery accounts for approximately 22% of the total survival and 
occurs primarily in November. 

The Hood Canal hatchery located in Hoodsport, Washington (Figure 1) is the largest producer of 
hatchery reared chum in Washington state. Prior to 1975 releases of chum salmon from the hatchery did 
not exceed 2.5 million fish (9,500 pounds) annually. Since then the program has been increased and now 
produces in excess of 14 million chum fry annually. 

Despite this increased emphasis on chum production, data on ocean distribution of the fish have been 
lacking and total adult production estimates 8.N developed using ruii reconstruction methods. Run 
reconstructiop. is a method for allocating catches of a particular stock by. taking escapement data and then 
back-calculating the fishery catches in'each fishing area These estimates are then summed to estimate the 
total run size for the stock. The method assumes that the stock is randomly distributed in mixed stock areas 
and that the particular stock in question is harvested af a constant rate within the fishery area. Using age 
data obtained from scale analysis the catches are then broken down into broods and a total run size for each 
brood is estimated. However, these estimates do not include contribution rates to Canadian fisheries 
(Strategic Plan Document, Washington Department of FiSheries, unpublished). Based on genetic.stock 
identification (GSI) estimates, the total contribution of U.S. origin chum to the Canadian catch varies 
annually from 0~20% (Steve Phelps, Washington Departm~nt of Fisheries, personal communication). Brood 
survival estimates based on the total brood adult production divided by the total number of fish released for 
that brood, have ranged from 0.61-3.77%.: 

Beginning with the 1980 brood, five consecutive broods of Hood Canal hatchery chum were coded-wire 
tagged and released as part of three separate studies. The 1980 brood was part of an aborted time and size 
at release study where all groups were released at the same size on the same day. Four groups in each of 
the 1981-1983 broods were released as part of· an acclimation to brackish water study (Fuss 1985, 
unpublished, Proceedings of the 1985 Northeast Pacific Pink and Chum salnion Workshop). The 1984 
brood consisted of four groups, two released as "small" sized fish (0.88 g) and two released as "large" sized 
(0.98 g) fish. 
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We will use these marked groups to develop a profile of survival rates, marine (fishery) distribution, 
run timing, age at maturity, and harvest rates. The primary assumptions of this analysis are, 1) ocean 
distribution within and among broods is not affected by treatment. and 2) that each tag group can be used 
as a replicate. 

MATERIALS AND METHODS 

Chum salmon were recovered in Alaska, British Columbia, and Washington fisheries from 1983-1989. 
However, in some areas of Washington (Areas 5, 7, 7 A; Figure 1) fisheries were not extensively sampled 
during this period and in British Columbia sampling of chum for coded wire tags did not occur prior to 
1984. In addition, escapement to Hood Canal hatcheries was intensively sampled for marked fish. Stream 
recovery of tagged fish was not done by WDF, however, personnel from the University of Washington Big 
Beef Creek research station surveyed some streams north of the Hood Canal hatchery. Each fishery area 
was assigned an expansion rate by the respective recovery agency and these data along with observed 
recoveries, fish size, and date and area eaught were supplied to the Pacific States Marine Fisheries 
Commission (PMFC) in Portland, Oregon. The data for each tag group was retrieved, and collated to 
provide us with observed and estimated (expanded) recoveries by fishery area, month, and year. Estimated 
recoveries from each brood were then combined by fishery to calculate the percent of the total recovery by 
area. This was done by dividing the estimated recovery of each fishery area by the total recovery for that 
brood or the total estimated recovery for all broods combined. Survival estimates were made by dividing 
the total estimated recovery by the total number of tagged fish released. Survival estimates could be made 
for individual groups, broods, or combined broods. Survival rate estimates made without the use of coded 
wire tags were provided to us by Mr. Jim Ames,of the Washington Department of Fisheries. This data 
expressed survival as the number of adults surviving per pound of fish released. We recalculated this data 
to express it as the number of adults per fish released: This was done by multiplying the number of adults 
per pound released by the total poundage· released (giving the total number of adults produced) and then 
dividing by the total number of fish released. · 

RESULTS 

SURVIVAL RATES 

Survival rates based on run reconstruction estimates of 1965-1984 brood chum salmon released at 
Hoodsport hatchery have ranged from 0.61 %-3.76% (Table 1) (Jim Ames, Washington Department of 
Fisheries, personal communication). Average survival rates of 1980~1984 brood ch~ (estimated by coded 
wire tags) ranged from 0.62-3.23% (Figure 2). In only one brood (1982) was there less than a 30% 
difference in the survivals estiffiated by' the two 'methods. Coded wire tags estimated a greater survival of 
the 1980 and 1981 broods by 134% and 79%, respectively. But for the 1983 and 1984 broods coded wire 
tag estimates were lower by 31 % and 105%, respectively. We also found a declining trend in survival rates 
when compared to brood years. The average size at release also declined. We found a significant positive 
relationship between size.and survival (Y= 0.96 * X 254 ; R2 = 0.495, F= 14.7, df= 20). 

DISTRIBUTION 

The estimated contribution of Hood Canal hatchery chum to the Washington fisheries plus escapement 
was 99.4% for the five broods. The contribution to the British Columbia and Alaska fisheries was 0.5% 
and 0.1 %, respectively (Figure 3). The majority (65.9%) of the Washington catches occurred in Hood Canal 
(Areas 12, 12B, and 12C; Figure 3). Catches elsewhere in Puget Sound amounted to nearly 12% of the 
total. Most Puget Sound catches were in Areas 10 and 11 (Seattle-Tacoma). Escapement comprised 21.4% 
of the total survival. Very few stray fish were recovered in the escapement; there were three observed 
recoveries in the Skokomish river fishery and one observed recovery in Seabeck creek (located 
approximately 20 miles north of Hood Canal hatchery). There were no recoveries made at the three 
adjacent Hood Canal hatcheries (Enatai, George Adams and Mckernan hatcheries). 

The timing of tag recoveries by fishery area and the proportion of tag recoveries made in each fishery 
by month is shown in Figure 4. A single recovery of a 1981 brood fish was made in August 1984 in the 
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Aleutian Island are~d55° N, 164° W) by a ~oundfish observer vessel. Three other observed recoveries 
were m3.de in Alaska, two were caught in the southern outside seine fishery (August 1986) and one in the 
central inside gillnet fishery during September, 1986. 

A tocil of 36 estimated recoveri'?s were made in British Columbia waters. Most fish were captured in 
October. or November. Fish from only three of the five broods were recovered in the Canadian fisheries. 
Tag recoveries show thann some years a portion of the run uses both the inside (Johnstone and Georgia 
straits) and outside (southwest Vancouver Island) migration routes. For example, all fish from the 1982 
brood were sampled from the Georgia straits net fishery (Figure 5). About three quarters of the 1983 brood 
fish· were recovered in the southwest Vancouver Island net fishery, the remainder were caught in the Juan 
de Puca net fishery; About 59% of the recoveries of 1984 brood fish were sampled in the Johnstone Straits 
net fishery, and 41 % in the southwest Vancouver Island net fishery. Interestingly, the 1988 southwest 
Vancouver Island catch was 66% greater than the Johnstone straits catch for the same year (Bill Tweit, 
WDF, personal communication) . 

. In Puget Sound, 50 estimated recoveries were made in the Bellingham Bay area (Area 7B) and 100 
recoveries in the Port Susan/Port Gardner area: {8A). Most of these recoveries were made in November. 
No recoveries were made in Areas 7 and 7 A because these areas were not sampled. Three recoveries were 
made in Area 5 all in 1985. This area was not sampled in 1983-84 and 1986-1989. In the Seattle/Tacoma 
area (Areas 10 & 11) 373 fish were caught in October an~ 131 in November. In Hood Canal (Areas 12 
& 12B) about half the recoveries were made in October and half in November. Recoveries were made at 
Hood Canal hatchery from October-December, with the peak occuning in the third week of November. 

AGE AT MATURITY 

A single two year old fish was recovered in the Puget Soun_d fishery (Area 9) during October, 1983. 
Thi~ fish was probably immature. However, the majority of tags recovered were from four year old fish 
(Figure 6). The 1981 brood showed a strong three year 014 component (55% of the total catch). Five year 
old fish comprised less than 5% of the total recoveries in any year. 

HARVEST RATES 

There were a total of 6,679 estimated recoveries for the five.combined broods of Hood Canal hatchery 
chum. Of this total.78.8% of the recoveries were made in the various fisheries, and 21.2% at the hatchery. 
The average catch to escapement ratio for the period 1983-1989 was 3.7:1. The ratio for the s.ame period 
calculated by run reconstruction was 4.9:1 (StrategiC Plan for Managing Washington Salmon Stocks, Salmon 
Program, WDF, Appendices G-I, 1984). 

DISCUSSION 

Combining data from five broods of chum has shown that survivals rl!Ilge between 0.6%-4.0%. 
Previous to the release of hatchery chum salmon carrying coded wire tags, ocean distribution of Hood Canal 
hatchery chum was unknown. The small number of tagged fish recovered in Alaska waters only confums 
that an unknown portion of the Hood Canal .hatchery chum migrate to these areas. Tagged fish were 
recovered in British Columbia in both the inside and outside· fisheries, indicating the use of both the 
southern and northern migratory route past Vancouver Island. 

What is less clear is how the calculated survival and contribution rates are influenced by either the 
fishing or sampling intensity in a given year. In 1988 the Johnstone Strait net fishery caught over 1 million 
fish, and coincidentally recoveries were made in this fishery. In 1987 only 66,000 fish were caught in this 
fishery and no recoveries of tagged Hood Canal chum were made. Also only three fish all in 1985 were 
recovered in the Washington Area 5 (Juan de Puca) fishery. This area was not extensively sampled in the 
other years. However, estimates made by GSI are that ·Hood Canal chum (both hatchery and wild) 
comprised between 18-42 % of this area's catch in 1990 (Phelps et 1991). Although fisheries in Areas 7 
and 7 A were not sampled for tagged fish, estimates made by GSI are that Hood Canal chum comprised less 
than 5% of the area catch. , · 



A complete picture of the timing and migration routes of the Hood Canal hatchery chum cannot be 
made because of the lack of sampling in some key areas. What can be deduced is the fish appear in 
southeast Alaska in August and September of their third and fourth years of life. By October they are off 
Vancouver Island, apparently choosing one or both of the previously mentioned migratory routes, and in 
Puget Sound and Hood Canal. Once in Puget Sound, they appear to mill in the Seattle!facoma area and 
Hood Canal. By November they are more oriented to Hood Canal,' or the area immediately outside the 
entrance to the Canal. The hatchery begins trapping fish in October, but the run peaks about the third week 
in November and continues into mid-December. · 

The majority of the run is comprised of.four year old's, but in at least one brood, three year old's 
comprised the majority. Coincidentally, the highest estim~ted survival rates occurred in that brood. 

There are several interesting pieces of the Hood Canal chum survival rate and distribution puzzle that 
remain to be found. There are no plans to tag future broods of Hood Canal chum. The only other means 
to determine this information is through GSI or otolith marking. However, GSI techniques can not 
unambiguously identify Hood Canal hatchery chum from other stocks of Hood Canal chum. At present, 
a large scale otolith marking program is not planned and fishery samplers are not routinely taking- samples 
for otolith analysi~. 
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Table 1. Pounds, Numbers and Survival rates of Chum salmon released at Hood Canal Hatche_ry by brood. 
Survival rates are estimated by div.iding the estimated totitl brood run s~e pounds of fry released (method 
1) or by coded wire tags (method 2). 

Method 1 Method 2 
Survival Survival Survival 

Pounds Number number/lb. per fish estimated 
Brood Released Released fish released -released by CWT 

1965 888 278,880 3.225 1.03 na 
1966 1,771 554,032 3.629 1.16 -na 
1967 2,301 678,260 2.199 0.75 na 
1968 4,373 1,658,369 2.308 0.61 na 
1969 2,424 795,040 3.552 1.08 na 
1970 3,036 1,547,406 -6.418 1.26 na 
1971 3,794 855,110 2.973 1.32 na 
1972 4,126 974,568 8.889 3.76 na 
1973 9,202 2,125,798 4.477 1.94 na 
1974 27,368 8,665,985 6.617 2.09 na 
1975 22,776 8,465,125 5.462 1.47 na 
1976 24,490 8,859,756 2.619 0.72 na 
1977 21,883 7,939,467 6.025 1.66 na 
1978 33,256 10,951,447 3.587 1.09 na 
1979 24,238 8,627,175 6.097 1.71 na 

'1980 44,336 15,312,551 2.762 0.80 1.87 
1981 23,589 10,481,539 8.020 1.80 3.23 

1982 32,058 14,514,244 6.220 1.37 1.19 

1983 34,748 15,006,114 -6.569 1.52 1.16 

1984 60,763 22,614,000 4.710 1.27 0.62 
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Figure 1. Washington and British Columbia fishery areas where coded wire tagged chum were caught. The location of the Hood Canal hatchery is 
included. 
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Figure 2. Percent survival estimated by coded wire tag recoveries for broods 1980-1984. Small vertical 
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Figure 3. Percent of total survival estimated by coded wire tag recoveries by fishery area of recovery 
(broods 1980-1984 combined). 
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Proportion of CWT recovered in selected fisheries by month. 
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Figure 4. Proportion of total coded wire tag recovery in selected fishery areas of recovery by month 
(broods 1980-1984 combined). , 
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Figure 5. Proportion of coded wire tags recovered in Canada by individual fishery area. Data for 1982-
1984 broods only. 
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Comparative· Performance of Pink Salmon ·from 
· Two Hatcheries in Prince William Sound 

Jeff Olsen 

Prince William Sound Aquaculture Corporation 
, P.O. Box 1110 

Cordova, Alaska 99574 

The development of the salmon enhancement program in Prince William Sound is described 
in detail in Report Number Six, Project Report and Policy Recommendations (P.W.S.A.C. 
Allocation Task Force 1990). Large scale pink salmon enhancement programs have been developed 
at the Armin. F. Koernig (A.F.K.) and Wally Noerenberg Hatcheries (W.N.R) in Prince William 
Sound. Performance of freshwater and marine life stages of pink salmon of four brood years, 
1985-1988, from A.F.K. and W.N.H. were compared. Freshwater life stage performance of pink 
salmon at each facility as measured by standard survival parameters is similar. Marine life stage 
performance of pink salmon from each hatchery as measured by percent marine survival.is similar. 
Marine survivals of specific saltwater rearing treatment groups vary within hatchery but the trend 
is· similar between sites. Fed .fry released into the zooplankton "bloom" outperform the unfed fry 
released into the "ploom" and fed fry released after the "bloom". Performance of pink salmon at 
each hatchery may be enhanced by increasing the number of fed fry released mto the zooplankton 
bloom. · · 

Prince William Sound is located in South Central Alaskft about 130 miles southeast of Anchorage. The 
sound encompasses approximately 9,000 square miles characterized by numerous islands, nuinerous short 
streams, long fiords, mountains, snow fields and glaciers (McCurdy et al. 1985). Four species of salmon 
are indigenous. Pink salmon are dominant .followed by 'chum, sockeye, and coho salmon. A major 
commercial salmon fishery occurs in the area, and the· area is popular for sport fishing, boating, and other 
forms of recreation. 

The climate of Prince William Sound is largely influenced by the Gulf of Alaska and is <;:haracterized 
by relatively heavy precipitation, cool summers, moderate winters and strong surface winds in most 
locations. The city of Cordova averages 168 inches of precipitation annually. · 

The Prince William Sound area contains the cpmmunities of Valdez, Cordova, Whittier, Tatitlek and 
Chenega Bay (Figure 1). The majority of the popill.~tion reside. in the comilunities of Whittier, Valdez, and 
Cordova. · 

Five salmon hatcheries are currently in operation in Prince Willi~ Sound. The Solomon Gulch 
Hatchery is owned and operated by the Valdez Fisheries Development Association. The Aimin F. Koemig 
(A.F.K.) and Wally No~renberg (W .N.H.) hatcheries are owned and operated by the Prince William Sound 
Aquaculture Corporation (P.W.S.A.C.). The Cannery Creek Hatchery· (C.C.H.) is owned by the state of 
Alaska and operated by P.W.S.A.C. The Main Bay hatchery is owned by the State of Alaska and operated 
jointly by P.W.S.A.C. and the State of Alaska. 

Prince William Soun~Aquaculture Corporation (P.W.S.A.C.) is a private non-profitregional aquaculture 
association headquartered in Cordova, Alaska. P.W.S.A.C. was fou_nded in 1974 following the passage of 
the Private, Non-profit Ha~hery Act. Today P.W.S.A.C. is the largest of seven· regional aquaculture 
associations in ~aska. Table 6 indicates current P.W.S.A.C. hatchery production levels. 

The Armin F. Koemig (A.F.K.) hatchery, formerly Port San Juan, is P.W.S.A.C.'s ffrst salmon 
hatchery .. Originally a salmon cannery, the A.F.K. hatchery began pink salmon production in 1975 rind 
released 1 million fry in 1976. Today, A.F.K. has a capacity of 126 million pink salmon eggs. All pink 
fry are released on station. 
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The Wally Noerenberg Hatchery (W.N.H.), formerly Esther Island, was completed in 1986 as the largest 
multi-species salmon ranch in North America.. Currently, W.N,H. bas the incubation capacity for 206 
million pink salmon eggs, 111 million chum salmon eggs, 2.5 million coho salmon eggs, and 1 million 
chinook salmon eggs. Most fry and smolt are released on station. 

Both A.F.K. and W.N.H. share one stock of pink salmon that originated at A.F.K. Hatchery. This stock 
returns late in the season, peaking mid August (Figure 6). A.F.K. saw its first return of pink salmon in 
1977 after two years of off site eggtakes to establish broodstock. The A.F.K. stock was used in 1985 and 
1986 to begin the W N.H. pink salmon program. W.N.H. saw its first return of A.F.K. stock pink salmon 
in 1987. 

METHODS 

ADULT RETURN 

It is P.W.S.A.C.'s goal .to contribute 70% of its return to the Common Property Fishery (C.P.F.). The 
salmon harvest is managed to return up to 30% of the run to the hatchery for broodstock and corporate cost 
recovery. 

Pink salmon broodstock at A.F.K. and W N.H. are captured in saltwater using a purse seine vessel. 
The adults are transferred frbin the purse seine to 4oID3 floating cages. The cages are used to transport 
broodstock to a large saltwater brood enclosure, near the hatchery, barriered from the open bay by a large 
seine net. Broodstock are allowed to mature in the saltwater enclosure. When ready, the adult salmon 
volitionally migrate to the freshwater fish pass at the head of each brood enclosure. This process takes three 
to four wee~.· · 

Adult returns to W.N.H. and A.F.K. as well as adult returns of specific.rearing treatment groups 
presented in this report were derived from analysis of C.W.T. data. 

EGGTAKE 

Pink salmon eggtakes at A.F.K. and W.N.H. begin in late August and end mid September. All eggs 
are taken from adults returning tO each facility. It is unlikely that outside sources will be needed to meet 
broodstock needs for the current pink salmon stock. 

On or about August 20th, broodstock are sampled in saltwater, near the fish pass, to determine degree 
or maturation. Typically, the ·fish pass is opened to salmon movement August 22nd-24th. 

Fish move volitionally to a broodstock handling area at each site. Here the fish are sorted for sex and 
maturity. Identical spawning.tecbrtiques are used at A.F.K. and W.N.fl. Each females eggs are scrutinized 
for quality before acceptance. If three or more water hardened eggs are found, that females eggs are 
discarded. The broodstock is managed at both facilities to assure the eggtake goal is met while meeting 

· the quality standard. . · · 

All eggs are fertilized using the dry method of spawnirig. The female to male ratio is never greater 
than 2.5 to 1. The mean fecundity at A.F.K. and W.N.H. is 1,600 eggs are female. The eggs are fertilized 
immediately, inventoried, and seed~ on incubating trays to water harden. Fertilized eggs are inventoried 
using the weight mef!iod described in Fish Hatchery Management (Piper et al. 1982) .. 

One parameter used to measure eggtake quality is percent fertilization (McNeil and Bailey 1975). ·Daily 
"fertility" samples are taken to measure percent fertilization and the success of the eggtake to date. Overall, 
percent fertilization for the eggtake should average 97 .5 % . 
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INCUBATION 

Both A.F.K. and W.N.H. use zenger box incubators from North Pacific Aquaculture Development 
(N.0.P.A.D.). Each zenger tray contains approximately 0.17m3 of incubating space and are loaded at 
between 305,000 and 310,000 eyed pink salmon eggs. Zenger trays are stacked three, five, and six high 
at A.F.K., and six high at W.N.H. 

At A.F.K. all eggs are removed from incubators at eye and re-seeded onto zenger boxes with hatching 
trays and artificial substrate. The importance of substrate for pink s8.lmon is described in McNeil and 
Bailey (1975). Prior to eye, all eggs incubate in zenger boxes without hatching trays and substrate greeri 
eggs are loaded at between 550,000 and 600,000 eggs per tray. This process of re-seeding allows for all 
used incubators to be rinsed and conserves water use prior to eye. 

At W.N.H. the eggs are not removed from the incubators at eye. Rattier, they are loaded at the eyed 
egg density dliriiig eggtake on zenger boxes outfitted with hatching trays and artificial substrate. A cleaner 
and much larger water source at·W.N.H. pemiit this time saving process. 

At A.F.K. and W.N.H. we do not pick eggs. Our high green to eye ·survivrus together with the cold 
incubation water and the use of hatching trays has eliminated the need to pkk eggs. See Table 1 for 
average incubation temperatures between 1985 and.1989 at A.F.K. and W .N.H. 

All egg hatching trays are rem.oved after hatch and dead eggs are enumerated to measure survival. 

Alevins remain buried in their incubator until emergence ill mid March to mid April. At both A.F.K. 
and W .N.H. pink salmon are 3llowed to outmigrate volitionally from incubators via gravity flow and 
separate plumbing. All outmigrating fry travel through electronic fry counters for enumeration en route to 
salt water holding pens. 

REARING AND RELEASE 

At both A.F.K. and W.N.H. pink salmon fry are held and fed in 450 m3 saltwater net pens in front of 
the hatchery until the near shore zooplankton "bloom"· begins. The importanee of food availability to the 
early marine survival or juvenile pink salmon has been well documented (Cooney 1989). This "bloom" 
consisting of calanoid copepods typically begins in mid April and lasts through May, peaking late April and · 
early May. It is believed that by holding our pink salmon fry and matching their release to the zooplankton 
bloom, we· improve their near shore survival. · · · · ' 

Pink salmon fry outmigrate at an average weight of 0.23 g per fish. Outmigration at A.F.K. and 
W .N.H. begins inid March. All fry are collected in 12 m X 12 m X 3 m saltWater pens before release. 
Currently we are evaluating three rearing and release strategies. (1) Fi"y are fed for a minimum often days 
and released into the zooplankton bloom late April to mid May as. early fed fry. (2) Fry are collected in 
pens and released after two to three days into the peak "bloom" as "unfed" fry.. (3) Fry are fed for a 
minimum of ten days and released late May as "late fed" fry. Each treatment group is given its own series 
of half length coded wire tag codes to allow evaluation of the different rearing strategies. 

Fry receive a standard commercial diet of soft semi-moist fish food. Maximum pen l~adiii.g densities 
vary between sites. At A.F.K., approximately 7 million fry are loaded per pen, a loading density of 3 to 
8 kg/m3

. At W.N.H., 12·million fry are loaded per pen, a loading density of 6.7 kg/m3. Lake Bay, at 
W .N.H., is much narrower and deeper than Sawmill Bay at A.F.K. and provides greater water movement, 
allowing higher loading densities. · 

Twice weekly, near shore plankton levels are monitored at each facility beginning in mid-January and 
ending in July. Plankton samples are made in two pre-sele.cted locations near the hatchery site using a 1/2 
m sample net hauled vertically from 20 meters. (P.W.S.A.C Procedures Manual for Fish Culture and 
Harvest.) Up to three replicates are made per sample location. Samples are transferred to 250 mL 
graduated cylinders and allowed to settle 24 hours. The relative density of zooplankton and phytoplankton 
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as well as their percent composition is determined. Currently, no effort is made to distinguish species. The 
fish culturists look for increasing percent composition of zooplankton, calanoid sp. Our first releases 
generally occur when the percent composition of calanoid copepods exceed 30% to 50% of the sample 
volume. 

With the exception of one year, 1987, half length coded wire tags have been applied to a portion of 
pink salmon fry released at A.F.K. and W.N.H. hatcheries since 1985. Methods of tag application, tag 
recovery and analysis are described by Geirger et al. (1990). The Alaska Department of Fish and Game 
(A.D.F.&GS is responsible for tag coded wire tag recovery program as well as the synthesis of data. 
p.W.S.A.C. with A.D.F.&G. is responsible for the application and data interpretation. 

RESULTS 

As shown above, procedures used for brood collection, eggtake, in~ubation and rearing are very similar 
at each site. The stocks are the same. Oµe would not expect to see a difference in performance of pink 
salmon at A.F.K. and W N.H. during the freshwater life stages. In fact, that is the case. A comparison of 
life stage survivals of pink salmon at A.F.K. and W.N.H. indicate very similar performance. Eggtake 
quality as measured by average percent fertility differs by no more than 1.5% (Table 2). Egg survivals and 
fry survival prior to release are also very similar (Table 2). One exception is brood year 1985 W.N.H. 
green to emergence survival. Poor incubation survival at W.N.H. was due to a water quality problem that 
was remedied the following year. 

Figures 1 and 2 depict odd and even brood year outmigration at A.F.K. and W.N.H. respectively. It 
is interesting to note that odd year fry seem to outmigrate earlier than even year fry at both facilities. 
Figure 3 indicates that W N.H. fry outmigrate earlier than A.F.K. fry by as much as 14 qays. This is of 
particular interest because it may mean that, over .time, W.N.H. will release greater percentages of fed fry 
into the plankton bloom. 

Figures 4 and 5 show zooplankton bloom timing for calender years 1986-1989 at A.F.K. and W.N.H. 
Bloom timing can vary from year to year by as much as 30 days (Cooney 1989). The overall trend at both 
facilities matches earlier data from A.F.K. Generally, it appears that the peak "bloom" 'begins in the latter 
half of April and lasts through mid-May, although the bloom itself extends into June. 

Table 3 summarizes zooplankton blooms by site for calender years 1986-1989. It is interesting to note 
a fairly close match in "bloom" duration between sites withill years. Bloom period was extracted from raw 
plankton data at each facility. The bloom beginning was defined as the point at which .the percent 
composition of zooplankton in the sample exceeded 50%. The bloom ending was defined as the point at 
which an order of magnitude decrease in the zooplankton relative density .occurred. (The Cooperative 
Fisheries and Oceanographic Studies (C.F.O.S.) in progress in Prince William Sound are investigating the 
relationships betWeen ocean temperatures, plankton abundance and juvenile salmon surviyal, both wild and 
hatchery (Cooney 1989)). 

The numbers of fry released per treatment group will vary from year to year depending upon 
zooplankton timing and fry outmigrating timing. Table 4 illustrates the number of fry released by treatment 
group and brood year at A.F.K. and W.N.H. for brood years 1985 to 1988. It follows that since bloom 
timings are similar between sites each year, the release dates for each treatment group will be similar. This 
is evident if one compares release dates by group for A.F.K. and W.N.H. from a single brood year. Note 
that in most cases the mean release date of early fed fry is timed closely with the bloom period. The 
exception is brood year 1987. Here a late bloom forced us to release fry early. The results are evident in 
Table 5. The lowest percent marine survival for the early fed fry occurred in the 1987 brood year at both 
facilities. · 

Mean weight at release by treatment group aiso compares closely between hatcheries within brood 
years. This would indicate no apparent site specific size advantage. 
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It is apparent that W .N.H., because of its earlier· outmigration timin:g is able to consistently target more 
fish into the early fed group (Table 5). A.F.K. has significantly fewer early fed fry on even brood years. 
It appears this is due to the late outmigration timing of the even brood years. 

A comparison of marine survivals by treatment group, Table 5, indicates in all cases the early fed group 
out performs the unfed and late fed group. This trend does support a rearing strategy that maximizes the 
number of early fed fry. Somewhat higher survivals for W .N.H. are interesting. We will evaluate this trend 
further. 

DISCUSSION 

It is clear the freshwater life stage performance as outlined in Table 2 is similar for pink salmon at 
A.F.K. and W.N.H. Procedures for large scale fish culture or pink salmon developed at A.EK. and 
employed at W.N.H. have resulted in the very successful hatchery performance of this stock. 

It is also evident tha~ performance as measured by overall marine survival is similar between the two 
hatcheries within brood years. 

The revealing aspect of the marine survival data is the performance of the individual treatment groups. 
It appears that by increasing the percent of fry in the early fed group , a higher overall return of adults 
could be expected. As shown above the timing of fry outmigration is critical in determining the percent 
of early fed fish. One future challenge for P.W.S.A.C. fish culturists will be to investigate opportunities 
to control pink salmon outmigration timing, particularly at A.F.K. Specifically, by increasing rate of 
development during incubation, the timing of outmigration may be manipulated to increase the number of 
fed fry released into favorable estuarine conditions. 
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TABLE 1. ARMIN F. KOERNIG AND WALLY NOERENBERG HATCHERlES: · 
AVERAGE INCUBATION TEMPERATURES, 1985-1986. 

INCl,JBATION TEMPERATURE (CENTIGRADE) 
MONTH 
SEP 
OCT 
NOV 
DEC 
JAN 
FEB 
MAR 
APR 

A.F.K. WN.H. 
9.9 · 12.2 
~2 79 
3.6 4.5 
3.3 2.8 
19 19 
1~ 1~ 

1.5 1.7 
1.5" 2.0 

TABLE 2. ARMIN F. KOERNIG AND WALLY NOERENBERG HATCHERlES: . 
LIFE STAGE SURVIVALS, BROOD YEARS 1985-1988. 

EGGTAKE INCUBATION REARING 
GREEN TO GREEN TO EMERGTO 

BROOD 4-CELL EYE EMERG-. RELEASE 
YEAR SITE FERTILITY SURV SURV SURV 
1985 A.F.K. 97.7% 97.2% 93.9% 99.6%' 

WN.H. 96.7% 64.0% 99.4% 

1986 A.F.K. 98.1% 97.4% 93.2% 99.7% 
WN.H. 97.3% 96.9% 99.6% 

1987 A.F.K. 97.1% 95.8% 87.9% 99.5% 
WN.H. 97.0% 96.9% 86.7% 99.4%. 

1988 A.F.K. 98.7% 96.6% 92.7% 99.5% 
WN.H. 95.9% 97.0% 89.0% 99.6% 

AVG A.F.K. 97.9% 96.8% 91.9% 99.6% 
W.N.H. 96.5% 97.0% 84.2% 99.5% 

TABLE 3. ARMIN F. KOERNIG AND WALLY NOERENBERG HATCHERlES: 
NEAR SHORE ZOOPLANKTON .BLOOMS, 1986-1989. 

BLOOM RELATIVE DENSITY* 
YEAR SITE PERIOD DAYS. MEAN MAX 
1986 A.F.K. 4/22-5/08 17 2.57 4.41 

W.N.H. 4/28-5/26 29 5.10 15.82 

1987 A.F.K. 4/17-5/08 22 1.77 2.63 
WN.H. 4/17-5/08 22 2.44 3.74 

1988 A.F.K. 5/19-5/24 6 2.29 2.55 
WN.H. 5/1'2-5/19 8 5.29 7.64 

1989 A.F.K. 4/13-5/22 40 4.34 13.95 
W.N.H. 4/13-5/29 47 4.65 12.05 

* ml settled volume/cubic foot of area sampled in vertical tow. 
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~ TABLE 4. ARMIN F. KOERNIG AND WALLY NOERENBERG HATCHERIES: 

PINK SALMON FRY RELEASES, BROOD YEARS ·.1985-1988. 

~ MEAN MEAN 

! 
BROOD BLOOM. NUMBER RELEASE RELEASE 
YEAR SITE PERIOD GROUP (MILLIONS) DATE WT (gm) 
1985 A.F.K. 4/22-5/08 EF 69.8 5/01 0.25 

LF 43.0 6/01 0.33 

~ W.N.H. ·4/28-5/26 EF 21.9 4/29 0.27 
LF 12.5 5/22 0.37 

~ 1986 A.F.K. 4117-5/08 EF 34.1 5/10 0.25 

~ llF 40.1 5/02 0.23 
LF 42.0 5130 0.33 

} W.N.H. 4117-5108 EF 65.5 5105 0.27 
~~ UF 10.4 4/21 0.22 
) 

t 1987 A.F.K. 5119-5124 EF 89.3 5106 0.25 

~ UP 9.2 5110 0.24 
LF 11.6 5/31 0.36 

~ W.N.H. 5/12-5/19 EF 184.2 5107 0.25 
UF 11.3 4130 0.23 

t 1988 A.F.K. 4/13-5/22 EF 40.7 4/27 0.25 

f 
UP 43.3 . 5/01 0.24 
LF 32.5 5119 0.29 

). W.N.H. 4/13-5i29 EF 112.2 4/27 0.23 
J ·UF 45.8 4130 0.22 
) LF 1.7 5/24 0.22 
) 

EF=Early Fed UF=Unfed LF=LateFed 
~ 
~ 

\~: ·i'i:i: 
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TABLE 5. ARMIN F. KOERNIG AND WALLY NOERENBERG HATCHERIES · 
MARINE SURVIVAL OF PINK SALMON, BROO:DYEARS 1985-1988. 

BROOD BLOOM %OF 
YEAR SITE PERIOD GROUP TOTAL 
1985 A.F.K. 4/22-5/08 · EF 62% 

LF 38% 

W.N.H. 4/28-5/26 EF 64% 
LF '36% 

1986 A.F.K. 4/17-5/08 EF 29% 
UF 35% 
LF 36% 

W.N.H. 4/17-5/08 EF 87% 
UF 13% 

1987 A.F.K. 5/19-5/24 EF 81% 
UF 8% 
LF 11% 

WN.H. 5112-5/19 EF 94% 
UF . 6% 

1988 A.F.K. 4/13-5/22 EF 35% 
UF 37% 
LF 28% 

WN.H. 4/13-5/29 EF 70% 
UF 29% 
LF 1% 

EF=Early .Fed OF= Unfed LF=Late Fed 

TABLE 6. HATCHERY PRODUCTION LEVELS. 

SITE SPECIES GREEN EGGS 
A.F.K. PINK 126,000,000 

C.C.H. PINK 152,000,000 

W.N.H.I PINK 170,000,000 
CHUM 111,000,000 
COHO 2,500,000 

CHINOOK 1,000,000 

WN.H.II PINK 26,000;000 

MAIN BAY SOC KEYE 
-EARLY 100,000 
-MIDDLE 5,100,000 

-LATE 2,100,000 
A.F.K.= ARMIN F. KOERNIG HATCHERY 
W.N.H.= WALLY NOERENBERG HATCHERY 
C.C.H.= CANNERY CREEK HATCHERY 
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% MARINE SURV 
GROUP ALL 

8:'1% 
4.0% 

9.8% 
6.5% 

3.6% 
2.9% 
3.2% 

3.8% 
1.4% 

6.8% 
4.9% 
5.8% 

9.9% 
5.8% 
3.1%' 

ADULT 
RETURN 
6,196,573 

6,481,299 

9,068,134 
2,012,125 

275,948 
32,890 

4,737,792 

14,099 
722,320 
288,928 

6.8% 

8.7% 

5.2% 

5.1% 

3.5% 

3.6% 

5.8% 

8.7% 



AFK PINK SALMON OUTMIGRATION 
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AFK 8.Y. 1985-88 . 
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DATE· 

. -+- AFK B.Y. 1985, 1987 

Figure 1. Comparison of odd and even year pink salmon outmigration at AFK. hatchery. 

WNH PINK SALMON ·OUTMIGRATION 
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Figure 2, Comparison of odd and even year pink .salmon outmigration at WNH :hatchery. 
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AFK and·WNH PINK $ALMON·OUTMIGRATION 

o/o CUMULATIVE OUTMIGRATION 
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Figure 3. Comparison of average pink.salmon outmigration at AFK and WNH hatcheries. 
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Figure 4. Relative zooplankton density (mL/m3) at AFK hatchery for calender years 1986-i989. · 

26 



i 
( 

• r , 
" ' 

WNH ZOOPLANKTON 
1986-1989 

. RELATIVE DENSITY (ml/m3) 
14 . 

121--~~~-..----,~~--,~----..----,------,---i.i---..---..----,~~~~~-i 

101--~~-..---..---..--~~~~-..---..--~--r-T---+-+-~-..--~~~~~~-l 

81----..----,--,--..--~~-..---..---..--~-..----,+-__,,c-'-+---\,~~__,__,~,---..----,-j 

s1---..---..---..----,--,,--__,__,__,,--__,__,~__,__,--++-__,.P.,-,--~-..---..----,~ 

4f---'---,-->,~-..----7'~~~__,--:::-~__,__;.~~--t!iH~..;._~k:"-~~,----1 

2f----,--t'--~~~-,-~~~~_,.,,~.____,--,--'--f0r--'"-'~~+--..--.;__--1 

oµ..l-L...LI....L~µ.J...J..LI....Li=J-j..J.J....L.i..i=1..U..J..J....L.J..J..U.JL..J...L+.J,..l..LW..U..J..4.LJ...LJW-LI..L.4-LI..J...l...LI....L.L.J..4.JW-LI..w-LU-µ.J....W...L.LJ 

3/15 3/25 4/4 4/14 •4/24 5/4 5/14. 5/24 ·613' 

DATE 

- 1986 -I- 1987. --*- 1988. ~ 1989 

Figure 5. Relative zooplallkton density (ml/m3) at WNH hatchery for caleµ~i years 1986-1989. 
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Figure 6. Average adult pink salmon run timing to AFK and WNH hatcheries for brood years 1985-88. 
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Interspecific Interaction5 Affecting the Survival of Chum Salmon Fcy 

Arlene Tompkins 

Resource Ecology, University of British Columbia 
Vancouver, B.C. V6T IW5 

and 

C.D. Levings 

Department of Fisheries. and Oceans, Biological Sciences Branch 
' West Vancouver i.aboraiory, 4260 Marine Drive 

West Vancouver, B.C. V7V IN6 

The indirect effects of predation by cutthroat trout (Oncorhynchus clarki) on the foraging 
efficiency of chum salmon fry (Oncorhynchus keta) in the presence and absence of alternate prey 
(threespine stickleback, Gasterosteus aculeatus) was studied in the laboratory. Behaviourial 
responses by ch\lm to increased predation risk reduced chum feeding efficiency. Hatchery and wild 
chum showed opposite dietary shifts in the presence of trout Hatchery chum responded to trout 
by a reduction in .the numf?er. of fish feeding and a· reduction in feeding indices. Wild chum 
reduced feeding rates in the presence of trout When stickleback· were also present., the effects of 
predation on ~hum foraging behaviour were reduced, 

The importance of estuaries as rearing grounds for juvenile salmonids and non-salmonids bas been 
reported by many· resea.rchers (Levy and Levings 1978; Levy et al. ,1979; Healey 1980; Simenstad et al. 
1982; McCabe et al. 1983). Many fish species may use estuaries simultaneously for feeding, resting, and 
possibly as sanctuary from predators (McCabe et al.1983). However, there is concern _that significant losses 
of juvenile salmonids may be occurring in estuaries due to predation and competition (Fresh et al. 1980; 
McCabe et al. 1983; Murphy et al. 1988). E~posure to intense predation, competition, or both during 
estuarine residence could reduce fry growth and survival. 

Given the number and variety of fish species using the lower Fraser River for feeding and shelter from 
predators, .there is a high probability of interactions between juvenile salmonids and non-salmonids. 
Preliminary field observations revealed that of all the fish species using .nearshore habitats of the estuary, 
chum salmon fry (Oncorhynch~s keta) shared the 'greatest die~ ov~rlap with threespine stickleback 
(Gasterosteus aculeatus) and suggested the potential for interspecific competition if food becomes limited. 

I used laboratory observations to quantify the bebaviourial responses. of chum to interspecific 
interactions. I examined some of the possible interactions between a p~~dator, cutthroat trout ( Oncorhynchus 
clarki), and two dissimilar prey species, chum salmon fry and threespine stickleback. 

The direct effects of predation on juvenile salmonids has been documented (see Fresh et al. 1980; 
Murphy et al. 1988 for reviews). Predators can also have profound non-lethal effects on prey and prey 
interactions, i.e., reduced feeding rates (Werner et al. 1983), increased competition (Mittlebacb 1984), lower 
food quality (Lima 1988), and reduced survival (Larkin and Smith 1954). Competitive interactions may be 
intensified if vulnerable size classes or species are concentrated. into a common refuge (McCabe et al. 1983; 
Werner et al. 1983). The indirect effects of predation due to the bebaviourial responses of prey occur much 
more rapidly than reductions in prey numbers and may be more important than the actual losses due to 
predation. More attention needs to be given to predator mediated changes in diet, habitat, and behaviour 
that affect interacting species. 

Growth and survivorship are positively correlated in ~any fish (see Ware '1975; Werne~ 1986, for 
reviews). Both size and diet will ~ect competition and predation among.fish in estuarine habitats (Murphy 
et al. 1988). Chum Sizf! will influence vulnerability to predators while diet will determine potential 
competitors. Survival will depend on size (Parker 1971; Hargreaves and LeBrasseur 1986) and size depends 
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on diet and the ability to forage efficiently. Any factor, i.e., competition for food, that decreases individual 
feeding rates and slows growth rates, prolongs the time spent in vulnerable size classes, and increases the 
probability of death (Gilliam 1982; Mittlebach and Chesson 1987). 

My main objectives were: (1) to compare the indirect effects of predation on chum, and (2) to examine 
the effects of the availability of alternate prey on the outcome of predation. I tested the hypothesis that 
chum foraging efficiency decreases with increasing ·risk and increases in the presence of alternate prey. 
Chum response to predation in the presence and absence of stickleback was studied by manipulating species 
combinations and observing changes in foraging behaviour: diet composition, feeding mode (surface, 
mid-water, benthic), proportion of fish feeding, and feeding rate (a short term correlate of fitness). I 
predicted that, under increasing predation risk: 

1) the proportion of fish feeding and· feeding rate of chum should decrease as feeding conflicts with 
monitoring and avoiding predators, 

2) with µtcreased predation risk chum sh.ould choose food that requires less visual attention or 
handling time. · 

METHODS 

Chum fry and stickleback were collected during March-May 1986 and 1988 from two nearshore sites 
in the Fraser River estuary using beach seines. Additional chum fry were obtained from the Chehalis 
Hatchery, near Harrison Mills, B.C., and collected from a live trap in the Mamquam River spawning 
channel, near Squamish, B.C. The use of chum from different sources was necessary due to the limitations 
of the availability of wild fish. Preliminary laboratory observations revealed differences in feeding and 
antipredator behaviours between hatchery-reared fry and fry collected from natural habitats. The behaviour 
of chum obtained from the Mamquam spawning channel was similar to that of chuni ·collected from the 
Fraser River so hereafter they will collectively be referred to as wild chum and the results from these 
experiments will be combined. ' 

The effect of predation on chum foraging efficiency in the presence and absence of alternate prey was 
investigated in a series of experiments manipulating four different species combinations: chum alone, chum 
with stickleback, chum with a single trout., and chum with stickleback and a single trout. Single species 
treatments used 20 chum while mixed species treatments used 10 chum and 10 stickleback. Six replicates 
of each treatment were performed in random order. Fish were provided with three food taxa which 
represented three feeding habitats: Tubifex (benthic Oligochaeta), Daphnia (mid-water Cladocera) and adult 
Drosophila (surface Diptera). All experiments began at the time of food addition and las'ted one hour. 

Each chum was. weighed and its fork length measured. Stomachs were removed, weighed wet, and the 
contents were identified and enumerated. The number of each food taxa consumed was expressed as a 
percentage of the total food items for each species and treatment (percentage composition by number, 
Windell and Bowen 1978). A feeding index (food weight/body weight X 100) was calculated as a rough 
approximation of food consumption. For each treatment the percentage of fish feeding and the feeding rate 
(number of food items consumed per hour) was deterinined. Foraging time, the time required for searching, 
pursuing, capturing and handling prey inclusive, was measured for at least 30 individufil chum feeding on 
each food taxa in the absence of other specie8. · · · · · 

All percentage data were normalized by arcsine square root transformations. The percentage of the diet 
composed by each food taxa, the percentage of fish feeding, the feeding rate, and the feeding index were 
analyzed using two-way ANOV A on the two main factors, trout presence and stickleback presence. 

RESULTS 

In the absence of stickleback and trout, hatchery chum (Figure la, treatment 1) consumed roughly equal 
numbers of Daphnia and Drosophila.· When stickleback were present (treatment 3) Drosophila accounted 
for. a greater percentage (P=0.01) of the chum diet. When hatchery chum were exposed to trout they 
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switched markedly to a diet of Daphnia (P=0.002, treatment 2). When hatchery chum were combined with 
sticklebacks and trout in treatment 4, the composition of the diet was similar to that of hatchery chum alone 
(treatment 1). Tubifex never accounted for more than 10% of the food consumed by hatchery chum. 

Daphnia consistently accounted for the greatest percentage (63%-89 %) of the diet of wild chum in all 
treatments (Figure lb). In treatments with trout, wild chum included proportionately more Drosophila in 
their diet compared to hatchery fish. {\it Tubifex} were rarely taken by wild chum (1 %-4 % of the diet). 

The percentage of hatchery chum feeding was significantly reduced with increased predation risk 
(Figure 2a, P<0.001, Table 1). However when stickleback were also available as prey the percentage of 
hatchery chum feeding was about the same as the predator free condition. The percentage of wild_ chum 
feeding did not change in the presence of trout or stickleback (range 85%-99 %, Figure 2a, P>0.21). 

Feeding rates of hatchery chum were slightly reduced in the presence of trout (Figure 2b, P=0.27) and 
were significantly greater in the presence of stickleback (P=0.001). A significant interaction of trout and 
stickleback presence (P=0.032); implied the rate of feeding by hatchery chum depended on the presence of 
both trout and stickleback. Feeding rates of wild chum increased with stickleback (Figure 2b; P=0.003) and 
decreased with trout (P=0.036). In treatments with stickleback and trout, wild chum feeding rates were 
similar to feeciing rates when wild chum were alone. There was no significant interaction. 

The amount of food consumed (by weight) by hatchery chum increased in the presence of stickleback 
(Figure 2c, P=0.028). Neither main factor had any effect on the weight of food consumed by wild chum 
but a significant interaction of the presence of trout and stickleback (Figure 2c, P=0.026) implied that the 
weight of food consumed in the presence of trout depended on whether stickleback were present. 

Chum detected Daphnia sooner than Drosophila or Tubifex (t-test, P<0.001). Once food was detected, 
the foraging time per item was the same for any food consumed by chum., 

DISCUSSION 

Three general conclusions can be made from these experiments. (1) Trout had considerable indirect 
effects on.chum foraging behaviour. Behaviourial responses by chum to reduce predation risk resulted in 
redµced foraging efficiency. (2) Risk of predation did not affect hatchery chum and wild chum to the same 
degree. (3) The intensity of the effect of predation risk depended on the presence or absence of stickleback. 

Chum were rarely killed by trout but the neeq.to avoid predators affected their feeding behaviour. The 
relative fitness of chum under the different treatments can be evaluated by comparing their feeding 
efficiency between treatments. Changes in feeding efficiency can have serious consequences on fitness. 
Dill et al. (1981) correlated high levels of feeding and growth rates of juvenile coho salmon with greater 
fitness. 

Behaviourial responses by chum to trout predation varied depending on the prey type. Hatchery chum 
displayed the greatest response to predation risk, resulting in fewer fish feeding, reduced feeding indites, 
and a dietary shift from surface food items to mid-water Daphnia. By comparison, the diet composition 
of wild chum remained the same in all treatments. The only significant change for wild chum concerned 
feeding rates which, as predicted, were reduced in the presence of trout and increased in- the presence of 
stickleback. The reduction in feeding rates in the presence of trout implied that wild chum traded-off food 
intake for reduced movement, increased vigilance, or flight from predators. By reducing the time spent 
feeding, chum also reduce the time spent vulnerable to attack, the major component of risk under the control 
of the prey. These results suggest that wild chum can assess predation risk, influence the probability of 
detection by trout and regulate the amount of time they are vulnerable to attack. 

To properly investigate differences between wild and hatchery fish, comparisons should be made 
between hatchery and wild fish from the same stock under similar rearing conditions. The experiments were 
not designed to examine the differences between wild and hatchery chum but the results have practical as 
well as theoretical interest. . -
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Behaviourial differences shown by hatchery raised fish may be a product of their rearing environment 
and may reflect differences in past learning or conditioning of the two groups (see Suboski and Templeton 
1989 for review). Fry in hatcheries are not exposed to natural stimuli that shape or reinforce normal feeding 
and antipredator responses (see Suhoski and Templeton 1989 for review). Hatchery fish do not learn early 
in life to recognize wild food and studies have shown that chum develop training biases for food types that 
they first consumed (LeBrasseur 1969). When hatchery fish are released they may be ill prepared to 
respond to hazards in the natural environment Mortality of hatchery fry after release due to starvation and 
predation may occur because fish. fail to recognize natural food and predators. Naive fry must learn to 
recognize food and predators in order to respond. 

Even if hatchery fish learn to recognize and capture live prey this does not ensure survival following 
release (Paszkowski and Olla 1985). Wild fish should out compete hatchery fry presumably because they 
are better adapted than hatchery fish to their natural habitat and wild fish have already been selected by 
predation and competition, Experimental results presented here suggest that post-release mortality could 
result from inefficient or;subopti.mal foraging, inappropriate social behaviours, competitive interactions with 
wild fish, or feeding behaviours that increase the risk of predation. Suboski and Templeton (1989) review 
studies reporting behaviourial differences between wild and hatchery reared salmonid juveniles and suggest 
these differences may affect relative survival rates. 

The presence of stickleback had beneficial effects on the foraging efficiency of chum, particularly 
hatchery chum. In treatments with stickleback, chum feeding rates and the feeding indices increased. When 
stickleback were added to predator trials, the diet composition, the proportion of fish feeding, and feeding 
indices of hatchery chum were similar to treatments of hatchery chum alone. Stickleback bad a similar 
effect on wild chum feeding rates. 

There are several possible explanations for the positive effects of stickleback presence on chum foraging 
behaviour. Stickleback may function as dithering animals (Barlow 1968); the presence of stickleback may 
have a calming influence on chum behaviour. A second alternative is that of observational learning. 
Watching stickleback feeding may facilitate or enhance chum feeding behaviour, i.e., facilitate prey 
detection. Obrebski and Sibert (1976) suggest that stickleback may actually increase food availability for 
chum by increasing disturbance of the substrate surface. This did not seem the case in our experiments. 
The increase in feeding rates cannot be attributed to increased Tubifex in the diet of chum. A third possible 
explanation is that replacing chum with an equivalent number of stickleback reduced intraspecific 
competition for food. In mixed species trials without trout, the diets of both hatchery chum and stickleback 
tended to include more food types that were not shared. In mixed species groups, overall competition may 
be reduced if each species has different preferences (Allan and Pitcher 1986). 

These results illustrate the potential effects of species interactions on the feeding efficiency and 
ultimately, the fitness of chum salmon fry during estuarine residence. Chum fry traded-off feeding 
efficiency for predator avoidance. To avoid capture, chum monitored predator movements to avoid 
encounters and fled when attacked. Predator avoidance reduced the time available for feeding, resulting in 
fewer fish feeding, reduced feeding rates and shifts in the types of food items consumed. When chum 
altered their feeding behaviour and activity levels to avoid trout, they also affected their encounter rates with 
stickleback and with the common resources required by both. 

-
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Table 1 Statistical probabilities from the results of two-way ANOVA under the ~mil 
hypothesis of no effect of the presence of trout and stickle~ack on percentage feeding, 
feeding rate, and feeding indices of hatchery chum and wild chum. P values of less 
than 0.05 are considered significant. · 

percentage 
feeding 

feeding 
rate 

feeding 
index 

factor 

trout 
stickleback 

trout x stickleback 

trot1t 
·stickleback 

trout x stickleback 

trout 
stickleback 

trout x stickleback 

hatchery 
chum 

<0.001 
<0.001 
<0.001 

0.270 
0.001 
0.032 

0.318 
0.028 
0.183 

wild 
chum 

0.215 
0.277 
0.392 

0.036 
0.003 
0.430 

0.427 
0.136 
0.026 

Figure 1 Mean composition of the diet of a) hatchery chum and b) wild chum under 
four treatments: 1-chum only; 2-chum with trout; 3-chum with stickleback; and 
4-chum with trout and stickleback. The number of filled circles ( •) denote the number 
of prey types and the open circles (0) denote trout present. An asterisk (*)indicates 
significant differences between treatments.. The vertical line is the 953 confidence 
interval for the mean. 
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Figure 2 The percentage of fish feeding, feeding rate, and feeding index (weight of 
stomach contents/body weight x 100) of hatchery chum ( •) and wild chum ( •) under 
four treatments: 1-chum only; 2-chum with trout; 3-chum with stickleback; and 
4-chum with trout and stickleback. The number of filled symbols denotes the number 
of prey types and the open circles ( Q) denote trout present. Vertical lines are 953 
confidence int~rvals for the mean. 
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Diets and F~eding Rates of Juvenile Pink and Chum Salmon 
in Hecate Strait, British Columbia 

Michael C. Healey 

Westwater Research Centre 
The University of British Columbia 

Vancouver, B.C. V6T JZ2 

Juvenile pink (Oncorhynchus gorbushcha) and chum (0. keta) salmon were sampled in Hecate Strait, 
British Columbia, during July and August, 1986 and 1987. The objectives were to describe seasonal and 
species-specific patterns of feeding and to test a8sumptions and predictions of models relating feeding 
success of juvenile salmon during theµ- first summer at sea to survival and recruitment. A wide variety of 
taxa were consumed by both species, but only a few taxa made up most of the fishes' daily food intake. 
Diet composition was more similar between species within sampling periods than within species among 
sampling periods, although there were some apparent species-specific feeding preferences. Patterns of 
changing diet composition with' increasing time and distance between samples were consistent with expected 
mesoscale patterns of plankton patchiness in coastal waters. Juvenile salmon fed selectiveiy on larger sized 
taxa in the plankton community and larger salmon fed on larger prey. Contrary to the assumption of one 
model, however, young salmon did not switch to larger prey later in the sumnier. Weights of stomach 
contents anci estimated daily ration were small enough to liJAit growth rates, and the hypothesis that 
limitation of growth during early ocean life affects survival and recruitment cannot be rejected. 

NOTE: Complete text of this paper, which includes information on sockeye salmon, will 
appear in Transactions of the American Fisheries Society early in 1991. 
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Relationship of Early Marine Growth and Survival of Juvemle 
Pink Salmon. to Marine Water Temperature and 

_Secondary Production in Auke Bay, Alaska 

Donald Mortensen, Joyce Landingham, Alex Wertheimer 
and Sidney Taylor 

Northwest and Alaska Fisheries Center 
National Marine Fisheries Service 

Auke Bay Laboratory 
P.O. Box 210155 

Auke Bay, Alaska 99821 

Fry from four brood years of pink salmon in Auke Creek, Alaska, were tagged as they 
emigrated into the marine waters of Auke Bay. Growth rates of tagged fish recovered in the 
nearshore zone ranged from 3.1-7.1%. Early emigrants had the lowest growth rates, and growth 
rates were also lower for all tag groups during the fµ-st half of their nearshore residency .. Water 
temperature was the only environmental parameter consistently correlated with growth. 
Comparisons of expected and observed growth rates suggested that prey availability as well as low 
temperatures were constraining growth during the early part of the nearshore residency. Early 
marine growth rates were significantly related to intra-annual survival relative to emigration timing. 
Growth rate could significantly explain a large measure of interannual variability (R2 ,,,; 0.84) only 
if one year (1987 brood) was considered separately. The relationships between .growth conditions, 
emigration timing, and ·the variability of survival are discussed. 

Juvenile pink salmon (Oncorhynchus gorbuscha) typically enter the nearshore marine environment 
concurrent with the spring phytoplankton bloom and resultant zooplankton bloom; this timing presumably 
has evolved to utilize the spring bloom as a food source (Murphy et al. 1988). The initial estuarine 
residency is a critical phase in the early marine life history of salmon; survival during this period can 
significantly affect year-class strength (Parker 1968; Walters et al. 1978; Bax 1983). Rapid growth during 
this early marine period may be important in minimizing mortality due to size selective predation (Parker 
1971; Hargreaves and LeBrasseur 1985). 

The objectives of this study were to examine the relationship of growth of juvenile pink salmon to 
water temperature and secondary production during early marine residence, and to investigate the 
relationship of emigration timing and early marine growth with intra- and inter-annual variability in marine 
survival. 

METHODS 

This research focused on the Auke Creek pink salmon population. Auke Creek is a small, lake fed 
stream which empties into Auke Bay, a subarctic embayment in northern southeast Alaska. The National 
Marine Fisheries Service maintains a two-way counting weir located at the confluence of Auke Creek with 
Auke Bay. 

Wild juvenile pink salmon emigrating from Auke Creek were captured daily from late March to mid­
May at the fish counting weir. Components of each years outmigrant population of juveniles from the 1985-
1989 brood years were coded-wire-tagged, with a different tag code used for each week's emigrants. The 
tagged fish were released into Auke Creek just above tidewater between 18 and 24 hours after tagging. 

Nearshore areas of Auke Bay were sampled for juvenile pink salmon from late March to early July 
using a 37 m long x 3 m deep beach seine. All captured juvenile salmon were speciated, counted and 
checked for coded wire tags at the capture site; tagged fish were retained for tag recovery and size 
measurements. Weekly samples of untagged fish were also retained for size and stomach analysis from an 
index site on Spohn Island in Auke Bay. Beginning in 1987, offshore areas of Auke Bay (>100 m from 
shore) were sampled weekly, at night, using a 6.1 m wide x 3.0 m deep surface trawl. All tagged salmon 

38 

l 
~ 
I 
i 
< 
~ 

1 



l 
) 

~ 
I 

~ 
I. 

> 

1 

and a sample of juvenile pink salmon from each tow were retained for lengths, weight$ and recovery of 
coded-wire tags. 

Water temperatures at 1 m were recorded daily for Aulce Bay. The Spuhn Island site was sampled 
weekly for littoral epibenthic crustaceans in 1987-1989, using either an epibenthic pump or sled. 
Zooplankton data for the upper 5 m and upper 40 m water column in Auke Bay were collected concurrent 
to our study by the University of Alaska (Coyle and Paul 1990). 

Stomach contents of fish sampled to determine feeding habits were weighed and prey items identified, 
measured and counted. The volume and dry weight of each-prey category were then calculated. The Index 
of Relative Importance (IRI; Pinkas ·et al. 1971) was then computed from stomach data. 

The instantaneous growth rate for each individual coded-wire tagged juvenile pink salmon was 
calculated using the exponential model: 

where g is the instantaneous growth rate in weight, expressed as %bw/d, during the time period t, and W 1 
and W2 represent the fish weight at the beginning anq end of time (t) respectively. To determine how water 
temperature and food abundance relate to grow_th in the estuary, individual instantaneous growth rates were 
correlated with average daily surface water temperature arid prey biomass over time period (t). Tue average 
daily biomass of prey was calculated for three different habitats: zooplankton from the upper 5 m of the 
water column; zooplankton for the upper 40 m of the water column; and harpacticoid copepods from the 
epibenthic samples. The average daily biomass for epibenthos and 40 m zooplankton was also computed. 
Correlation analysis and stepwise regression (Zar 1974) were employed to determine significant correlations 
and provide partial correlation coefficients for eac~ of the above parameters. 

To determine whether the growth rate of tagged juvenile salmon in Aulce Bay was liinited by prey 
availability, the differences (residual) between an expected growth rate, based on the average water 
temperature experienced from release to recapture, arid the individuai observed growth rate for each tagged 
fish were calculated and plotted against average water temperature. A simple linear model between growth 
and temperature was derived for expected growth rate from data on the growth of juvenile pink salmon held 
in several culture situations at various water temperatures and fed at maximum ration (Mortensen and 
Savikko in preparation). This relationship was g = 0.391 + 0264 T, where Tis temperature. R2 of the 
model over temperatures ranging from 3-15 °C was 0,88. 

Growth rates of the tagged pink salmon were!also computed for two time periods or growth stanzas 
again using a linearized exponential model.· The early period was considered to occur from day of release 
to May 5 and the late period from May 5 to June 25 for each year. These dates were chosen because of 
the distribution of tag recoveries and the observed changes in weights of juveniles between the two periods. 
Growth rates of tagged groups within a year were calculated for the early period; the mean of these orowth 

' b 

rates was then used to estimate the initial weight for each tag group for computation of the growth rates in 
the late period. The pooled growth rate in the late period was then calculated as the mean of the individual 
tag group rates. Differences in growth rates between periods and years were tested using analysis of 
covariance (ANCOV A) and the Newman-Kuels multiple comparison test (Zar 1974). 

Survival of fish from each of the release groups for each of the emigrant years 1986 through 1989 
(brood year 1985 through 1988) was determined from the number of fish returning to the Aulce Creek weir. 
Survival rates were adjusted by estimates of annual exploitation rates in the seine fishery (Alaska 
Department of Fish and Game data). futra-annual differences were tested for significance using the 
Newman-Kuels multiple comparison procedure. Growth rates and survival of the individual release groups 
within each year were calculated as a proportion of the highest observed. Proportional growth rate was 
regressed against proportional survival to determine the degree to which growth rate is a predictor of intra­
annual survival. Actual growth rates were regressed against survival to determine the relation between 
growth and inter-annual survival. 
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RESULTS 

The downstream migration of wild pink salmon juveniles from Auke Creek into Auke Bay began in 
early-March and ended by mid-May with peak outmigration between mid-April and early-May. From 1986 
to 1989 (brood years 1985-1988), 51,904, 17,049, 36,422 and 42,625 juvenile pillk salmon were coded wire 
tagged, respectively. These numbers represented between 31 % and 45% of the total fry emigration. 

Pink salmon fry were present in the nearsbore area of Auke Bay from late March until the end of May 
or first week in June (Figure 1). The fish were most abundant in May; 80%-90% of the catch occurred 
between May 5 and June 1. Pink salmon bad virtually left the nearsbore area by late, May or early June. 
Catch in townet samples offshore increased coincidental with the dedine in catch in the beach seine sets; 
most of the offshore catch occurred in late May and June (Figure 1). By mid-July of each year the juvenile 
pink salmon bad left Auke Bay. Based on recaptured tagged fish, maximuin residence times in the bay 
ranged from 20 to 73 days. 

Water temperatures at 1 m generally increased rapidly from 3-5 °C in late March to 10-13 °C in June 
(Figure 2). Although there was considerable variability in the temperature pattern from year-to-year, 
temperatures were rapidly increasing by early May in each of the four years. 

Both epibentbic prey (harpacticoid copepods) and zooplankton (calanoid copepods, eupbausid larvae, 
Oikopleura, and fish eggs and larvae) were utilized by the pink salmon during their nearsbore residency 
(Figure 3). There was no temporal pattern in the utilization of these resources; the pink salmon appeared 
to switc~ between the prey categories, perhaps _in respon_se to_ the population dynamics of particular prey 
species. 

Growth rates of individual tag groups varied considerably within and between years, from a low of 
3.08% to a high of 7 .06% (Table 1). Within each year, the earliest emigrants had the lowest -growth rates. 
Growth rate then generally increased with emigration timing, with the highest growth rates associated with 
th~ later emigrants (Figure.4). An exception to this trend was in 1989, when emigration extended until mid­
May; the growth rate, was markedly lower for these llite fish. 

When growth rates were computed for early (April 1- May 6) and late (May 6,~ June 16) periods, there 
was a significant (f < 0.05) difference be~een the mean growth rates for the two periods. In a given year, 
growth rates were lower in the early period. Mean growth rates in ~e early period were generally around 
3.0%bw/d, except for 1989, when growth during this period was 4.9% (Table 1). During the later period, 
growth rates exceeded 5.0%, except for 1~86, when it was 4.9% Growth rates estimated for tagged fish 
were consistently higher than the "apparent" growth rates estimated froi:µ. the mean weights of samples of 
untagged fish (Table 1). 

Water temperature was the only environmental parameter measured that was significantly (f < 0.05) 
correlated with growth rate over all years (Table 2). For temperature, both simple and partial correlations 
were significant in each year, and ill every yea,r except 1988, temperature explained the most variability of 
the parameters tested. For zooplankton, 5 m biomass was not significantly related to growth in the three 
years data were available, while 40 m integrated water column was significantly correlated two of the four 
years of the study, and was the parameter more highly correlated with temperature in 1988. Epibenthic 
indices were significantly correlated with growth two of the three years data were available; in both cases, 
the relationship was negative (Table 2). Because the feeding habit studies showed that the pink salmon 
were switching between epibenthic and zooplankton resources during th~ nearshore phase, growth rate was 
also correlated with a combined index of epibentbic abundance and 40 m zooplankton. This .combined 
index did not fit the growth data as well as either abundance index considered independently. 

The residuals between observed growth rates of tagged fish and expected growth for fish fed at 
maximum ration indicated that a higher proportion of fish at relatively low average water temperatures 
(early emigrants) were below expected growth rates compared to fish at higher water temperatures (later 
emigrants; Figure 5). The residuals had significant (f < 0.01) positive slopes for all four years. The slope 
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of the residuals was lowest in 1988, when a higher proportion of the observations fell below the expected 
line thro_ugbout the temperature range observed. 

Mid- to late April emigrants generally bad· significantly (r. < 0.05) higher survival than the earliest 
emigrants within a year (Figure 6). When emigration extended into May, survival again decreased; the last 
emigrants from both the 1985 and 1988 broods had significantly lower survival. 

The intra-annual survival of coqe-wire tagged juvenile pink salmon exhibited a pattern similar to that 
of the growth rates. Regression of growth rate against survival indicated a highly significant relationship 
(R2 = 0.62, f < 0.001; Figure 7). The measurement of growth rate for the one obvious outlier in Figure 
7 was calculated from a small sample of three fish. When this point was removed from the regression a 
closer fit was observed (R2 = 0.78, P < 0.001). Generally, within year survival increased with growtb rate. - . . 
Based OJ) significant differences found in survival between release groups, "significance boxes" were placed 
around points in the plot of growth rate versus survival, delineating overlapping groups with low, medium 
and high survivals. · 

Growth rate as %bw/d was regressed against survival of each release group. When all years were 
considered in the regression, there was not a significant relationship between growth and survival (R2 = 
0.02, f > 0.39; Figure 8). The 1987-brood data points had a distinctly different trajectory than the other 
years (Figure 8). There was a good fit for the other three years (R2 = 0.85, slope = 1.76, f = 0.001). 
Survivals of the 1987-brood were also significantly related to growth when this year was considered 
separately (R2 = 0.94, slope= 0.40, f = 0.001). 

DISCUSSION 

Pink salmon fry were abundant in the nearsbore areas of Auke Bay in April and May; by the end of 
May or early June, the fish bad moved to more pelagic habitats. Growth rates during this period of 
nearshore residency were low during April, and increased significantly in May. These changing growth 
conditions were reflected in lower average growth rates for early emigrants relative to later emigrants. 
Growth rates estimated from tagged fish were substantially higher than the "apparent" growth of untagged 
pink salmon. Growth rates of individual tag groups ranged from 3.1-7.1% bw/d. These rates are within 
the 1.5-7 .6% range of growth rates previously reported for pink salmon during their initial marine residency 
(LeBrasseur and Parker 1964; Healey 1980) in other studies. 

Fish growth is extensively influenced by water temperature and prey density (Brett et al. 1969; and 
Weatherley and Gill 1987). To attain maximlllll, gr,owth at a particular temperature, prey concentrations 
must be high or must be delivered to the rearing areas at a high rate by currents. In this study water 
temperature was the factor which was consistently correlated with early marine growth. Indice~ of prey 
abundance were not consistently correlated with growth, and, for epibenthic barpacticoids, were inversely 
related when significant. This lack of linear correlittion may be largely due to the high and variable 
productivity of zooplank:ton and littoral ~pibenthos in subarctic ecosystems such as Auke Bay (Cordell 1986; 
Coyle and Paul 1990). Assuming there is some threshold level of prey density required to sustain maximum 
growth .of the juvenile salmon, then the pronounced spikes in prey populations associated with the spring 
bloom may mean that qmch of the variability in prey is occurring above the density threshold, therefore 
masking any direct prey abundance:growth relationship. Any such relationships should occur primarily 
before or after prey population peaks. Tue residual analysis of expected growth of pink salmon versus 
initial growth indicates that food abundance is limiting growth at low water temperatures, i.e., that the low 
growth rates observed in the early period of nearshore residency were constrained by food availability as 
well as lower temperatures. The emigration of Arike Creek pink salmon extended from late-March to mid­
May, with most of the fish synchronized within a 2-3 week period peaking in mid-April or early May. 
Holtby et al: (1989) proposed that the similar synchronous emigration timing of chum salmon may be 
adaptive to a broad emigration time window in terms of advantageous conditions in the estuarine 
environments, with synchrony a mechanism to saturate predators. The results of our study show that growth 
conditions are consistently lower for early emigrants, indicating the quality of the rearing environment is 
not the same throughout the emigration period. Within years, growth rate was also significantly related to 
survival. Secondary production in Auke B~y predictably peaks in May or early June (Coyle and Paul 1990); 
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temperatures are also predictably higher in this period (Figure 2). It would appear adaptive to emigrate later 
in the spring than the timing observed at Auke Creek, so as to ensure optimum growth conditions. Fish that 
emigrate early spend more time in the low growth period, take longer to reach a particular size than do later 
emigrants, and are therefore exposed to size-specific predation over a longer period. Despite spending more 
time in low growth conditions, however, the early emigrants will have the advantage of being larger at a 
given date than subsequent· faster growing emigrants. Thus there is an advantage in avoiding size-selective 
predation by being on the "leading edge" of the synchronous emigration to marine waters, but that 
advantage is constrained by poorer growth conditions early in the spring. 

The abundance of potential predators (coho salmon, dolly varden and sculpins) in the nearshore also 
increases rapidly in May (Taylor 1988), which may emphasize the importance of larger size in avoiding 
predation. Late emigrants, although encountering good growth conditions, may not be able to effectively 
outgrow the increasing predation pressure, as indicated by the decline in survival of May emigrants from 
the 1985 and 1988 broods. 

'· While growth rate was significantly related to survival intra-annually, the trajectory of this relationship 
was not consistent from year-to-year.· For three of four years, growth rate was an excellent predictor of 
survival, explaining 85% of the observed variability. The anomalous year was 1988 (1987 brood), which 
was also the year the highest growth rates were observed (Table 1). Predator interactions or conditions after 
the fish had moved offshore may have changed the relationship of growth and survival, although within the 
1987-brood early marine growth was still strongly related to survival. Identification of such anomalous 
years may be important in understanding how growth conditions and other factors interact to drive 
interannual variation. 
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Table 1. Growth rate (%bw/d) of tagged juvenile Aulce Creek pink salmon recovered in Aulce Bay, 1986 -
1989. Growth rate by periods (4/1 - 516 and 517 - 6/16), standard deviation (s) and coefficient of 

determination (R2) are also presented for tagged and untagged fish. . 

Year 

1986 

1987 

1988 

1989 

Time period 

4n - 6116 

period 1 

period 2 

4/1 - 6/16 

period 1 

period 2 

4/1 - 6/16 

period 1 

period 2 

4n - 6116 

period 1 

period 2 

Release date 

4n 
4/15 

4/22 

4/29 
516 . 

tagged untagged 

tagged untagged 

4/1 
4/8 

4/i5 

4/22 
tagged untagged 

tagged untagged 

4/1 
4n 

4/15 

4/22 

4/29 

tagged untagged 

tagged untagged 

4n 
4/15 

4/22 

4/29 

516 

5/13 

tagged untagged 

tagged untagged 

Growth rate 

3.08 

4.07 

3.41 

4.21 

4.00 

2.93 

4.82 

3.82 
4.31 

4.55 

4.58 

3.14 

5.40 

4.02 

4.63 

5.96 

6.23 

7.06 

2.95 

6.66 

3.44 
4.67 

5.81 

5.35 

6.11 

4.59 

4.88 

5.40 

s 

0.218 

Q.220 

0.245 

0.186. 

0.250 

0.237 

0.221 

0.153 
0.159 

0.216 

0:137 

0.203 

0.173 

0.191 
0.127 

0.220 

0.259 

0.265 

0.208 

0.274 

0.277 

0.351 

0.231 

0.248 

0.296 

0.243 

0.287 

0.202 

0.92 

0.96 

0.90 

0.98 

0.74 

0.84 

0.83 

0.88 

0.90 

0.90 

0.95 

0.78 

0.94 

0.59 

0.92 

0.92 

0.94 

0.89 

0.62 

0.60 

0.92 

0.99 

0.95 

0.89 

0.91 

0.89 

0.44 

0.82 

Table 2. Simple and partial (SIP) correlation coefficients between the instantaneous growth rate of juvenile 
pink salmon and average water temperature; average harpacticoid biomass; average biomass of prey 
integrated from 40m to surface; average biomass of prey in the upper 5m; and average biomass of 
harpacticoids + prey from the integrated water column. An (*) indicates a significant (p<0.05) correlation. 

Year 

1986 

1987 

1988 

1989 

Average water 
temperature 

0.696* 10.696* 

0.312*/0.312* 

0.423*/0.275* 

0.354*/0.354* 

Average 
harpacticoid biomass 

NA/NA 
-0.201 *1-.201 * 

0.337/0.000 

-0.226*/-0.118* 

Average 
integrated column 

biomass 

0.630*/0.187* 

0.193/0.114 

. 0.505* 10.505* 

0.057/0.003 

44 

Average 
bio!llass in 
upper 5m 

-0.187/-0.046 

0.228/0.046 

0.472/0.228 

NA/NA 

Average biomass 
of harpacticoids 

+ integrated 
column 

NA/NA 
-0.195* /-0.251 * 

0.402/0.093 

-0.114/-0.052 

( 

< 
< 
~ 
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Figure 1. Ca~ch-per-unit effort (CPUE) o.f juvenile pink salmon at nearshore (A) 
and offshore (B) sampling sites in Auke Bay, 1986 - 1989. 
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Regional-Level Investigations of Pink Salmon Production 
Responses to Interannual Variations in Ocean Temperatures: 

Cooperative Fisheries and Oceanographic Studies (CFOS) 

Robert T. Cooney and T. Mark Willette 

Sclwol of Fisheries and Ocean Sciences 
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Fairbanks, Alaska 99775 

Cooperative Fisheries and Oceanographic Studies (CFOS) utilizes time-series data collections 
an!i experimental research to determine.how interannual fluctuations in coastal ocean temperature 
and zooplankton stocks affect the production of pink salmon in the northern Gulf of Alaska. 
Successes with coastal hatchery production have been- attributed, in large part, to the development 
of release strategies that presumably maximize the growth potential of fry relative to temporally 
varying plankton forage fields. In contrast, the success of wild populations niay be related more 
to the proportion of fry out-migrating into optimal food and temperature conditions each year. 
Statistical relationships between total survival (freshwater and marine), sea surface temperature 
(SST) from April through July and pelagic food stocks for fry are discussed for wild pink salmon 
populations in Prince William Sound from 1982 to present as an example of the cooperative 
program approach, 

In January 1990, the Alaska Sea Grant College Program initiated a jointly-funded five-year study to 
examine the effects of coastal ocean temperature and fry food on pink salmon production in Prince William 
Sound, Alaska. With direct and in-kind support from Alaska Department of Fish and Game (ADF&G) and 
the non-profit private coastal salmon hatcheries in the region (Prince William Sound Aquaculture 
Corporation; Valdez Fisheries Development Association), CFOS seeks to test the asse:rtion that run size in 
pink salmon is generally set during the first few weeks of early ocean residence. This notion finds support 
in the reviewed literature (Parker 1968; Hartt 1980; Bax 1983; Nichelson 1986; Ricker 1976; Foerster 1968). 

Willette (1985) reported that pink salmon production in Prince William Sound is dependent upon ocean 
temperatures affecting both the fry and adults. For even-year runs, numbers of returning adults are directly 
related to SST conditions experienced by the fry. For odd year fish, spring temperatures affecting the 
returning adults also predict the strength of runs resulting from the progeny of these fish. Later statistical 
studies, using all returns for the Gulf of Alaska over a 25-year period, demonstrated that approximately 50% 
of the interannual variability in run size of pink salmon could be explained by ocean SST experienced 
during early ocean residence (Willette and Cooney 1991). 

The CFOS program was undertaken in Prince William Sound on the premise that a quantitative 
understanding of local temperature and fry forage conditions each year would provide the means to more 
accurately predict the strength of runs. This information is also intended to assist the public and private­
sector hatcheries in the region optimize their production under widely varying conditions of coastal ocean 
climate. 50% or more of the pink salmon harvested in Prince William Sound now originate from four local 
hatcheries, and produc~on increases are planned. 

BACKGROUND 

Prince William Sound is a large fjord/estuary situated at the northern-most reaches of the Gulf of 
Alaska. The region is approximately 8,800 km2 in size and communicates with the open Gulf of Alaska 
via the Alaska Coastal Current (ACC). This well-defined wind and freshwater-forced westward flow 
originates in southern southeastern Alaska and can be traced around the margin of the Gulf of Alaska as 
far west as Unimak Pass (Royer 1981). A portion of the ACC enters the Sound via Hinchinbrook Entrance 
and leaves through Montague Strait (Figure 1). The current exhibits strong seasonal and interannual signals 
associated with variations in wind forcing and coastal run-off (Royer et al. 1990) 
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Approximately 20% of Prince William Sound is deeper than 200 m. The deep portion of the region 
(depths to 800 m) provides suitable over-wintering habitat for oceanic zooplankton populations advected 
in by wind-forced cross shelf flow and the coastal circulation (Cooney 1986). Large populations of oceanic 
copepods Neocalanus plumchrus and N. cristatus occur below 300 m in the Sound from September to 
February of each year. The copepodid stages of these oceanics, supplemented by populations of other 
abundant overwintering neretic copepods ( Calanus marshallae and Pseudocalant,ts spp.) appear in late March 
in the upper 20 m. A Neocalanus "bloom" composed largely of stage III-V copepodids is characteristic of 
the region from late April to late May. The timing of this bloom is apparently dependent upon ocean 
temperature, occurring earlier during warmer-than-average years (Willette and Cooney 1991). As 
Neocalanus begins to leave the surface layers in mid-May, stage III-adult Ca/anus marshallae take their 
place .. A similar phasing of large calanoids has been observed in Aulce Bay, Alaska (Coyle et al. 1990). 

Studies of pink salmon fry feeding behavior and forage stocks in Prince William Sound have 
demonstrated ties with both benthic and pelagic food webs (Barnard 1981; Cooney, et al. 1981; Urquhart 
1979). When the numbers of food items in stomachs are tabulated, harpacticoid copepods and small pelagic 
calanoid species (Pseudocalanus and Acartia) consistently comprise the major elements. However, when 
the mass of the food is determined, very often 50% or more of the stomach contents of fry are composed 
of the larger calanoid copepods, Neocalanus and Calanus (Cooney 1990). 

Historically, runs of wild pink salmon (odd and even).averaged about 5.0 million fish between 1960 
and the late 1970's when sudden increases to 15 million fish or more occurred (Figure 2). This higher 
abundance was maintained until about 1985 when declines in run strength began to reduce the production 
to former levels. During this latter period, several private sector hatcheries in the region (Prince William 
Sound Aquaculture Corporation; Valdez Fisheries Development Association) began contributing to the 
common property fishery. Public and private enhancement has resulted in a steady increase in overall 
hatchery-released production since 1978. Approximately 550 million salmon fry and smolts were released 
by the Prince William Sound Aquaculture Corporation alone in 1990. This ainounted to more than 40% 
of the combined production for all other salmon hatcheries in the State (PWSAC 1990). 

OCEANOGRAPHIC MONITORING AND EXPERIMENTAL STUDIES 

Since thyy have been releasing fry, the private-sector hatcheries in the region have monitored ocean 
temperatures and sampled zooplankton prior to, during and following the release of juveniles. A 112 Ii1 net 
(0.243-mm Nitex) is used to fish a vertical water column at selected locations from 20 m to the surface on 
a specified time schedule from March through early June of each year. Settled plankton volumes are 
recorded to the nearest mL along with an esti.m,{lW of percent zooplankton (pink) and phytoplankton 
(green/brown color) volume contributing to the total measurement. Attempts are made to release fry near 
the peak of the large calanoid bloom. 

Under CFOS, the monitoring program has been expanded to include the period 15 January to 15 July, 
with sampling at selected locations twice weekly (weather permitting). Following the settled volume 
measurements, plankton samples are preserved for later transfer to the University of Alaska. 

To supplement the plankton ·watch, all hatcheries are also routinely recording local weather and 
measuring sea-surface temperatures daily. The Wally Noerenberg Hatchery (WNH) at Esther Island is 
deploying a self-contained CTD (SeaBird) to 100 m during the period of the plankton watch. ADF&G is 
lowering a similar CTD (to 400 m) at selected locations in the Sound on a monthly or more frequent 
schedule. ADF&G is also fishing a 1/2 m net (to 400 m) to supplement the CTD data. Sea surface 
temperature measurements and visible particulate fields are bemg observed using NOAA satellite data 
available at the University of Alaska Fairbanks Satellite Laboratory. 

The University CFOS effort involves coordination of weather and ocean monitoring programs and 
participation in specific experimental studies. Factors affecting the timing, duration and standing stocks of 
large calanoids (Calanus and Neocalanus) associated with the May/April "bloom" are being studied to 
describe pha~ing of the two species and levels of interan~rnal variability. Seasonal changes in total lipids 
and the calonc content of these same large calanoid populations are also being fuvestigated relative to the 
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entry timing of wild and hatchery populations each year. Post emergent recaptures of hatchery-released and 
wild fry prnvide continuing information on fry food dependencies and fry otoliths are being collected for 
measures of absolute growth rates and dates of emergence. For comparative purposes, several oil-spill 
related salmon studies sponsored by ADF&G will eventually contribute information on the growth of 
coded-wire tagged fry in the region. 

Historical records of Prince William Sound salmon catches and escapements are being used to search 
for relationship with long-period time-series of temperature and fry food stocks available for the region. 
In this regard, monthly average surface mixed-layer temperatures have been obtained from 1947 to the 
present from the Climate Research Group at Scripps Institution of Oceanography. Coastal upwelling indices 
are also being studied for correlation with salmon production records. This information is available through 
the NOAA/NMFS Pacific Environmental Group at Monterey, California. The latter time-series can be used 
to determine levels of variability in wind forced coastal flow and possible other effects associated with the 
delivery or washout of zooplankton populations each spring. 

PRELIMINARY CFOS RESULTS 

CFOS research is designed to take advantage of between- and within-year differences in temperature 
and food for fry monitored near each of the hatcheries in Prince William Sound as a tool for investigating 
cause and effect. Counts of fry released and estiffiates of returning a!iults (brood stock and common 
property fishery) provide the critical measure of marine survival. Marine survivals have varied.within and 

·between years at all hatcheries although there is a strong degree of coherence in the annual time-series 
suggesting modifi,cation by comm.on factors (Figure 3). A similar time-series of catch and escapement for 
wild stocks is being used to search for relationship between return per spawner, return per average alevin 
density in index streams and marine conditions experienced by wild juveniles .. 

HOMOGENEITY IN 1990 SST TEMPERATURES· 

Seasonal trends in observed daily SST exhibit the kinds of differences in magnitude and phasing 
predicted in the design of the study (Figure 4). Calculations of degree days (April through May) ranged 
from 348.6 at the AFK hatchery in the southwestern Sound, to 369.5 at the Noerenberg hatchery and 409.4 
at Cannery Creek in the northern portion of the region. This gradient in upper-layer temperatures is 
probably related to relative differences in the stability of the water column at each of these locations. The 
Norenberg and Cannery Creek facilities front on the deep open sound and a wide fjord. In contrast, the 
AFK hatchery is situated in the southwestern comer of the region in a area where narrow passages and 
inlets amplify upper-layer tidal mixing processes. The result is a slight reduction in surface temperatures 
in the more energetic area. 

1990 ZOOPLANKTON FORAGE 

As predicted, the timing, duration and amounts of zooplankton also differed in the waters adjacent to 
each hatchery. In 1990, the "large calanoid" bloom began in early April with zooplankton settled volumes 
rising to their highest values by early June at two of three locations (Figure 5). Initial inspection of the 
species composition. in these collections indicates that late May and June populations in 1990 were 
composed of very large numbers of small neretic zooplankters including Podon, Evadne, Acartia, 
Centropages, and Psf!udocalanus. Unlike most years, the "Neocalanus" bloom was unusually weak in late 
April and May at all locations, but appreciable numbers of Calanus marshallae appeared in late May and 
early to mid-June at the northern sound stations. 

1990 zooplankton settled volumes, measured at the AFK hatchery, were converted to food days (average 
settled volume during the bloom times the duration of the bloom in days) for comparison with other years 
for which this information is available. Compared this way, the 1990 forage stock ranks only 7th in the 
AFK time-series dating back to 1981 (Figure 6). · The AFK time-series also demonstrates that while the 
amplitude of forage stocks can vary markedly from year to year, the timing of the peak of the large calanoid 
stock can shift as well (Figure 7). 
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PREDICTING WILD STOCK RETURNS - A PRELIMINARY MODEL 

If predation operating during the first 30-60 days of early ocean residence·generally sets the limits on 
marine survival of pink salmon, factors affecting losses to fish and bird predators during this time should 
be predictive of future run success. In the absence of a means to assess predation losses directly, it bas 
generally been assumed that the growth rate of the juveniles at this critical time is the importmu predictive 
variable. Slow growth implies a longer residence time at the most vulnerable smaller sizes, while faster 
growth presumably reduces the period of greatest risk. These relationships have been investigated and 
described for salmon populations at other Pacific coast locations (Parker 1971; Healy 1982; Taylor 1977 
and Walters et al. 1978). In lie·u of direct measurements of absolute growth each year, correlation is being 
sought by CFOS between adult survival and measures of forage abundance and upper layer temperatures 
occurring during early ocean fry residence (April-July). 

As noted above, the historical record of calculated forage days from the AFK hatchery demonstrates 
considerable variability from year to year over the period 1981 to present. In most years, the large copepod 
"bloom" lasts much less than 60 days (thought to be the duration of wild fry emergence), meaning that only 
a portion of the out-migrating fry encounter elevated forage each year. If food and temperature conditions 
modify early fry losses to predation as hypothesized, .it should be possible to demonstrate a relationship 
between run size or total survival and early ocean growth conditions experienced by the fry. 

A simple product-moment correlation for annual return, return per spawner, return per fry index 
(average number of alevins per m2 in index streams) and several measures of food and temperature was 
performed to search for statistical relationships (Table 1). As expected from preyious studies, reasonable 
correlations are apparent between run parameters and spring and early summer SST. Relatively strong 
correlations are also evident with zooplankton abundance. Surprisingly, little correlation was found between 
run parameters and an index of growth conditions accounting for the duration and magnitude of the bloom 
and average temperatures for April through July of each year (oceanic growth index [OGI]). However, upon· 
closer examination, the details of this latter correlation do appear to point to a rather well-defined linear 
relationship between total survival (return per spawner) and fry growth conditions, compromised by some 
obvious discrepancies (Figure 8). 

If the warmest fry year (1981) and the two coldest fry years in this time series (1982, 1985) are 
excluded, a "core" relationship is exposed that links the wild return per spawner to ocean temperature and 
fry food with an fl- value exceeding 0.98 (Figure 9). Strictly speaking, this kind of subjective manipulation 
must be considered statistically dubious. However, we argue that a linear model predicting the wild return 
per spawner with high accuracy 66% of the time. 1is probably worth exploring further. For example, 
lower-than-predicted returns during the two coldest years may be related to unrecognized temperature effects 
on the timing and duration of the normal two month out-migration (significant delays in leaving natal 
streams, etc.). In contrast, fry entering under quite warm conditions and encountering very low planktonic 
food resources may be able to successfully exploit altemati ve epibentbic food webs to a much greater degree 
than normally would be the case. 

Obviously, there are factors yet to be accounted for that influence the ability of any simplistic approach 
to successfully predict salmon production at a higher rate (70%-90% of the cases). In this regard, we 
clearly understand the limitations of using a model that attempts to account for losses to predation without 
actually including measures of interannually varying predator abundance. However, until the means for 
obtaining predator information becomes available, the approach described above will continue to be used 
as an investigative tool to direct specific inquires about temperature modulation of matches between wild 
fry and their food resources each year. 

These and related phenomena will be examined in greater detail for both wild and hatchery stocks as 
the 5-year CFOS study progress, with advantage being taken of the different sets of "experimental 
conditions" afforded by natural levels of interannual variaqility in fry food and coastal ocean temperature. 
ADF&G has new information on the timing and pattern of fry entry into coastal waters as the result of oil­
spill studies in Prince William Sound that is expected to have fundamental application to the overall CFOS 
study (Sharp 1991). 
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FUTURE DIRECTION FOR CF.OS 

Increasing focus on fry growth rates and entry timing into marine waters will place new emphasis on 
the importance of documenting matches with optimal growth.conditions. If $e surviving wild fry each year 
are primarily those that happen to out-migrate into the zooplankton bloom, a back-calculation of entry dates, 
determined from otolith growth records, should correlate with the timing and duration of the large calanoid 
bloom in most years. 

In a more important sense, understanding the conditions that influence the production of salmon from 
hatchery and wild stocks in Prince William Sound represents a fundamental step in evaluating the carrying 
capacity of this system to successfully rear increasing numbers of hatchery-released juveniles. Certainly 
there must be some upper-limit beyond which measurable effects on the salmon themselves and other 
species will become apparent, perhaps even detrimental. At present, very little is understood about factors 
defining the carrying capacity of any marine system, beyond the usual theoretical considerations arising from 
levels of primary production and general food-web transfer efficiencies. CFOS hopes to forge a better 
understanding of this phenomenon in Prince William Sound as a major contribution of the overall study. 
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Table 1. Product-moment correlations between wild stock run paramet~rs and variables thought to influence 
pink salmon production in Prince William Sound, 1982-1990. 

AVETEMP AVEZOOP DURBLM ·FDDAYS · PZOOP 

WR 0.5838 0.5697 -0.0174 0.1110 0.3158 

WRFI 0.4298 0.4710 0.0898 0.1524 0.4950 

WRS 0.6837 0.6184 -0.1446 0.0770 0.1963 

APTEMP MATEMP JLTEMP JNTEMP 

WR 0.4094 0.3333 0.5628. 0.6931 

WRFI 0.3975 

WRS 0.3537 

Where: 
WR 
WRFI 
WRS 
AVETEMP 
AVEZOOP 
DURBLM 
FDDAYS 
PZOOP 
OGI 
AP'TEMP 
MATEMP 
JLTEMP 
JNTEMP 

0;2831 0.3056, . 

0.5663 0.7852 

= Annual return of wild pink salmon 
= Wild return per fry index 
= Annual wild return per spawner 

0.5285 

0.6482 

=Average NEGOA SST temperature April-July 
=Average zooplankton abundallce (mL/m3) in calanoid bloom 
= Duration of the calanoid bloom' in days 
= Product of A VEZOOP aiid DURBLM 
= Peak zooplankton (mL!m3) 

= Oceanic growth index (product of FDDAYS and A VETEMP) 
= April NEGOA SST temperature 
= May NEGOA SST temperature 
= July NEGOA SST temperature 
=June NEGOA SST temperature 
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0.2384 

0.2803 
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Figure 1. Generalized surface Girculation arid the distribution of salmon hatcheries in 
Prince William Sound. SGH is the Solomon Gulch Hatchery, CCH is the 
Cannery Creek Hatchery, WNH is the Walley ·Noerenberg Hatchery, MBH 
is the Main Bay Hatchery (red sahnon only) and AFKH is the Armin F. 
Koernig Hatchery. 
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Figure 3. Total marine survival for hatchery-released pink salmon in Prince William Sound by location 
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· William Sound, January - JuJy, 1990. 
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Figure 9. Scatter-plot and linear regression for the relationship between returns per spawner (WRS) and 
the oceanic growth index (OGI) for wild returns in Prince William Sound, excluding the return years 1982, 
1983, and 1986. 
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Distribution, Size and Feeding Habits of Juvenile Pink Salmon 
in Nearshore Habitats of Northwestern Prince William Sound 

M. Sturdevant, A. Celewycz; M. Pritchett and A. Wertheimer 

. Auke Bay Laboratory 
Alaska Fisheries Science Center 

National Marine Fisheries Service 
National Oceanic and Atmospheric Administration 

11305 Glacier Highway 
Juneau, Alaska 99801 

From April through Juqe, 1989, 134,747 juvenile pink salmon were captured in 152 beach 
seine sets in northwestern Prince William Sound, Alaska. Three different habitat types were 
sampled in two bay and two migration corri~or locations. Habitats were characterized by bea~h 
gradient low (1-10%), medium (11-25%), and steep (>45%) grades. Abunda~ce of pink salmon . 
fry iri the nearshore environment peaked in late May. The pattern of catches indicated that juvenile 
pink salmon migrated quickly out of bays into corridors and aggregated at steep gradient beaches. 
After mid-May, juvenile pink salmon were larger in corridors than bays: Pelagic zooplallkton from 
vertical plankton hauls and epibenthic organisms from sled tows were more abundant in corridors 
than bays. Calanoid copepods were the most abundant pelagic zooplankter, while harpacticoid 
copepods were the most abundant epibenthic organism. Pelagic zooplankton were the dominant 
prey in all habitat types in bays. Epibenthic prey were the most important prey resource in low 
gradient habitats, but pelagic zooplankton dominated the diet in steep and medium gradient habitats, 
where most of the fish were captured. The rapid movement of juvenile pink salmon from more 
protected waters to migration corridors may be an adaptive feeding strategy timed to take advantage 
of a copepod community which is advected into Prince William Sound from oceani9 waters in the 
late spring. 

After entering saltwater from their natal streams, pink salmon fry remain near shore for one to two 
months before moving offshore. As much as 77% of total ocean mortality occurs in the first 40 days at sea 
(Parker 1968). The rapid growth characteristic of pink salmon fry during the nearshore residency period 
(LeBrasseur and Parker 1964; Healey 1980) depends on abundant food resources (Bailey et al. 1975; 
Cooney et al. 1981) and may allow juvenile pink salmon to escape size-selective predation (Parker 1971; 
Hargreaves and LeBrasseur 1985). Early marine .conditions are therefore critical to fry survival. 

The diverse waten\rays and islands of Prince William Sound include nearshore beach habitats ranging 
from extensive tidal flats to sheer cliff walls. Utilization o{ different beach habitats by shoreline-oriented 
pink salmon fry migrating from bays through migration corridors en route to the Gulf of Alaska is not well­
understood. Some habitats may provide conditions more advantageous for pink salmon fry than others, 
thereby enhancing survival. Knowledge of nearshore habitat util~ation during the critical early sea life of 
salmon is important for understanding the impact of environmental perturbations, such pg coastline 
development, hatchery releases or oil spills, on juvenile salmon and their prey fields. 

In March, 1989, the Auke Bay Laboratory, Natipnal Marine Fisheries Service, designed a study to 
assess the impact of the Exxon Valdez oil spill on shoreline-oriented pink salmon fry iri Prince William 
Sound.· The objectives were to determine if the distribution, size, available prey and diet of juvenile pink 
salmon varied 1) between oiled and non-oiled areas, 2) between time periods, 3) between embayments and 
migration corridors, or 4) between different nearshore habitats. Because results related to oil damage cannot 
be released to the public at this time, this report will only cover results from non-oiled areas. 

METHODS 
. ' . . ' 

Four sampling locations were located in northwestern Prince William Sound (Figure 1). We se,Iect~d 
two embayments, McClure Bay and Long Bay, as well as two migration corridors leading to the Gulf of 
Alaska, Culross Passage and Wells Passage. Three different habitat types classified by beach gradient were 
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selected in each bay and corridor: low (l-10%), .medium (11-25%) and steep (>45%) gradients, 
respectively. 

A 37 m long beach seine was used to sample locations approximately every two weeks from April 
through June, 1989. All sampling was restricted to a tidal range of -0.3 m to +1 m to minimize variability 
between sites due to tide. Fish catches were sorted, enumerated, and checked for coded-wire tags (CWT's). 
Samples of up to 60 individuals per set were fixed in 10% buffered formalin for later size and stomach 
analysis. 

Pelagic zooplankton abundance at each site was assessed using a half-meter diameter, 0.243 mm mesh 
conical plankton net hauled vertically adjacent to .beach seine sites, from 20 m in depth to the surface. The 
abundance of epitienthic organisms was inde~ed using an epibenthic sled with a 0.33 m diameter, 0.243 mm 
mesh plankton net attached to a frame on runners which held the net approximately 0.08 m above the 
substrate. The sled was hand-towed along an undisturbed 10 m transect adjacent to each beach seine site 
at actual tidal ·1evels ranging from -1 m to +0.3 m. In addition, to test for differences in epibenthic prey 
availability at different tide levels, the sled was used to sample every 0.7 m over a 1.3 vertical meter tidal 
range at the bay sites. 

The diet of juvenile pink salinon was described from the contents of 322 excised and weighed pink 
salmon fry stomachs. Prey organisms were identified to the lowest practical taxon, counted and categorized 
according to the production systems they originated from, as pelagic zooplankton, epibenthos and drift 
insects. Zooplankton were further categorized as large calanoid copepods ~ 2.5 mm length), small 
calanoids (< 2.5 mm length) and other zooplankters. Epibenthos was divided into harpacticoid copepods 
and other epibenthic organisms. Weights of prey organisms were substituted from known values in Auke 
Bay, Alaska (J. Landingham, unpubl. data) and Prince William Sound (Cooney et al. 1981). A subsample 
of stomachs collected in May from low gradient habitats in corridors was analyzed for specific harpacticoid 
composition and compared to the epibenthic sled harpacticoid composition using Strauss' Linear Selection 
Index (Strauss 1979). To determine whether a size-diet relationship existed, fish weight was regressed 
against the percent weight of primary diet categories, including total zooplankton, total epibenthos, 
harpacticoids and the two calanoid size groups. 

The univariate approach to analysis of variance (ANOV A) of a repeated measure design (Frane 1980) 
was used to analyze abundance and size of juvenile pink salmon and natural logarithms of the biomass of 
pelagic zooplankton and epibenthos. The factors were time period, bay/corridor, habitat, and location, all 
of which were completely crossed except for location, which was nested within bay/corridor. In the size 
analysis, the data were pooled over locations because of large numbers of empty cells, and two separate 
time period analyses were run, late April to early May, and mid-May through June. In the analysis of 
biomass of pelagic zooplankton, habitat was not a factor. 

RESULTS AND DISCUSSION 

DISTRIBUTION AND SIZE OF JUVENILE PINK SALMON 

The catch distribution indicated that pink salmon fry did not reside for long periods in bays before 
moving out to migration corridors (Figure 2). Significantly (E = 0.061) more pink salmon fry were caught 
in corridors than in bays (Figure 2). Pink fry abundance in nearshore waters peaked in late May and early 
June in corridors, while peak abundance in bays occurred in.April and declined towards zero in May. Fry 
sampled in bays reflected the localized production, whereas fish sampled along migration corridors 
represented mixed stocks of juveniles that had migrated from bays and were en route to the Gulf of Alaska 
(Figure 3). At only one site, Wells passage, were substantial numbers of CWT's recovered (Figure 3); that 
site was only five miles across a passageway from Esther Hatchery, which released 170 million pink salmon 
fry in 1989. CWT's were captured only at corridor sites in northwestern Prince William Sound; we found 
no evidence of fish entering the bays. Similarly, Cooney et al. ,(1981) noted rapid movement out of Sawmill 
Bay into passageways of southwestern Prince William Sound. 
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Juvenile pink salmon were much more abundant in corridors than in bays in all three habitats (Figure 
4). fu corridors, there was a significant difference in fry abundance between the different habitats (E = 
0.001); more fish were captured in the steep gradient habitat than the other two habitats combined In bays, 
there were no significant differences in pink salmon fry abundance between habitats (E > 0.100). 

The mean fork length of. pink salmon juveniles exhibited little change over time from April to early 
May in both bays and corridors (Figure 5). Pink salmon sizes were not significantly different between bays 
and corridors during that time (E > 0.100). These mean sizes do not reflect actual growth rates because 
they are derived from large numbers of unmarked fish which could migrate between areas. The lack of 
increase of mean sizes during April and early May and the similarity of sizes between bays and corridors 
are attributed to the influx of large numbers of smaller fish outmigrating from streams into the marine 
environment at the same time that individual _fish were growing larger. Beginning in late May and through 
June, however, pink salmon juveniles were larger in corridors than in bays (E < 0.001; Figure 5). This 
indicates a size-related progression of fish from bays to corridors, and is further evidence that most fish 
moved quickly to the corridors and did not re-enter the bays. When pink salmon outmigration from streams 
ended in late May, fish sizes increased at the same rate in both bays and corridors (Figure 5). 

Habitat was also significant in explaining the variation in pink salmon sizes from late May through June 
(f < 0.001). Pink salmon were largest in the steep gradient habitat, followed by medium gradient and then 
the low gradient habitat. This indicates a size-related progression· of fish from the lower gradient ~abitats 
to the steep gradient habitat before the fry leave nearsbore waters for offshore waters later in the season, 
similar to that observed in southeastern Alaska (Celewycz 1989). 

PREY ABUNDANCE 

' ' 

The biomass of zooplankton was significantly greater in corridors than in bays (E = 0.042) in April and 
May (Figure 6). By early June, zooplankton biomass declined to almost zero in both bays and corridors. 
Calanoid copepods were the most abundant zooplankter at all sites in both bays and corridors (Figure 7). 
At each site, calanoids were at least three times more abundant than all other pelagic organisms combined. 
The most abundant calanoid genera were Pseudocalanus and Calanus. The biomass of epibenthos was three 
times higher overall in corridors than in bays, although this difference was not significant (E > 0.100). 
Epibenthos peaked in April in bays (Figure 8), while the peak in corridors occurred in May. The later peak 
in corridor epibenthos coincided with the time of peak pink salmon fry abundance in corridors. By June, 
when juvenile pink salmon were moving from nearshore to offshore waters, the biomass of epibenthos had· 
reached a low in both bays and corridors. The dominant epibenthic organism in both bays and corridors 
was harpacticoid copepods (Figure 9). Harpacticoids·'comprised at least 60% of the biomass of epibenthic 
organisms at each site. The most abundant harpacticoid genera were Harpacticus and Tisbe. 

In all three habitats, epibenthic organisms were more abundant in corridors than bays, although this 
difference was not significant (E > 0.100; Figure 10). ·There were no significant differences in the biomass 
of epibenthos bet.veen habitats (E > 0.100), although the biomass was highest in medium gradient habitats 
and lowest in steep gradient habitats (Figure 10). There were no significant differences in epibenthic 
biomass between tidal levels (E > 0.100). 

JUVENILE PINK SALMON DIETS 

The diets of pink salmon juveniles differed between bays and corridors. In bays, pelagic·zooplankton 
were by far the most important dietary items at all habitats, comprising 64%-90% of the dry weight (Figure 
11). Calanoid copepods comprised 57%-87% of total dietary dry weight Epibenthic crustaceans were 
never more than 11 % of the diet. Drift insects were important only at steep gradient sites (34% ). 

In corridors, epibenthic organisms comprised a higher percentage of pink fry diets than they did in bays 
(Figure 12). Pelagic zooplankton again dominated the diets at medium gradient and steep gradient habitats 
(60% and 65% dry weight, respectively); however, in low gradient habitats, epibenthic organisms, primarily 
harpacticoids, were most important in the diets of juvenile pink salmon (56%). Drift insects comprised less 
than 5% of the diet at all habitats. 
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The taxonomic composition of harpacticoids in pink salmon fry stomachs was compared to the 
harpacticoid composition of sled samples from the time of peak epibenthic abundance and the location 
where harpacticoids dominated the diet (Figure 13). Harpacticus comprised over 56% of the harpacticoids 
consumed, while Dactylopodia, Laophontidae and Tisbe together comprised nearly 42%. The percent 
weights of Harpacticus and Dactylopodia in stomachs were higher than their percentages in the nearshore 
epibenthic environment (Figure 13), while Laophontidae and Tisbe were relatively more abundant in the 
environment than the diet. The Strauss Selection Index indicated that Harpacticus and Dactylopodia were 
positively selected for, wh.ile Tisbe and Laophontids were less important prey. These prey genera are 
common in salmon fry stomachs (e.g., Kask et al. 1982; Landingham and Mothershead 1987). 

Researchers in other areas have noted a stronger preference for harpacticoid copepods by juvenile pink 
salmon than we found in northwestern Prince William Sound. In Auke Bay, southeastern Alaska, 
harpacticoids dominated the diet during· ·the early nearshore residency of pink salmon fry; pelagic 
zooplankton only became impol'U!Ilt later (Landingham and Mothershead 1987). In Washington (Kaczynski 
et al. 1973) and British Columbia (Godin 1981), the preferred prey of shoreline-oriented pink salmon fry 
was epibenthic harpacticoid copepods. Kaczynski et al. (1973) speculated that the production of epibenthic 
harpacticoids may be a limiting factor for pink salmon fry populations during the critical nearshore phase, 
and thatthis period forms a distinct ecological stage in their lives. Cooney et al. (1981) supported these 
findings, noting that harpacticoids were 66-82% of the first food of juvenile pink salmon migrating from 
Sawmill Bay into southwestern Prince William Sound. Juvenile pink salmon left Sawmill Bay within a few 
days, however, and calanoid copepods were then the largest biomass component of pink salmon fry diets, 
even though harpacticoids were often numerically dominant Young fish were therefore flexible in their 
feeding habits depending on available food resources. 

Our results confirmed that pelagic zooplankton, primarily calanoid copepods, dominated pink salmon 
fry diets in northwestern Prince William Sound. The rapid movement of the fry from more protected bays 
to migration corridoi:s may be an adaptive feeding strategy timed to take advantage of the increasingly 
available calanoid copepod community in late spring. Oceanic circulation processes influence the prey 
available in the Prince William Sound basin. Large, oceanic calanoid species .which overwinter and 
reproduce at depth (Neocalanus plumchrus, N. cristatus) migrate to the surface and are advected into 
shallow waters, with peak abundance occurring in late spring (Cooney 1986). Here they mix with neritic, 
smaller calanoid forms whose abundances increase in response to the spring phytoplankton bloom. A 
seasonal succession of smaller forms (e.g., Calanus marshallae, Metridia spp., Pseudocalanus spp.) follows 
the decline of the large species in mid- late-summer (Cooney 1986). In our study, a mixture of large and 
small calanoid species dominated the diet of juvenile pink salmon, even though fry were well-within the 
size limit previously found for fry whose diet was as much as 95% harpacticoids (Kaczynski et al. 1973). 
Easily-captured, relatively high calorie harpacticoids (Volk et al. 1984) which are produced locally rather 
than transported according to circulation patterns may provide a dietary staple when pelagic zooplankton 
are not available; this is suggested by the greater frequency of occurrence and numbers of harpacticoids 
found in stomachs of fish from Prince William Sound. Juvenile pink salmon of all sizes consumed both 
harpacticoids and calanoid copepods (Figure 13). We found no significant corre1ations between fish size·· 
and percent biomass of any. of the diet categories. 

Our results suggest that the nearshore diet may be a result of where fish are sampled and what types 
of habitats are available to them. By our definition, sites in the Washington, British Columbia and Auke 
Bay studies mentioned above are comparable to low gradient habitats, characterized by substantial epibenthic 
production. Most of Prince William Sound, however, consists of steep rocky shorelines, where epibenthic 
and harpacticoid production are lowest but pink salmon fry are most abundant Such regional variation 
requires description of habitat-specific feeding habits to determine the importance of available prey resources 
for juvenile salmon. The distribution and relative abundance of the fish within habitats in bays and 
corridors must also be considered when interpreting dietary differences between locations. 
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Figure 1. 
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Figur_e 2. CPUE of juvenile pink salmon caught in beach seines in 
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Figure 3:- Origin of juvenile pink salmon captured at four 
non-oiled locations in Prince William Sound, April-June, 1989. 
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Streamside Incubation of Chum Salmon Eggs at 
Two Streams on Kuiu Island, Alaska 

Carol Ann Woody 

United States Forest Service 
Box 309, 

Petersburg, Alaska 99833 

Steve Reifenstuhl 

Northern SoutheaSt Regional Aquaculture Association 
1308 Sawmill Creek Rd., 

Sitka, Alaska 99835 

Remote stream.side incubators on two spring-fed streams on Kuiu Island, Alaska, exceeded 95% 
green egg to fry survival from 1986 to 1988. The sites were expanded in 1989 and 1990 to 
increase incubation capacity from 1.25 million to 6 million eggs. Green egg to fry survival 
decreased to 54% in 1989 due to improper installation of water intakes. Survival for 1990 appears 
to be greater than 90%. Full J,rodudio~ shoul.d be realized by 1993. 

Costs for this project, including restoration of 400 m2 o.f spawning habitat, are shared by four 
cooperators and are estimated ·to be $520,000 from 1985 to 2005. Benefits are expected to equal 
$2,325,000 assumfug: 90% green egg to fry survival; 1 % marine survival, and an average chum 

··weight of 3.6 kg at $4~00 U.S. per fish. The estimated benefit cost ratio is 4.4:1. 

: Declining salmon stocks .in the 1970's (ADFG 1985) prompted Alaskan fishermen, state and federal 
agencies to seek enhancement opportunities to reverse the trend. Two streams draining into the head of Port 
Camden (Figure 1) were selected by a regional enhancement planning team (Northern Southeast Regional 
Planning Team 1985) as having great potential for immediate development to help increase salmon stocks. 

The streams support chum salmon wildstocks that have sustained subsistence use through the 
millennium and a seine fishery during the 1900's. Annual natural production is qbout 20,000 adults. The 
goal of this enhancement project is to add 50,000 harvestable chum salmon to the Port Camden fishery, 
a four fold increase over the past 20 year period . 

. Plentiful upwelling ·ground water, constant water temperature ( 4 °C) and available broodstock in the Port 
Camden streams, indicated streamside incubation as a suitable means of enhancement. This technique was 
selected because of its success in. other areas of Alaska (Roberson and Holder 1987), low maintenance 
requirements, low capital investment, and the adaptability of the Camden sites. · · · 

In 1985, a pilot project was initiated using a plywood incubator and a simple water iritake. Inconclusive 
results led to modifications and further testing in 1986. Evaluation in 1987 demonstrated a 95% survival 
of green eggs to fry for the 1986 brood. 

Project expansion and site improvements were made in 1989 and 1990, iilcreasing the total incubation 
capacity to six million eggs. The number of eggs incubated at the sites will continue to increase until 1993, 
when ~aximum capacity will be realized. The lag time to realize full produ'Ction will allow time to evaluate 
the improvements. · · 

METHODS 

The project sites are locally named West Port Camden (WC) and East Port Camden (EC). The streams 
are list~ in Alaska Department of Fish and Game (ADF&G) records as #109-43-08 and #10943-06, · 
respectively. 
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EXPANSION OF wEST CAMDEN · 

Expansion of the WC site took place in 1989. A dam installed in 1986 was removed and replaced with 
a 30 m long by 2.5 m high sbeetpile dam. . Pilings were driven to a depth of 1 m by a backhoe. Seven 
aluminum and three experimental plywood egg boxes were installed. The egg boxes were plumbed to the 
water source by a series of PVC pipes (10 cm diameter) threaded on flanges to the downstream dam face 
(Figure 2). Water intake pipes (10 cm diameter) threaded to the upstream face, extend 5 m into the pond 
and are connected to a beadbox. The beadbox (91 cm x 38 cm x 15 cm) bas two perforated plates for 
filtration. 

Spawning habitat restoration was completed upstream from the egg box site. An abandoned beaver dam 
complex was removed and 400 m2 of spawning habitat was restored by loosening compacted gravel and 
installing log weirs to increase depths. Spawning habitat near the egg boxes was enhanced in two ways: 
(1) the stream was narrowed with a log and gravel berm to increase water velocity and, (2) cedar weirs were 
installed to increase stream depths and to retain the limited spawning gravel. 

EXPANSION OF EAST PORT CAMDEN 

Expansion at the EC site took place in 1990. Six aluminum egg boxes were installed in a 10 m x 15 
m area cleared of narunil vegetation. A water infiltration gallery was constructed upstream to trap a portion 
of the abundant ground water. Two trenches were dug (approximately 30 m x 2 m x 2 m and 15 m x 2 
m x 2 m) then lined with filter fabric, prior to placing four, (10 cm di~eter) perforated, flexible pipes in 
each. The eight flexible pipes were plumbed into a manifold, wrapped in the filter fabric and covered with 
cobble. The manifold feeds a 20 cm diameter pipeline. The pipeline delivers water to a downstream 
beadbox where it is distributed to each egg box by individual 5 cm diameter PVC pipes (Figure 3). 

A dam of spruce logs, covered with gravel and·lined with impermeable fabric, was constructed around 
the infiltration system to provide suitable bead. The bead differential is approximately 1 m. This supplies 
a maximum flow of 0.13 cfs which is valved to about 0.09 cfs for each incubation box:. 

The three plywood egg boxes, installed in 1987, are supplied with water from a separate beadbox and 
PVC pipe system originating in the impounded spring area. 

EGG BOXES 

The aluminum boxes used in this project are slightly different than those used in other remote facilities 
(Figure 4). They are durable and easy to clean. The outer box is approximately 2.4 m x 1.2 m x 0.6 m. 
The long sides of the box have a lip 10 cm from the bottom to bold cross pieces. The crosspieces bold the 
inner box (2.2 m x 1.0 m x 0.5 m) above the water inlet. The most important feature of the system is that 
the water outlet of the inner box is securely bolted and sealed to the outer box outlet This ensures that 
water entering the system ri1ay exit only by upwelling through the perforated aluminum bottom of the inner 
box, ensuring an even flow through the 4 cm x 4 cm polyethylene substrate and eggs. The water systems 
of EC and WC provide about 0.07 to 0.13 cfs to each egg box. 

RESULTS AND DISCUSSION 

The pilot project in 1985 demonstrated that streamside incubation could work at Port Camden, if better 
water systems could be developed. In 1986, small water impoundments of sandbags and plastic tarps were 
constructed at each site. Each impoundment supplie9 water (0.07 cfs) to a single plywood egg box via a 
perforated aluminum beadbox and PVC pipe. Survival of the 1986 brood was 99%; a 54% increase over 
the 1985 brood (Table 1). 

Development continued in an effort to realize an incubation goal of six million eggs. The number of 
incubators at each site, was increased to three in 1987, thereby increasing the potential egg incubation 
capacity to 900,000 (300,000 eggs/box). However, significant differences between the potential and actual 
loading of the egg boxes are evident from 1986 to 1990 for each site (Table 1). The difference in annual 

78 



) 

eggtake numbers of EC are attributable to the need to evaluate effects of site improvements and egg loading 
densities on survival. The WC differences are mainly due to human and water system problems: 

(1987) only 5;000 eggs were taken because the WC egg take crew missed the spawning run, 
(1989) although the incubation capacity had been expanded to three million by the addition of seven 
egg boxes, a leak in the sheetpile dam made a reduced eggtake logical. 

The eggs taken at WC in 1989 were lost, not due to the leak, but'due to a clogged water intake and 
air accumulation in a pipeline. A new headbox and realignment of the pipeline appears to have solved this 
problem however, the dam leak is still being evaluated. Except for the water system failure in 1989 at WC, 
overall. egg to fry survival bas been greater than 95% since 1986. Survival of the 1990 brood will be 
determined in the spring; as of January 1991 survival appears to be greater than 90%. 

. . 

Egg takes will increase annually until full production is reached in 1993. At a loading density of 
300,000 eggs per incubator, each site can incubate 3 million eggs. If we assume: 90% egg to fry survival 
and 1 % marine survival, then 6 million eggs could produce 54,000 adult chum salmon annually. 
Approximately 2,400 adult chum pairs will be needed to fill the egg boxes, which would leave about 49,200 
fish for harvest The 400 m2 of restored spawning habitat at WC could accommodate 235 adult pairs if we 
assume 1.7 m2 per pair. This area bas the potential to augment commercial harvest by about 1,000 fish 
assuming 2,500 eggs per female chum, 25% survival of egg to fry, 1 % marine survival, arid 470 fish for 
escapement. The project should produce approximately 50,000 harvestable adults at full production. 

Benefits to the commercial fishery from 1985 to 2005 equal about $2,325,000 (U.S.). Assumptions of 
this analysis include: an average chain weight of 3 .6 kg at $4.00 per fish, and a realized incubation capacity 
by 1993. . 

Costs for the two year pilot project are estimated at $5,000. Aluminum incubators, artificial substrate 
and plumbing costs were $2,000 per. "incubator. Plywood incubators cost about $500. Construction costs 
including engineering, materials, and equipment, were about $80,000. Capital costs over the 20-year period, 
1985 to 2005, are estimated at $120,000. Annual operating costs at $20,000 per year for 20 years equal 
$400,000; yielding a total project cost of $520;000. The benefit cost ratio is estim.ated at 4.4 to 1. 

Streamside incubation of chum salmon is a low cost and low maintenance alternative to hatchery 
production or fry plants. The following criteria are essential for successful development of a: remote site 
incubation facility: 

1. Spring or groundwater, low in dissolved gasses, possessing suitable temperatures for nolillal 
embryonic development, and absent of organic debris or itqn bacteria. 

2. Adequate water and head differential to provide adequate fi.ows during low flow periods. The 
ability to impound water to create the head differential is also essential. Once eggs are placed in the 
incubator and the tops are fastened, little work. is required until spring. Typically, the incubators are 
checked periodically during the winter to ascertain adequate water flows. To date, streamside 
incubation at Port Camde~ has proven to be a low cost, low maintenance enhancement project, which 

. can make a contribution to the existing user groups. 
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Table 1. Annual production summary of the Port Camderi chum egg incubation facility. 

- ' 

Brood Year 

' - ' 
1985 

1986 

1987 

1988 

1989 

1990 

1991 

1/ Not avai1able. 

_ 21 Projecte'!-

Port Camden Incubation Boxes 
(numbers in thousands) 

East Camden West Camden Total 

Eggs Taken Fry Released Eggs Taken Fry Released Eggs Taken Fry Released % Survival 
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Figure 2. Schematic diagram of the West Camden incubation f~cility. Perforated headboxes (HB) are 
connected to 10 cm J?VC lines ( .'. .... ) that deliver sptjng water to egg~xes (WC 1-10). 

81 



stream flow 

EC3 

Figure 3. Schematic diagram of the East Camden incubation facility. 
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Figure 4. Diagram of aluminum. incubation boxes installed at the Port Camden facility, not to scale. 
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A Ten Year Evaluation and Some Recent Applications 
of Improved Groundwater-fed Side Channels 

in British Columbia 

R. Gregory Bonnell, Matthew P. Foy and Mel D. Sheng 

Resource. Restoration Unit, Salmonid Enhancement Program 
Department of Fisheries and Oceans, Pacific Region 

Suite 400, 555 West Hastings Street 
Vancouver, British Columbia, Canada, V6B 5G3 

·Since 1978, more than 50 groundwater-fed side channels have been constructed in British 
Columbia totallmg over 100,000 m2 of new or improved salmonid spawning and rearing area. The 
technique involves grading down, deepening and widening intermittent or relic side channels to 
intercept subsurface flow. Data collected from 1978 to 1987 from 24 channels showed an annual 
production of chum salmon (Oncorhynchus keta) emergent juveniles of over 290 fry/m2 of 
developed spawning area, and a mean survival to emergent of over 16% of potential egg deposition. 
A conservative benefit/cost ratio calculated for the technique in' 1983 was 1. 7. Channels constructed 
using introduced graded spawning gravel (e.g., 0% fines < 9.5mm in diameter) did not result in 
greater survival or production of chum salmon fry than those constructed using existing native 
gravel (e.g., <15% fines < 1.6mm in diameter), although construction costs for graded gravel 
channels averaged $4.00(1988 Cdn)/m2 higher. Two recent applications of this technology have 
been: to aid in a successful transplant of pink salmon (0. gorbuscha) to help rehabilitate a 
depressed stock; and to increase chum salmon fry production using artificial in-channel incubation. 

The use of groundwater, seepage or spring fed areas for spawning by chum salmon (Oncorhynchus 
keta) and other salmonids is well known along the northwestern coast of North America. Adults returning 
to spawn in freshwater will home with precision to locations influenced by groundwater. These streams 
tend to more moderate temperature, discharge, and hydraulic characteristics than those fed by surface flow 
alone. 

Pioneered by biologist D.E. Marshall and engineer RJ. Finnig~ in the late 1970's, the bepartment of 
Fisheries an Oceans has constructed over 50 groundwater-fed side channels totalling over 100,000 m2 of 
new or improved habitat The technique has been used on 17 river system8 in British Columbia including 
the Thompson, Fraser, Cowicban, Squamish and Skeena Rivers (Figure 1). A conservative estimate of 
annual production from these projects is 400,000 adult chum salmon and 20,000 adult coho salmon ( 0 . 

. kisutch) together with smaller numbers of other salmon and trout species. 

This paper presents a summary of results of chum salmon investigations on 24 channels over a 10 year 
period following up those of Lister et al. (1980), and describes two recent applications using these channels 
to further improve productivity of pink and chum salmon stocks. The review of results for chum salmon 
was based on data collected by several DFO biologists and technicians and was orig~ally prepared for the 
Fisheries Bioengineering Symposium held in Portland, Oregon in 1988 (Bonnell 1991). 

METHODS 

PLANNING, DESIGN AND CONSTRUCTION 

Side channels are typically developed on medium to large rivers ~hose bench lands consist of porous 
gravel-type soils with an adequate supply of ground water near the surface (Marshall 1984). As many as 
15 factors may be considered in site selection, with candidates being rejected on biological, engineering or 
econo:qtlcal grounds (Table 1). Major consideration- is given to availability of spawner recruits or donor 
stock, presence of sufficient flow, and costs of excavation, flood protection and bank armouring. 

Details of design and cpnstruction have been described in a number of reports (Lister et al. 1980; 
Marshall 1984; Sheng et al. 1990, and Bonnell 1991). The channels are typically 300 to 1000 m long, 5 
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to 6 m wide, and 0.2 to 0.4 m deep with discharges of 0.09 to 0.14 m3/s (Sheng et al. 1990). Mean 
developed areas are approximately 2300 m2 for existing gravel channels (n = 12) and 2800 m2 for graded 
gravel channels (n = 7). · 

Table 1. Site selection factors for assessing the feasibility of groundwater-fed side channel projects for 
chum salmon in British Columbia. 

Factors 

Gradient 

Substrate 

Water source 

Water table 

Water quality 

Spawner recruitment 

Flood protection 

Existing Habitat 

Access 

Sources of siltation 

Availability of materials 

Approvals 

Maintenance 

Others 

Manageability 

Criteria 

Approximately .002 to .005 along center line of the channel 

Clear firm gravel soil base with low proportion of fines 

Unconfined aquifer with high percolation rate 

Near ground surface with minimal fluctuation 

General suitability --dissolved oxygen, temperature, total gas pressure, 
water chemistry suitable for incubation and preferably rearing 

Channel should be located within the upstream spawning limit 
pre~erably with sufficient population size to recruit channel initially 

Location to take advantage of existing protection such as high ground, 
dike works, road embankments. Low propensity for backwatering 
during floods 

Current value should .be low or nil 

For heavy machinery during construction and for assessment and 
maintenance later 

Low potential for siltation from road drainage, intermittent surface 
flow, or other sources 

Channels should be in close proximity to a rock quarry for bank 
armoring and natural or graded gravels for substrate if necessary 

Property ownership (rlghts of way), interagency approvals,. speci~ 
approvals (e.g., pipeline crossing) 

Low potential requirement; e.g., little or no beaver activity 

Public relations/interpretation, and local community involvement 

Potentially few enforcement problems; proposed adult production to 

be consistent with stock management plans 
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CHUM SALMON ASSESSMENT 

Adult populations and sex ratios were estimated by adjusted Petersen mark-recapture methods (Ricker 
1975), by total carcass counts (usually aided by a downstream fence to catch carcasses), of by frequent foot 
surveys. Fecundities were determined from channel-specific regressions on length or estimated from the 
literature (Beacham 1982). Egg retention was assumed to be zero. Potential egg deposition was calculated 
as the number of females spawners multiplied by the mean fecundity. 

Hydraulic redd sampling (McNeil 1964) was carried out to estimate embryo survival. Samples were 
taken in a non-random fashion evenly throughout the channels with minima of 100 eggs per sample and 25 
to 30 samples per channel. Mean embryo survival was estimated as the grand mean of the sample results 
for a given channel. Intragravel dissolved oxygen levels were estimated by drawing 200-500 mL samples 
from .15 m below the bed surface, transferred to a glass container and measured using an electronic oxygen 
meter and probe. 

Migrating fry were counted at downstream fences. Fry survival was estimated as the number of fry 
trapped divided by the potential egg deposition. The total developed spawning area of a channel was used 
to calculate spawner densities, egg deposition and fry production .. 

An independent bioengineering study team analyzed the economics of our channels in 1983 (D.B. Lister 
and Associates et al., DFO unpublished consultant report, 1983). The benefit/cost model used was the 
Satmonid Enhancement Program Production Model - a tool used by DFO planners to evaluate potential 
projects. Benefits were based on the incremental production from the channels - i.e., total production less 
that which would have occurred without the construction - and were discounted 10% per annum. Costs 
included capital and operating costs, administrative costs, contributions of donated time and/or materials at 
market value, fishing industry harvesting and processing costs, and industry labour. 

RESULTS AND DISCUSSION 

CHUM SALMON ASSESSMENT 

The spawning densities observed for all channels ranged from 0.03 to 2.8 females/m2 with a mean of 
0.8 females/m2 (SD = 0.6) and a mode of 0.6 females/m2. The overall mean proportion of females 
observed was 0.46 (SD = 0.11), with the mean proportion in native gravel channels (0.49) slightly but not 
significantly higher than that in graded gravel channels (0.44). The mean fecundity was 3240 eggs/female 
(SD = 242) with a range of 2936 to 3524 eggs/female. 

In 1982, mean embryo survival was significantly correlated with intragravel dissolved oxygen over 7 
developed and 3 undeveloped groundwater-fed side channels (r = 0.685, P<0.05) aJthough only 48% of the 
variability was accounted for (Figure 2). Embryo-survival of 50% in individual redds generally occurred 
at intragravel dissolved oxygen .concentrations between 35 and 6.0 mg/L. 

Using pooled data from native gravel channels, mean embryo survival was significantly correlated with 
subsequent fry survival (r = .777, P<0.025 n = 7) (Figure 3). No correlation was found using pooled data 
from graded gravel channels. Two individual channels showed significant correlations: Worth Creek (graded 
gravel) (r = .981, P<0.01, n = 5) and Mamquam (native gravel) (r = .953, P<0.05, n = 4) (Figure 4). These 
results suggest that it may be possible to predict fry survival (in a gross way) from hydraulic sampling thus 
reducing the assessment cost of downstream trapping. However, the correlations observed were based on 
few sample numbers. 

For all channels reviewed at all spawning densities, fry survival averaged 16.3% (Table 2). Mean 
survival for existing gravel channels was slightly but not significantly higher than that for graded gravel 
channels. At low spawning densities (<:0.5 females/m2), survival averaged 23% (ranging from 12 to 48%) 
(Figure 5). The 4 labelled data points in Figure 5 are not ·representative due to different design in one case, 
and an unusual state of deterioration in the other. Survival decreased with increasing spawning density to 
< 10% at over 1.3 females/m2 and to < 5% at 2.1 females/m2. At any point below a density of 0.7 
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Table 2. Chum salmon spawning density, potential egg deposition, survival and annual fry production in 
groundwater-fed side channels in British Columbia for brood years 1978-1987. 

Factor Channel Type 

Existing Graded Both 
Gravel Gravel 

Substrates Substrates 

Females Spawners/m2 

mean 0.8 0.8 0.8 
SD 0.6 0.6 0.6 
N 19 30 49 

Potential Egg Deposition/m2 

mean 2,558 2,355 2,431 
SD 1,934 1,640 1,759 
N 18 30 48 

Embryo.Survival (%) 
(from redd sampling) 

mean 72 52 62 
SD 21 24 25 
N 33 34 67 

Fry Survival (%) 
mean 17.4 15.8 16.3 
SD 11.4 12.5 12.2 
N . 9 21 30 

Annual Fry Production 
(fry/m2 

mean 337 280 297 
SD 167 177 176 
N 9 21 30 

females/m2 (67% of the data), survival was more than twice the 7.9 % average Lister ei al. (1980) found 
for natural streams and well above the 9 .0% suggested as a standard for natural production in British 
Columbia (Enhancement Opportunities Sub-Committee for the SEP, DFO unpublished document, 1983). 

For all channels reviewed, the annual production of emergent fry averaged 297 fry/m2, with the mean 
for existing gravel channels higher than that for graded gravel channels but not significantly so (Table 2). 
Fry production increased with spawning density to roughly 400 to 500 fry/m2 at about 0.8 to 1.0 females/m2 

(2600 to 3200 eggs/m2), and remained fairly high even at densities in excess of 2.5 females/m2 (8000 
eggs/m2) (Figl)fe 6). ';['hese results are comparable to the production observed at Sashin·Creek for pink and 
chum salmon (McNeil 1969) - a peak of 500 fry/m2 at about 1.0 females/m2 (2000 to 3000 eggs/m2) -
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although production from Sashin Creek declined rapidly to about 100 fry/m2 at 2.2 females/m2 (5500 
eggs/m2), whereas production [fom groundwater channels appears to remain higher. West and Mason 
(1987) advocated an egg deposition ceiling of 3000 to 4000 eggs/m2 for. sockeye (or about 1.0 to 1.3 
females/m2) wh~re production reached maximum levels. For chum salmon in groundwater-fed side 
channels, 82% of the results were below this ceiling and corresponded to a mean fry survival of 28.4% and 
a mean annual fry production of 271 fry/m2• 

The assumptions of the SEP Production Model greatly reduce the likelihood of a project achieving a 
benefit/cost ratio higher 3.0, and ensure excellent benefits from projects with ratios greater than 1.0. The 
results of the 1983 analysis (D.B. pster and Associates et al., DFO unpublished consultant report, 1983) 
showed an overall benefit/cost ratio of 1.7 (ranging from 0.34 to 2.42). 

Since that analysis, chum fry and coho yearling production have exceeded its assumptions and the cost 
has decreased. The overall mean development cost of existing gravel channels was $24.56/m2 (in 1987 
Canadian dollars), compared with the cost for graded gravel channels of $28.99/m2. The mean 
developmental cost for both types built before 1983 was $25.90/m2 compared with $24.30/m2 for those built 
since 1983 (all in 1987 Canadian dollars). · 

INDIAN RIVER - MAMQUAM CHANNEL PINK TRANSPLANTS 

In the 1985 brood year approximately 1.3 million eyed pink salmon eggs were brought to Mamquam 
Channel, a enhanced groundwater side channel of the Mamquam River, for final incubation. The eyed eggs 
were spread over the gravel surface (4000 eggs/square meter) and covered with sheets of black plastic to 
exclude light and predators. 

During the spring of 1986 approximately 750000 pink fry were captured in a downstream trap operating 
at the lower end of Mamquam channel. Predation, primarily by coho smolts , is thought to be the major 
mortality after the eyed stage for the pink eggs planted in the channel (5500 coho smolts were captured in 
the trap that year). 

In· the 1987 and 1989 brood years approximately 1.39 million and 1.0 million eyed pink salmon eggs 
were planted in the top end of Mamquam Channel. This resulted in 1.33 million and 0.6 million migrating 
fry respectively. The large difference in survival between the two years was attributed to the numbers of 
coho smolts in the channel in the respective years. For the 1987 brood only 29 coho smolts were captured 
migrating from the channel while in the 1989 brood year 7200 coho smolts migrated from Mamquam 
channel. 

MCNAB CREEK CHANNEL CASSETTE INCUBATION -CHEAKAMUS RIVER CHUM 
TRANSPLANT 

McNab Creek spawning channel is a groundwater channel designed for chum salmon. The channel is 
located 100 meters west of the mouth of McNab creek in Howe Sound and was built in 1986. The channel 
is 230 meters long, 4.5 meters wide and empties directly into the estuary. 

The elevation of the channel bed is level with a 10.5 foot tide. A 12 foot tide is level with the 
operating water level in the channel. 

The water temperature and oxygen level in the channel are stable and average 7SC and 11 ppm, 
respectively. Groundwater discharge is also stable averaging 4 cfs. 

Low profile cassette incubators have been operated in the channel since 1987. Each incubator holds 
24 cassettes and has a total capacity of approximately 240-290 thousand fry. The incubator shells are made 
out of 118 inch sheet aluminum and are 18 inches high, 4 feet 4 112 inches wide and 6 feet long. The 
cassettes slide into horizontal guides that are six rows high and ar~ spaced 1 inch apart (see Figure 7 and 
8). The total water depth required to operate the incubators is 13 inches. · 
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The incubators are situated in the top third of the channel above the influence of saltwater intrusion. 
The incubators sit flat on the channel bed and are anchored down with rocks. Water velocity through the 
cassettes is normally 3 to 5 inches per second at low tide. Water velocities change intermittently during 
rising or receding high tides ranging between .5 to 12 inches per second. Velocities through the incubators 
are set by placing rock dams either on both sides or in front of the incubators. 

Table 3. Chum fry production and survival at McNab Channel using channel cassette incubators. 

Brood Year No. of Eyed No. of Fry Percent Sur. 
Eggs Planted Released 

1987 100,000 91,200 91.20 
1988 551,052 545,652 99.00 
1989 530,706 526,106 99.10 
1990 736760 735240 99.80 

Cheakamus R eyed chum eggs from Tenderfoot Hatchery are planted in the cassettes late January .. The 
fry are released early April. No maintenance has been required in the four years of operation and survivals 
has been above 95%. In the first year of operation, January 1988, a prototype Instream cassette incubator 
was operated with approximately 100,000 Cheakamus chum eggs. Survival in 8 of the cassettes was 99.5% 
and zero in two others because of DE-watering during low tide. In the following years, production has 
increased from 525 to 735 thousand (see Table 3). The first major returns are expect in November 1992. 
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Figure 1. Map of British Columbia showing five of the inajor watersheds in which gro~p~water~fed side 
channels have been· constructed for . 
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Use of Remote Site Incubators to Enhance 
Pink and Chum Salmon in Hood Canal Streams 

Kent R. Dimmitt and Jerry Manuel 

Salmon Culture Division 
Washington Department of Fisheries 
115 General Administration Building 

Olympia, Washington 98504 

To enhance populations of chum salmon (Oncorhynchus keta) in Hood Canal tributaries, the 
Washington Department of Fisheries (WDF) developed a number of remote incubation sites. The 
first streamside incubators were boxes made of marine plywood and filled with gravel. By 1984 
most of these were deteriorating and were completely replaced by a new system, the Remote Site 
Incubator (RSI). The RSI is a lightweight polyethylene unit, portable, and easy to clean and 
disinfect. A cost analysis was done using the Fulton Creek site which uses 8 RSI units to incubate 
1 million chum. Amortized over 10 years the total cost for the site was $1090.00 per year. At an 
average 1990 value of $6.00 per fish, the site would have to contribute 182 fish per year to the 
commercial fishery to achieve a 1.0 benefit:cost ratio. Using an estimated 95% egg to fry survival 
rate during incubation, fry to adult survivals of 0.0i9% would 'produce the necessary fish. Even 
at the lowest reported survivals (0.75%), 7125 fish would be produced giving a benefit:cost ratio 
of 39.22. 

Hood Canal (Figure 1), in Washington state, has a large run of chum salmon (Oncorhynchus keta). 
Actual run sizes have ranged from 123,300 to 801,162 over a ten year period. This stock is targeted by 
Indian and non-Indian commercial fishers. Because of reduced natural escapement. the Washington 
Department of Fisheries (WDF) developed a number of remote incubation sites to enhance tributary 
spawning populations. -

In the late 1970's most streamside incubators were boxes constructed of marine plywood and filled with 
gravel. These incubators were easy to construct and inexpensive, however, they were costly to install on 
site. Because they were heavy, roads had to be built for heavy installation equipment and incubators were 
unsuitable for moving from one location to another. 

By 1984 most of the units were deteriorating. To continue these programs new incubators were 
required. In 1985 a complete new system, the Remote Site Incubator (RSI), was designed and built by 
WDF personnel. The polyethylene unit is lightweight. portable, and easy to clean and disinfect (Manuel 
1989). Since its inception, the RSI program has expanded to 72 units located on streams in Hood Canal 
and Puget Sound . 

./ 

METHODS AND MATERIALS 

The incubator is an upwell flow-through system using black, 6.4 mm thick, polyethylene 55 gallon 
barrels with lids. The dimensions of the barrel are 55.9 cm (OD) with a depth of 91 cm. Inside the unit 
is a water diffuser, filter screen, plastic sub-strate (bio-saddles), up to five egg screens and a top screen. 
The unit is designed to operate with a clarifier to clean and stabilize the water pressure of the incubator, 
and a water collector that will remove objects larger than 6 mm. A 15.2 cm head between the clarifier and 
incubator is required to provide the 38-45 liter per minute flow rate required to incubate 125,000 alevins 
(25,000 eggs/tray). 

For purposes of illustration, we have chosen the Fulton Creek site. This creek is 9 kilometers long, 
on the west side of Hood Canal, and originates .near the 1,000 meter level of the Olympic Mountains. The 
creek is accessible to salmon upstream to a falls at kilometer 1.4 where the incubation site is located. One 
million chum salmon are incubated at this site using spring water at a constant temperature of 9° C. Eggs 
for the site are spawned at Hoodsport hatchery, and incubated to the eyed stage (approximately 33 days) 
at the George Adams hatchery (see Figure 1). After being shocked and picked, eggs are transported to the 
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site and placed in the incubators. Once fry migration is complete, the barrels are disinfected and stored until 
the following year. The barrels have an expected life of 25 years. 

DISCUSSION 

Costs of the program can be broken down into two categories: 1) set up and construction of the barrels 
and the incubation site and, 2) costs that are accrued each year in spawning and incubating the eggs 
(includes disease treatments) at the hatcheries, transportation to the site, and maintenance and cleanup during 
the operation of the site. Total construction cost of the barrels and the site was estimated at $5,268.00 
(Table 1). Costs of the second category items are estimated to be $563.00 per year (Table 2). 

We could not calculate a benefitcost ratio because survivals of these fish have not been determined. 
Therefore, as an alternative we looked at the contribution this program needs to make to the fishery in order 
to break even. We amortized the costs of initial set up over 10 years (2 brood cycles) and found the cost 
to be approximately $527.00 per year. Adding the other costs from category 2 ($563.00) the total yearly 
cost is $1090.00. In 1990 the average size and price of chum salmon caught was 10 pounds and 60 cents 
per pound, respectively. To achieve a benefit:cost of 1.0, the site would have to contriJ:mte approximately 
182 fish t6 the commercial fishery. The egg to fry survival rate in the incubators is estimated to be around 
95%. With 950,000 fry migrating to sea, a survival rate of .019% would produce the necessary fish. 
Survival rates of naturally produced chum vary, and range from .75% to 2.5% (Bakkala 1970). Even at the 
lowest reported survivals, 7,125 adults would be produced giving a benefitcost ratio of 39.22. 

The barrel incubator (RSI) is durable, lightweight and can be installed or removed with ease. It is easy 
to construct and provides for volitional release of fry that appear to be high quality. These advantages make 
the RSI a usable product especially for programs like our Volunteer Resou_rce Program (Kolb et al., 
Unpubl.) or cooperatives. Benefitcost analysis showed that even with very low survival rates the system 
can be cost effective. Further evaluation of production from this site and others should be conducted to 
better refine the costs of this type of enhancement. 
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Figure 1. Map of Hood Canal, Washington, showing location of remote site incubator (RSI) and support hatcheries. 



Statistical Power Analysis of a Large-Scale Fishing Experiment 
Designed to Test the Gear Selectivity Hypothesis 

on British Columbia Pink Salmon (Oncorhynchus gorbuscha) 

Murdoch K. McAllister 1 and Randall M. Peterman 

Natural Resource Management Program 
Simon Fraser University, Burnaby, B.C., VSA 1S6 Canada 

1 School of Fisheries, WH-10, University of Washington, 
Seattle, Washington, 98195 U.S.A. 

Since the 1950's, several stocks of British Columbia pink salmon (Oncorhynchus gorbuscha) 
have shown as much as a 34% decrease in mean adult body size, causing significant reduction in 
potential biomass yields of commercial harvests. Previous research suggests that this trend is due 
to size-selective harvesting of large fish, but recent work presents an alternative: changes in 
oceanographic conditions. Corrective action by management agencies will require that the true 
causal mechanism be identified. Therefore, we examined several alternative designs of large-scale 
fishing experiments that aim to test whether size-selective fishing is the cause of decreased body 
size (i.e., the gear selectivity hypothesis). In order for this to be the cause of ongoing changes in 
body size, heritability (/1-) of growth rate must be greater than zero, given the historical selection 
differentials. Empirically-based Monte Carlo simulation was used to compute the statistical power 
(i.e., probability of correctly detecting a value of 71- significantly greater than zero) of several 
experimental designs. Block designs of five to ten years and three to six spatial replicates could 
yield high statistical power in tests for the presence of a significant 71-. For example,_ if h2 were 
0.22, selection differential were 0.25 kg, and there were four spatial replicates, a seven-year 
experiment would give power= 0.87. We conclude that some experimental designs have good 
potential to test the possible effects of si.Ze-selective fishing on mean adult size of B.C._pink salmon. 

Since the 1950' s, several stocks of adult pink salmon in British Columbia have shown up to a 34% 
decrease in mean body weight (Ricker et al. 1978) (Figure 1). This decrease is not attributable to a shift 
in mean age at maturity because virtually all pink salmon in British Columbia (B.C.) mature at age two 
years. Almost all B.C. stocks showed a strong decreasing trend between 1959 and 1975 (Ricker et al. 
1978). However, since 1975 some of these stocks have shown increases in mean adult weight (Healey 
1986), while others have continued to decrease. This has created a controversy about the causes of 
interannual variation in mean body size of pink salmon. Ricker et al. (1978) hypothesized that the 
decreasing trends in body size of B.C. pink salmon resulted from removal of larger-than-average-size fish 
by fishing gear, combined with heritability of growth rate Ch2). However, the trend in mean adult body size 
could also have resul~d from changes in oceanographic conditions (Healey 1986), increased intra- or 
inter-specific competition (Healey 1986), or selective depletion of stocks with larger mean body size 
(inter-stock selection) (Nelson and Soule 1987). 

Current data do not enable us to eliminate any of the above hypotheses (McAllister, Lockhart, and 
Peterman, unpublished data) because any estimates of heritability of growth rate from historical catch data 
(e.g., Ricker et al. 1978) are possibly confounded with selective depletion of larger stocks, or oceanographic 
and density-dependent effects. Interpretations of past data are further constrained by a lack of spatial 
controls (no nearby pink salmon stocks fished with non-selective gear such as purse seines) to compare with 
selectively fished stocks. 

Decreased fish body size is a problem for fisheries managers for several reasons. First, decreased mean 
adult size can result directly in decreased catch biomass (e.g., a 34% decrease in mean adult body weight 
corresponds to a potential 34% decrease in catch biomass if the number of fish caught remains the same). 
Second, decreases in mean adult body size may also affect reproductive success. A growing body of 
evidence suggests that large female body size confers substantial reproductive advantages. Larger female 
pink salmon carry more and larger eggs (Foerster and Pritchard 1941; Bilton 1973) and may spawn earlier, 
resulting in increased freshwater survival of offspring (Skud 1973). Furthermore, smaller pink salmon, may 
be less able to swim long distances or up steep gradients to spawning grounds (Ricker 1989). Thus, there 
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may be a reproductive disadvantage for smaller-than-average-size adults, especially females, and reduced 
mean adult weight could reduce stock productivity (Foerster and Pritchard, 1941). 

In this paper, we used statistical power analysis (Dixon and Massey 1983; Toft and Shea 1983; Cohen 
1988; Peterman 1990) to evaluate the potential of alternative designs of a proposed large-scale fishing 
experiment to test the gear selectivity hypothesis on B.C. pink salmon. See McAllister et al. (1991) for 
further details on the evaluation of the expected statistical performance of the experiment and McAllister 
and Peterman (1991) for an economic evaluation of the proposed experiment that uses decision analysis and 
expected biomass yields as the measure of perfomiance. 

METHODS 

STATISTICAL MODEL 

- . 
The following model represents the various components of interannual variation in mean adult weight 

of pink salmon that may be present in a size-selective fishery: 

where W;,t is the mean adult body weight just prior to fishing of the filial generation of stock i in year t of 
the experiment. Each stock i consists of either a single even-year or odd-year breeding population c;if pink 
salmon and is caught in the same terminal fishery (i.e., a fishery located adjacent to the mouth of a 
spawning stream). ~.t-2 is the mean adult body weight just prior to fishing of the parental generation of 
stock i in year t-2 of the experiment. B0 is the regression constant, which represents the mean 
intergenerational change in adult body weight. This could be induced by environmental effects, if a 
time-trend in environmental effects exists, common to all stocks~ T, is the difference in environmental 
effects between year t and year t-2 common to all stocks in the experiment T, repre~ents a common trend 
in a given two-year span, whereas B0 represents a common constant trend over the entire time span of the 
experiment. Di,t-2 is the selection differential from size-selective fishing for stock i in year t-2. This equals 
the mean body weight of the parental generation just after selective fishing, minus that just prior to selective 
fishing (Falconer 1989). h? is ihe mean heritability of growth rate averaged over time and across stocks 
i. E;,t is the residual effect, unique to stock i, of the difference in adult body weight between year t and 
year t-2. 

EXPERIMENTAL DESIGN 
!:; 'j• 

Experimental designs were developed to test the null hypothesis that h? of growth rate in model (1) was 
equal to zero at alpha=0.05 when the hypothesized true value was between 0.18 and 0.25 (see below). 
Terminal fisheries were chosen as spatial replicates in order to reduce interception of fish migrating to 
nonlocal fisheries. In practice, spatial replicates should contain single breeding populations of pink salmon 
to ensure intra-stock as opposed to inter-stock selection (Nelson and Soule 1987). Some stocks would be 
selectively fished by gill net gear. Others ·would be nonselectively fished by seine gear. Selection 
differential would be measured in each area and year by sampling mean adult body size with seine nets just 
prior to and just after fishing. In each spatial replicate, selective gear would be alternated yearly with 
nonselective gear to control for local effects (Hurlbert 1984). Logistical details of this design and its 
feasibility are discussed further in McAllister (1990). The simplest form of a controlled, replicated design 
(i.e., a block design) was evaluated (Figure 2) in temis of statistical power. 

POWER ANALYSIS BY EMPIRICALLY-BASED MONTE CARLO SIMULATION 

In order to compute power, possible sets of results in each alternative experimental design were 
simulated 500 times with random variation. Most of the parameters and variances used to simulate mean 
adult body weight were estimated beforehand from regressions of historical catch data using model (1) 
above. In each individual simulation of an experiment, we tested the null hypothesis that h? is equal to zero 
and computed P, the probability that the estimate for h? could have resulted from chance alone from 
populations with a true mean h? =0. Power was computed as ·the proportion of times out of all the 
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simulations for a given design that the computed p value was less than alpha (i.e., 0.05); this was because 
the null hypothesis (i.e., !? is equal to 0) was false in all simulated cases. See Figure 3 for a flowchart of 
the Monte Carlo procedure. 

Estimation of Parameters 

Parameters include (1) the initial mean adult body weight of each stock in the experiment, (2) the 
variance in the random effects on adult weight unique to each stock in each generation, (3) the variance in 
random effects common to all stocks in each generation, (4) heritability of growth rate, (5) the mean 
selection differential, and (6) the variance of interannual variation in selection differential. 

1. Initial weights -- The source of estimates of the initial weights simulated in each year is as follows. 
Mean adult body weights of pink salmon in i987 and 1988 were for statistical areas 2W, 3, 4, 5, 6, 7, and 
8 for even years and the same excluding 2W for odd years (Figure 4). Mean weights were calculated by 
dividing the total weight of the seine catch by the total number of pink salmon caught by seine in each of 
the statistical areas (see McAllister (1990) for details on procedure). Data were obtained from M. 
Henderson (Canada Department of Fisheries and Oceans (D.F.0.), Vancouver, British Columbia). 

2. Heritability of Growth Rate -- !? was estimated using historical data and statistical model (1) 
(McAllister 1990). Historical catch data (by gear type in pieces and weight) and escapement data for 
statistical areas 4,5,6,7, and 8 for years 1965-1988 (Figure 4) (data provided by M. Henderson, D.F.O., 
Vancouver, and T. Beacham, D.F.O., Nanaimo, respectively) were used to estimate Wi,v Wi,t-2, and Di,t_2 
in model (1). Regressions using data from statistical areas 4, 5, and 6 yielded an estimate of If of 0.25; 
areas 6 and 7, 0.18; and areas 7 and 8, 0.22. These values of!? were used in the sensitivity analysis. 

Our estimates of h2 closely match Ricker et al.'s (1978) minimum estimates and suggest minimum 
values for !? that could account for the decreasing trend in mean adult size in some B.C. pirik salmon 
stocks. 

3. Stochastic Parameters -- We simulated two forms of random variation in mean adult weight. These 
were (1) effects common to all stocks in a given year (tp where Tt=tt - tt_2), and (2) effects unique to each 
stock in a given year (called residual effects here) (ei,v where Ei.t=ei,t- ei,t_2). Variances in Ei,t and Tt were 
estimated from regressions that used the same historical catch data used to estimate h2 and model (1). 
Analysis of the residuals of Ei,t and Tt from these regressions indicated that it is reasonable to assume that 
the residuals are normally distributed and not autocorrelated (McAllister 1990). However, we needed 
estimates of the variance in ei,t and tt for the simulations. 

In order to estimate the variance in tt and ei v we divided the estimates of variance for Ei t and Tt each 
by two. This step follows from (1) the principl~ of additivity of variances (e.g., var(Tt)=varci,) + var(tt_2)) 

and (2) the expectatioll'that var(tt)=var(tt_2) and var(ei,t)=var(ei,t_2). Thus, for example, var(Tt)=l,var(tt) and 
var(t,)=var(Tt)/2. 

We defined the baseline estimates of variance in residual effects as the minimum estimates yielded from 
regressions that used pairs of adjacent statistical areas (see McAllister (1990) for details). Terminal fisheries 
in the pair that yielded the smallest estimate of residual variance could potentially yield the highest power 
test and therefore could be the best candidates for experimentation. Data from areas 7 and 8 yielded the 
lowest SD in ei,r This was 0.046 kg. SD in tt was estimated to be 0.265 kg. High and low values of SD 
in ei,t were 0.059 (using data from areas 6,7, and 8) and 0.033 kg (obtained by dividing the residual 
variance from data from areas 7 and 8 by two and taking the square root), respectively. 

4. Selection Differential -- We used a mean selection differential (over stocks and years) of 0.25 kg 
(from McAllister 1990) with a SD=0.057 kg in the Monte Carlo simulations. 
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Monte Carlo Procedure 

Figure 3 summarizes the Monte Carlo procedure. Simulations were initiated by choosing a mean adult 
weight randomly without replacement from the historically observed set of six odd-year or seven even-year 
adult weights, depending on whether the initial year for the replicate was odd or even-numbered (see section 
on initial weights). A chance variation term (ei,t) was randomly chosen from a normal distribution with 
baseline SD=0.046 kg and mean =0. An effect common to all stocks for this generation Ctr) was chosen 
randomly from a normal distribution with SD=0.265 kg and mean =0,. and added to the adult weight to 
obtain the weight for stock i in that initial year, Wu. ·These SDs were estimated from historical data, as 
described above. · 

If the stock was selectively fished, the ~election differential (mean plus random effect for each stock 
in each year) was multiplied by the value for heritability to obtain the response (R;,t+2) to selection (i.e., 
Ri,t+2=if Di) (Falconer 1989). 

In the next simulated generation, the common time effects and stock-specific effects on weight were 
again drawn randomly from these respective distributions. These values and, if the stock was selectively 
fished, Ri,P were added to the adult weight of the previous generation (W;,1_2), less the common time effect 
(t1_2) and the chance variation effect (ei,t-2). The difference in adult weight between one generation and the 
next was estimated by Wi,t -Wi,t-2• 

The above procedure was repeated for the duration of the experiment for each spatial replicate. Next, 
the simulated data were .regressed using model (1). Using a 1-tailed Student's t-test, we tested the null 
hypothesis that heritability is equal to zero at alpha=0.05 when the true simulated value was 0.18, 0.22, or 
0.25. 

Using the above procedure, we simulated individual experiments 500 times. Power was estimated as 
the number of times in which the null hypothesis was rejected, divided. by 500. Baseline estimates of 
heritability (0.22), mean selection differential (0.25 kg), and residual variance in mean adult weight per 
stock (SD=0.046 kg) were used in all simulations except where stated otherwise. 

RESULTS 

We found several different designs that could be informative. In such designs, managers would have 
a >0.8 probability of correctly rejecting the.null hypothesis that>? is equal to zero when it was either 0.18, 
0.22 or 0.25 in nature and alpha was 0.05. .. " 

BASELINE CASE AND SENSITIVITY ANALYSES 

Baseline results are for a IO-year experimental design with four spatial replicates. Using baseline 
estimates of parameters, statistical power was 0.97,J.e., a 0.97 probability of correctly rejecting the H

0 
when 

J? = 0.22 and D = 0.25 kg, at alpha =0.05 (Figure 5). 

Unless stated otherwise, all sensitivity analyses .below used baseline parameter values. 

In the first sensitivity analysis, we varied the number of spatial replicates and experimental duration. 
Power exceeded 0.8 in five to ten years, depending on the number of spatial replicates (Figure 5). With 
only three spatial replicates it would take ten years for power to exceed 0.8; with six spatial replicates it 
would take five years. 

In the second sensitivity analysis, we tested the influence of size of the simulated true heritability of 
growth rate on statistical power (Figure . 6). The baseline number of spatial replicates in this and all· 
subsequent analyses was four. Power exceeded 0.8 in six years at the high estimate of heritability (0.25) 
and in ten years for the low estimate (0.18). This compares with seven years for the baseline case where 
if=0.22. 
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In the third sensitivity analysis, we evaluated the effect on power of different values for mean selection 
differential (i.e., the difference in mean adult body weight of a single breeding population just after selective 
fishing minus that just before selective fishing). Power exceeded 0.8 in four to ten years, provided that 
mean selection differential was at least 0.20 kg (Figure 7). A mean selection differential of 0.20 kg would 
require ten years for power to exceed 0.8; one of 0.35 kg would require only four years. However, if mean 
selection differential was 0.15 kg, it would take 16 yr for power to exceed 0.8. 

Fourth, we evaluated the effect on power of high and low variability in the year-to-year deviation in 
weight unique to each stock of pink salmon, ei,r Power exceeded 0.8 in five years for the minimum amount 
of variation (SD=0.033 kg) and in ten years for the maximum amount (SD=0.059 kg, Figure 8). Power was 
insensitive to different values for variance in tv ·the variance in weight common to all stocks, because the 
corresponding effects, Tv were estimated and removed from the residual variance in each regression. 

DISCUSSION 

Our statistical power results suggest that a large-scale fishing experiment on British Columbia pink 
salmon is a promising method to determine whether growth rate is sufficiently heritable to support the 
conclusion that size-selective fishing is an important source of change in adult body weight. Sensitivity 
analyses show that under most conditions ·examined five to ten year experimental designs would yield power 
greater than 0.8 to detect a significant Jf. An experiment with only four spatial replicates and a mean 
selection differential of 0.25 kg would yield power of 0.87 in seven years, if Jf=0.22 (an estimate of h2 with 
current data). Thus, if no significant estimate of Jf was obtained after seven years of experimentation, 
managers could accept the null hypothesis with only a 0.13 chance of a type II error (i.e., incorrectly 
accepting the null hypothesis that Jf is= 0 when it is actually 0.22). At ten years, ~ (i.e., 1-power) would 
be 0.03 for the same number of spatial replicates. Figure 5 shows how power (1- ~) changes with the 
number of spatial areas and duration. Managers could thus choose a design that minimized the chance of 
a type II error to their satisfaction in an acceptable time frame. Then regardless of the outcome of the 
experiment, they would be confident in their conclusion about th~ relative importance of size-selective 
fishing. That conclusion would be relevant to design of remedial measures as well as interpretation of past 
decreases in body weight. 

FACTORS AFFECTING STATISTICAL POWER 

Several issues need to be addressed in order to make our proposed experimental design work in the 
field. Our sensitivity analysis indicates that mean selection differential (D) can strongly influence statistical 
power. For example, only values of D of 0.20 kg and greater yielded power >0.8 in less than ten years 
when there were four spatial replicates (Figure 7). 

Reversing size selectivity of gill nets has potential short-term ramifications for economic value of the 
catch. Nets selective for smaller-than-average-size fish might selectively catch female pink salmon which 
tend to have smaller girths than males (Todd and Larkin 1971). Thereby, larger abundance of spawners 
and reduced allowable catches would be required to compensate for the higher gear selectivity for females. 
Furthermore, regulations that could increase the selectivity of nets for smaller fish would also make the gear 
less efficient so that it caught fewer fish per unit effort (Riedel 1963) and fewer fish of larger-sized, more 
valuable.species such as sockeye salmon (0. nerka) (Wilson and Pearse 1984; Wilson and Andrews 1987). 
However, nets could be made more efficient and selective for smaller-than-average-size fish by requiring 
the use of monofilament nets with smaller mesh sizes than nets currently used. 

Straying of adult pink salmon from natal streams, especially between areas with contrasting treaunents, 
could also decrease power. Straying between areas with contrasting treaunents both before and after 
selective fishing could produce a negative bias in the measured response to selection (i.e., Wu-Wi,t-2). For 
example, in samples of Wi.t in selectively fished areas, smaller-sized strays from nonselectively fished areas 
would replace larger-sized strays from selectively fished areas. Biases in measurements of variables could 
result in a biased estimate of It, increased residual variance, and reduced power.· Thus, it is important that 
managers choose replicates that reduce the effects of straying on the statistical performance of the 
experiment. 
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Our estimates of residual variance could be larger than those obtained in an experiment if.it took place 
among stocks in one, rather than two statistical areas (from which baseline variances were estimated). 
Residual variance tends to increase as the geographic range among spatial replicates increases because as 
the range increases, fewer spatial and temporal locations are shared by stocks (Walters et al. 1988, 1989) .. 
For instance, variance in ei,t was larger when model (1) was regressed with data from statistical areas 6, 
7, and 8 (SD=0.059 kg), than with just areas 7 and 8 (SD=0.046 kg) (McAllister 1990). 

COMPARISONS WITH OTHER EXPERil\'.IENTAL HARVEST EXAlVIPLES 

Relative to most other analyses of proposed large-scale· fishing experiments, the results from this 
analysis suggest a shorter duration experiment can achieve high power. For example, Allen and Kirkwood 
(1976) reported that with a 20% coefficie~t of variation (CV) in an index of abundance. of a whale 
population, it would take 13 years for managers to be able to detect with 0.88 probability a 5% decrease 
in abu11dance per year. Furthermore, after 13 years, abundance would be reduced to 54% of the original 
amount. The authors concluded that such a result would be unacceptable. F01: an experiment currently 
under way that tests hypotheses on the effects of different fishing techni.ques on demersal fish production, 
Sainsbury (1988) reported that learning periods longer than 12 years would enable good model 
discrimination. Walters and Collie (1989) reported the results of an evaluation of a proposed experiment 
that is designed to determine the exploitable stock size of B.C. Pacific ocean perch, which do not recruit 
until ages 8-12. It would take 20 to 30 years to detect the effects of unrestrained fishing on recruitment 
if no stock collapse occurred. 

Generally, the uniform, two-year age at maturity, large number of separate breeding populations of pink 
salmon on the B.C. coast, and semelparous and anadramous characteristics of pink salmon facilitate 
temporal and spatial replication and experimental .Ill-anipulation. Thus the current proposed experiment on 
B.C. pink salmon offers more opportunity for learning than is typical for large-scale fishing experiments. 

There are a number of practical difficulties for implementation such as finding at least three suitable 
spatial replicates and developing appropriate gear regulations for them. The practicality of a large-scale 
experiment can be .further assessed by a more detailed study of the terminal fisheries for pink salmon stocks 
and by small-scale experiments with different types of gill nets to assess their size-selectivity for 
smaller-than-average-size pink salmon. The results of our sensitivity analyses should provide managers with 
general guidelines for developing the proposed experimental harvest strategy.· 
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Figure 1. Mean adult weight of pink salmon in even and odd-numbered years in Statistical Area 7 for 
years 1953-1988. Values shown for i2, N, and Pare the same for each stock. 
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Figure 2. Diagram of a block experimental design. This design bas a duration of ten years and four spatial 
areas containing both even and odd-number year stocks of pink salmon. Selective and nonselective fishing 
are initiated in years one and two. 
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Figure 3. Flow chart showing the basic"steps in the empirically-based Monte Carlo procedure that was 
. . 

employed to estimate the statistical power of alternative experimental designs in tests for heritability of 
growth rate. 
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Figure.5. Statistical power versus time for block designs with 3, 4, 5, and 6 spatial replicates. Baseline 
param~ier values were: heritability of growth rate=0.22, mean seleetion differential=0.25 kg and variation 
in residual effects (SD=0.046 kg). 
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Figure 7 .. Statistical power vs time for blbck design with mean selection differential=0.15, 0.20, 0:25, 0.30 
and 0.35 kg. Baseline parameter values were: number of spatial replicates=4, heritability of growth rate=0.22 
and variation in residual effects (SD=0.046 kg). 
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growth rate--0.22, and mean selection differential=0.25 kg. 
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An Empirical Orthogonal Functions Analysis of Sea Surface 
Temperature Anomalies in the North Pacific Ocean and Cross 

CorrelationS with Pink Salmon ( Onc'orhynchus gorbuscha) 
Returns to Southern Alaska· 
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An empirical orthogonal functions analysis of sea surface temperature anomalies (SST) in the 
North Pacific Ocean (1947-1987) resulted in four significant (p<.05) empirical functions desi;:ribing 
58% of the total field variance; The first two significant empirical functions (Tl & T2) describe 
most of the variability in SST anomalies in the Gulf of Alaska. Spectral analyses of the amplitude 
time series (ATS) from .these empirical functions indicated significant (p<.05) cyclicity at periods 
of 19 and 44 .months in Tl and 26 and 66 months in T2. Multiple comparison of variances and 
dependent means .tests indicated that the biennial oscillation in T2 was phase-locked to the annual 
cycle. This results in significantly greater (p<.001) SST during summer in odd- compared with 
even-numbered years .. 

An empirical orthogonal functions analysis of pink salmon returns (brood years 1960-1986) 
to southeast Alaska, Prince William Sound, and Kodiak resulted in significant (p<.05) empirical 
functions accounting for 67% and 60% of the variability in the. odd- and even-broodline returns, 
respectively. The ATS from the empirical functions describing pink salmon returns were 
cross-correlated with the ATS from Tl and T2. The ATS from the odd broodline was significantly 
correlated with the ATS from Tl during the spring of the brood year (p<.01) and during the spring 
of the fry outmigration (p<.05). The ATS from the odd broodlinewas also significantly correlated 
(p<.OS) with the ATS from T2 during the winter period of egg incubation.· The ATS from the even 
broodline was significantly correlated (p<.05) with the ATS from T2 during the.spring, summer, 
and autumn of ~e fry outmigration. 

These investigations indicate that a common factor affects pink salmon population dynamics 
in these three regions of southern Alaska. This common factor appears to be the effect of large-· 
scale ocean temperature anomalies in the Gulf of Alaska on tjie marine survival of the fish. Odd­
and even-broodline pink salmon retums are related to different patterns of, ocean temperature. 
variability. at different stages in the lifecycle. These .differences may be related to the biennial 
oscillation in ocean temperatures in the Gulf of Alaska. 

Environmental conditions appear to have a strong influence on recruitment sµccess among many fish 
species and stocks in the n6rtheast Pacific Ocean (Hollowed et al. 1987). Among different regions of 
Alaska, salmon catches exhibit similar time trends suggesting that uriderlymg biological, environmental, or 
economic processes drive salmon catch dynamics (Quinn and Marshall 1989). Ocean temperatures have 
been related to the growth and survival of salmon in several regions (Blackbourn 1978; Helle 1979; 
Donnelly 1983; Quinn and Marshall 1989). The present study was conducted to determine if large-scale 
ocean temperature anomaly patterns wer~ related to pink salmon returns (catch plus escapement) to southern 
Alaska; Empirical orthogonal functions (EOF) analysis (Lorenz 1959) was used to describe variability in 
sea surface temperature (SST) anomalies in the North Pacific Ocean and variability in pink salmon returns 
to southern Alaska. BOP analysis is an effective method for extracting a signal from noisy data. The 
amplitude time series resulting from the EOF analyses of the SST anomalies and pink salmon returns were 
cross correlated: 



METHODS 

EMPIRICAL ORTHOGONAL FUNCTIONS ANALYSIS OF SEA SURFACE TEMPERATURE 
DATA 

The data used in this analysis were a 41-year record (1947-1987) of sea surface temperatures on a 5° 
x 5° grid (35°-55°N,160°E-125°W). Temperature anomalies were calculated by subtracting the monthly 
mean at each grid point from the raw data. In time series analysis, it is assumed that the data are stationary, 
i.e., the statistical properties of the series do not change over time (Jenkins and Watts 1968). Sea surface 
temperature data contains low frequency variability that leads to a violation of this assumption (Davis 1976). 
To minimize this problem, a recursive 47-lag highpass filter with a half-power point of 86 months was used 
to remove the low frequency variability in IJ?.e SST anomaly data. 

EOF analysis was performed on the SST anomaly data. The EOFs or principal components are the 
eigenvectors of a finite-dimensional covariance matrix (Lorenz 1959). Each EOF is uncorrelated with the 
others at zero lag. The variance in the each EOF is described by its eigenvalue. Tbe·temporal variability 
in each EOF is described by its amplitude time series (ATS). The sampling errors associated with each 
EOF were estimated as described by North et al. (1982). The effective number of independent observations 
(Neff) at each grid point was estimated as described by Trenberth. (1984). The error bars about the 
eigenvalues were calculated using the mean Neff for the entire SST anomaly field. 

ANALYSES OF THE AMPLITUDE TIME SERIES FROM THE EOFS 

Three additiona'I analyses :were conducted on the ATS from two EOFs that described most of the 
temperature variability in the Gulf of Alaska. The power spectra of the ATS were estimated to determine 
the principal frequencies of vatjability. The spectra contain 6.0 degrees of freedom at a bandwidth of .0076 
cycles month-1. A red noise null hypothesis was used to determine the significance of spectral peaks 
(Trenberth · 1975). Th~ first order autoregressive parameter for each ATS was used to calculate the 
theoretical red noise spectrum for the significance tests (Jenkins and Watts 1968). The lower 95% 
confidence in.tervals about the spectral estimates were calculated as described by Jenkins and Watts (1968). 
Spectral estimates were considered significant only if their lower 95% confidence interval exceeded red 
noise. 

A multiple comparison of variances test (Zar 1984) was conducted on each ATS t() determine if the 
variance within each sea8on was different from the overall variance in the time series. A dependent means 
test (Johnson 1980) was conducted to determine if the seasonal mean ~plitudes in odd and even-numbered 
years were different. In these analyses, the seasons were defined as follows: winter= January, February, 
March; spring= April, May, June; and so on. 

EMPIRICAL ORTHOGONAL FUNCTIONS ANALYSIS OF PINK-SALMON RETURNS AND 
CROSS CORRELATIONS WITH SEA SURFACE TEMPERATl,JRES 

Pink salmon (Oncorhynchus gorbuscha) commercial catch and escapement (brood years 1960-1986) 
from Kodiak, Prince William Sound, and southeast Alaska were used in this analysis. Significant returns 
of hatchery-produced pink salmon occur in Prince William Sound and to lesser d.tent in southeast Alaska 
anp Koqiak. The return of wild pink salmon was estimated by subtracting estimates of hatchery returns 
froiµ the total return. 

The return data were standardized by subtracting the mean from each observation and dividing by the 
standard deviation. The number three was added to each standardized return estimate to eliminate any 
negative values. The skewness and kurtosis divided by their standard errors, respectively, were estimated 
for the standardized, natural logarithm and square root transformed return data. These estimates were made 
using the data from all three regions and both broodlines combined. 

EOF analysis was conducted on the return data from the odd and even broodlines, separately. The A TS 
resulting from these analyses were cross correlated with the ATS from an EOF analysis of unfiltered SST 

112 



) 

anomalies. The spatial structures of the EOFs from the unfiltered SST anomalies (Davis 1976) are very 
similar to those from the highpass filtered SST' anomalies (Figure 2). Seasonal mean amplitudes from the 
unfiltered SST EOFs were used in the cross correlations. The Neff for correlations was estimated as 
described by Trenbertb (1984). 

RESULTS AND DISCUSSION 

EMPIRICAL ORTHOGONAL FUNCTIONS ANALYSIS OF SEA SURFACE TEMPERATURE 
DATA 

The EOF analysis of SST anomalies resulted in four significant EOFs (p<.05) describing 58% of the 
total field variance (Figure 1). The EOFs have been labelled in ascending order (Tl through T4) according 
to the amount of variance they explain. Several EOF analyses have been performed on SST data from the 
North Pacific Ocean (Davis 1976; Weare 1976; D~vis 1978; Haney_et al. 1983). In the present study, the 
notation used by Davis (1976) was employed. The spatial patterns of Tl, T2, and T3 in the present study 
are the same as in Davis (1976); T4 in the present study is similar. to Davis' T6 (Figure 2). Tl and T2 
describe most of the variance in SST anomalies in the Gulf of Alaska. The· characteristics of the ATS from 
Tl and T2 are examined in section b. 

ANALYSES OF THE AMPLITUDE TIME SERIES FROM THE EOFS 

Spectral analyses of the ATS from Tl and T2 indicated significant spectral estimates (p<.05) at periods 
of 19 and 44 months and 26 and 66 months, respectively (Figure·3). Significant spectral estimates also 
occurred in each of the spectra at higher frequencies, but these involve a small amount of variance. 

The multiple c0111parison of variances test on the ATS from T2 in~icated that the variance in winter 
was significantly lower (p<.05) than the overall variance in the tiJ)ie series (Table 1). The variance during 
summer. in. the ATS from T2 was nearly significantly greater (p=.05) than the overall variance in the time 
series. The dependent means test indicated that the amplitudes in T2 were significantly greater (p<.001) 
during summer in odd-numbered years compared with even-numbered years (Table 1). 

The combined results of these analyses indicate that T2 contains a significant biennial oscillation that 
is phase-locked to the annual cycle. This oscillation results· in warmer ocean temperatures in the Gulf of 
Al_aska during the summers of odd-nQlllbered years compared to even-numbered years on average. The 
mean temperature difference between odd- and even-numbered years is about 0.3°C during summer in the 
Gulf of Alaska. This biennial oscillation in ocean temperatu,res is probably caused by a biennial oscillation 
in sea level pressure that affects wind velocity over the ocean (Trenbertb and Shin 1984). Biennial 
oscillations in the ocean and atmosphere.have been detected in many parts of the world (Reed 1961; 
Landsberg 1962;· Veryard 1961; Landsberg et al. 1963; Angell et al. 1969; Trenbertb 1975; Brier 1978; 

. Walsh and Mostek 1980; Trenbertb 1980; Rasmusson et al. 1981; Whit~ 1985; Rasmusson et al. 1990; Kerr 
1990). 

EMP:µl(CAL ORTHOGONAL FUNCTIONS ANALYSIS OF PINK SALMON RETURNS AND 
CROSS CORRELATIONS WITH SEA SURFACE TEMPERATURES 

An examination of skewness and kurtosis indicated that a natural logarithm transformation resulted in 
a near normal distribution of the return data. All subsequent analyses were conducted on the natural 
logarithm transformed return data. The EOF analyses of the odd- and even-broodline pink salmon returns 
each resulted in one significant EOF (p<.05) describing 67% and 60% of the variance, respectively (Figure 
4). The returns ~n Prince William Sound were more- highly correlated with the EOFs than the returns to 
the other two regions (Table 2). These results indicate that a common factor causes similar changes in pink 
salmon population size among these three regions. 

Cross correlations between the SST EOFs and pink salmon return EOFnesulted in several significant 
(p<.05) correlations (Figure 5). At the p=.01 significance level, the ATS from the odd broodline was 
correlated with the ATS from Tl during the spring of the brood year. Also, the ATS from the even 
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broodline was correlated with the ATS from T2 during the spring and autumn of the fry outmigration. In 
a previous study, similar patterns of correlation were found between an index of the marine sur\rival of pink 
salmon in Prince William Sound and ocean temperatures at standard oceanographic depths near the mouth 
of Resurrection Bay, Alaska (Willette 1985). These results combined with those from the present study 
suggest that changes in marine survival from year to year are similar among these three regions of southern 
Alaska. This may be the common fa.Ctor causing similar changes in pink salmon population size among 
these three regions. 

An association between pink salmon returns and ocean temperatures during the early marine period is 
not unexpected (Blackbourn 1978; Helle 1979; Donnelly 1983; Quinn and Marshall 1989). Size-selective 
predation appears to be·the principal cause of mortality among pink salmon during the early marine period 
(Parker 1971). Water temperature has a strong effect on the growth of juvenile pink satmon (Martin 1966; 
Kepshire 1976). Higher water temperature may accelerate growth and shorten the period when fry are 
vulnerable to predators. SST anomalies during spring indieate changes in the timing of the seasonal 
increase in temperature. Fry outmigrating after the seasonal increase in ocean temperature generally have 
a higher survival (Taylor 1988).· These processes acting on a regional.scale appear to account for the 
correlation between'pink salmon returns and SST anomalies in the Gulf of Alaska.' during the early marine 
period. This correlation also indicates that large-scale temperature anomalies in the Gulf of Alaska affect 
temperatures in the coastal zone or that similar processes affect temperatures throughout the region. 

An association between odd-broodline returns and SST anomalies during the spawning migration of the 
parent population is unexpected. Ocean conditions at this time in the life cycle may affect migratory timing 
or gonad development. Warmer ocean temperatures may result in earlier migratory timfug (Burgner 1981) 
and reduced egg mortality. Eggs from odd-broodline pink salmon are more susceptible to low temperature 
mortality during early development than eggs from even-broodline fish (Beacham and Murray 1988). Thus, 
warm ocean temperatures may result fu earlier spawning and reduced egg morality, because the eggs pass 
through the critical early developmental stage before the onset of winter. This mechanism may be more 
likely to operate near the northern range of odd-broodline pink salmon. Changes in adult migratory timfug 
may also cause changes in fry outmigration timing that affect marine survival·. Adult migratory timing is 
related to fry outmigration timing (Gharrettand Jones 1987; Joyce and Smoker ·1987), and fry outmigration 
timing is related to marine survival (Taylor 1980; Taylor 1988). Warmer ocean temperatures may also 
cause increased growth of adult pink salmon resulting in larger eggs or eggs with greater caloric content 
(Y astrebkov 1966; Beacham et al. 1988). Larger eggs result in larger fry with higher growth rates 
(Y astrebkov 1966): This may confer an advantage to fry during the first few days or weeks of marine 
residence when mortality is very high (Bax 1983). Further studies are needed to determine if interannual 
changes in adult migratory timing or egg size are correlated with the survival of pr6geny. · 

It is not clear how a biennial osciliation in ocean temperatures in the Gulf of Alaska may affect pink 
salmon. Age-at-maturity is relatively fixed at two years in pink.salmon (Pritchard 1939; Bilton ahd Ricker 
1965), so the two broodlines experience conditions in odd- and even-numbered years at different stages in 
the lifecycle. On avt:."l'age over many generations, odd-broodline pink salmon experience slightly lower 
ocean· temperatures during the early marine period and slightly higher temperatures during the adult 
migratory period compared to even-broodline pinks. These differences in ocean temperature between odd­
and even-numbered years are small (0.3°C). The effect this may have in maintaining the age-at-maturity 
at two years requires further study. 

CONCLUSIONS 

1. There is a significant biennial oscillation (p<.05) in sea surface temperatures in the Gulf of Alaska. 
The cycle results in significantly warmer (p<.001) sea surface temperatures during summer in odd­
compared with even-numbered years. 

2. Pink salmon returns to southeast Alaska, Prince William Sound, and Kodiak exhibit significant 
common modes of variability (p<:OS) that appear to be due to similar changes in marine survival from year 
to year in these three regions. · 
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. 3. Returns of odd- and even-broodline pink salmon are significantly correlated (p<.05) with different 
sea surface temperature anomaly patterns in the North Pacific Ocean at different stages in the life cycle. 
These differences may be related to the biennial oscillation in ocean temperatures in this region. 
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Table 1. Results of the multiple comparison of vaq~ces and dependent means tests. Single and double 
asterisks indicate significance at the p=.05 & .001 levels, respectively. 
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Table 2. Correlations .between the significant empirical orthogonal functions and pink salmon returns to 
southern Alaska 

Broodline SEAK PWS KODK 

ODD .769' .943 .728 

EVEN .686 .832 .796 

SE AK - southeast Alaska 
PWS - Prince William Sound 
KODK - Kodiak Island 
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Figure 1. Eigenvalues from the EOF analysis of sea surface temperature anomalies. Tue error bars indicate 
the 95% confidence intervals for the eigenvalues. Eigenvalues above the dotted line are significantly 
different from each other. 
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Brood-year Sea Surface Temperature and the Subsequent 
Freshwater Survival Rate of Wild and Enhanced Stocks of 

North American Pink, Chum and Sockeye Salmon 

D. J. Blackbourn 

Department of Fisheries and Oceans 
Biological Sciences Branch 
Pacific Biological Station 

Nanaimo, British Columbia 
Canada V9R 5K6 

The association between coastal and oceanic brood-year sea surface temperature (SST) and the 
subsequent fresh-water survival (FWS) rate of 18 stocks of North American wild and enhanced 
pink, chum and sockeye salmon is compared to the association of environmental variables operating 
during the egg-incubation phase, and that of density-dependent variables such as spawner or egg 
number. In all but 2 stocks (a total of 89%) the SST relationship with FWS rate is significant, and' 
in 15 stocks (83%) SST accounts for more of the variation in FWS rate than does spawner or egg 
number. In 16 of the stocks (89%) SST from the distant Gulf of Alaska during periods up to 10 
months before spawning accounts for more vari~ticin in FWS rate than does coastal SST data. In 
all stocks but one the SST/FWS relationship is negative. When· SST and other factors are analyzed 
together additional variation is accounted for in all cases (13 of 18 or 72%) where both types of 
factor are significantly related to FWS rates. The areas and times from which Gulf of Alaska SST 
is most strongly related to FWS rate are more similar among stocks of the same species than stocks 
of different species but from the same spawning location or time period. In one sockeye stock local 
and Gulf of Alaska temperatures are strongly related to losses of eggs and fry attributed to nm. 
The apparent effect of brood-year ocean temperatures on FWS rate in some salmon stocks has some 
complex and serious implications for future production and stock management 

The early fresh-water survival rate of many stocks of salmon is highly variable, even when the results 
of known catastrophes· such as severe floods or freezing are excluded from consideration (Salo 1991). It 
is reasonable that the causes of such variability have been most often sought amongst environmental factors 
assumed to have their effect at spawning or during the incubation of the eggs. However, some investigators 
have considered that the mortality of salmon eggs or sperm during the fertilization or incubation of 
enhanced salmon may be related to anomalous conditions, such as high water temperatures, occurring well 
before the time of spawning (B. Anderson and J. Jensen, D.F.O., personal communication). 

Annual variation in the pre-spawning mortality of salmon has been compared to environmental data 
during the up-river migration of adults (Gilhousen,· 1990), but I am not aware of any previous explicit 
consideration of the association between events occurring during the marine migratory phase of adults and 
subsequent egg-to-fry, or early fresh-water survival rate of eggs after spawning. 

An earlier analysis of the fresh-water survival (FWS) rate of Fraser pink salmon indicated that this rate 
was negatively related to the duration of passage of the adults from the outer coastal troll fishery into the 
outer net fishery (D. Blackbourn, unpublished data). It was also known that this duration of passage was 
positively related to coastal sea surface temperature (SST) about one month earlier (Blackboum, 1984). The 
passage data record of Fraser pinks is shorter than that of the record of FWS rate and is, in any case, no 
longer obtainable due to changes in the fisheries. Therefore, the large variation of FWS rate in recent years 
(P.S.C., 1990) can no longer be directly compared to a possible agent of its variation - the duration of 
passage and the effects this may have on pink salmon gamete maturation and quality. However, a possible 
index of such variation in maturation is still available in the form of the SST data and this shows some 
interesting results in comparison with recent FWS rate data for Fraser pinks. 

Annual variation in the overall migration timing of the adults of Fraser pinks and other stocks of salmon 
has been related to SST in the Gulf of Alaska early in the final year (Blackbourn 1984, 1987); but 
comparisons between FWS rate and adult return timing or prior Gulf of Alaska SST have not been made. 
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In order to evaluate the. generality of the relationship apparent in Fraser pinks, I report here comparisons 
between FWS rate in stocks of three species of salmon and environmental data from various periods in the 
brood year: (a) early in the year 8'ld far out to sea, (b) from periods within a month or two of spawning 
and (c) during incubation.· A measure of potentially density-dependent factors such as spawner or egg 
number is also included in the analyses. ' 

Recent trends in nearshore SST and in spawner number for many North American salmon stocks have 
been similar and increasing (Freeland, 1990; P.S.C. 1990). Therefore in a simple attempt to avoid the 
confounding effect of autocorrelation between these factors, I also examine the extent to which SST data 
accounts for significant variation in FWS rate in addition to that accounted for by spawner/egg number and 
other envir9nmental data. If these relationships prove to be significant, then SST data from periods several 
months before spawning might have potential use in the setting, or in the in-season ·adjustment of 
escapement goals. bata from three 'incubation types' of stocks are used in this paper: (a) from naturally 
spawning stocks ('wild'), (b) from those using 'spawning channels' and (c) from those stocks whose eggs 
are incubated in hatcheries or egg boxes ('hatchery'). These types should show a gradient of controlled 
conditions during incubation, and therefore an opposite gradient of variation in FWS. rate. Data from all 
types is used to investigate the possible existence of a partial, universal brood-year SST effect on egg or 
sperm quality, without the confounding effects of other potential agents of annual variation in FWS rate 
such as· river discharge during incubation, or inter-gravel particle size. 

METHODS 

A) DATA SOURCES 

( 1) Salmon Data 

Much of the salmon data in this paper originates from unpublished sources (see acknowledgements). 
The exceptions are data from: a) Fraser pinks in International Pacific Salmon Fisheries Commission, 
Annual Report 1985, and Pacific Salmon Commission Fraser Panel Report. 1990; b) Sashin Creek pinks 
in Vallion et al. (1981) plus data on the 1979 brood year from A. Wertheimer, N.M.F.S. Auke Bay, Alaska; 
c) Carnation Creek chums in Hartman and Scrivener (1990), and updated by J.C. Scrivener, D.F.O.; and 
d) Kotzebue Sound chi.Ims in Bird (1982). 

Fresh-water survival data was chosen from salmon stocks from western Alaska to southern British 
Columbia and from the early 1960's to the 111te 1980's. Data from stocks representing the three 'incubation 
types' (see Introduction) of pink, chum and sockeye were chosen, as I am not aware of data from both wild 
stocks and from spawning channels for chinook and coho salmon. 

The fresh-water survival (FWS) rate data used covers various periods in the life-history of the stocks. 
Counted eggs, or 'actual' egg deposition (AED) tb counted fry ('egg to fry' or 'AED to fry') is the most 
accurate and complete measure of early FWS rate. Estimates of egg nrimber extrapolated from fecundity 
estimates (potenilii.l. egg deposition or PED) to fry is also a common measure. In one case, Atnarko river 
pinks; the most direct estimate of survival is based on the percentage of live, of the total of live plus dead 
eggs and fry, still in the gravel in January. FWS rate data covering longer periods is the only kind available 
in two cases: a) Great Central Lake (GCL) sockeye (PED to lake fingerling number); and b) Shushwap 
Lake sockeye (number: of female spawners to lake fingerling number). Survival rate (PED to adults) for 
Kotzebue Sound chum from north-western Alaska is not separated into fresh-water and marine phases. 
However, this stock was included in the analysis as there is little other data from wild chum stocks. 

Methods for estimating spawners numbers for Fraser River sockeye and pink salmon are described by 
Woodey (1984) and Andrew and Webb (1987) respectively. For most other stocks in this paper, the 
methods of estimating spawner egg and fry number have not been fully described, and so the statistical 
properties (accuracy, precision, etc~) of the estimates remain unknown. 
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(2) Environmental data 

Some of the British Columbia shore SST data used here have been published in Canadian Data Reports 
of Hydrography and Ocean Sciences; for example in Gio~ando (1983). · Offshore SST data from the Bering 
Sea and Gulf of Alaska up to 1982 were obtained from the unpublished records of Dr. D. McLain of the 
Pacific Environmental Group, N.M.F.S., Monterey, California. Since 1982 most of the offshore SST data 
originates from reports (the 'Oceanographic Monthly Summary' and the' 15-day SST mean') published by 
the U.S. National Weather Service, N.O.A.A., W~hington D.C., U.S.A. . 

British Columbia rainfall and air temperature data are published in the series 'Monthly Record­
meteorological observations in western Canada' by the Canadian Atmospheric Environment Service, 4905 
Dufferin St., Downsview, Ontario, and in the 'British Columbia Climate Summary' from the local regional 
office of the same Service. Carnation Creek physical data were kindly proyided by J.C. Scrivener, D.F.O. 

3) Analyses 

Simple and multiple least squares regression were used to identify associations among environmental 
data, spawner or egg nufilber, and measures of FWS rate from several stocks of wild or enhanced pink, 
chum and sockeye salmon. Results are considered significant where P,$_0.05. The percentages of the FWS 
rates are not transformed as this parameter for stocks of each 'incubation type' has fairly low variance in 
most cases, with little overlap between types. Thus, the data does not greatly violate the assumption of 
normality in distribution. 

The fresh-water environmental variables in the analyses are the closest available in time and space to 
the spawning grounds or the hatcheries. The coastal SST data are mean monthly values from stations and 
periods close to the final marine migration areas of the stocks; and also, where appropriate, from the 'outer 
coastal areas, e.g., Kains Is. on northwestern Vancouver Is. for Fraser River sockeye. 

The Gulf of Alaska SST data from the brood year are mean monthly values from 'Marsden' squares 
of 5° latitude by 5° longitude and are included in the analyses as follows: 

a) Time: Data from every month from November (adult return year minus one) to June (return year) 
are considered as potentially appropriate from the inferred location of the stocks according to models of 
return t:iriling in pink, chum and sockeye salmon (Blackbourn 1984, 1987). Within these limits, those 
months or combinations of months of SST data with the highest single regression coefficients versus the 
FWS rate for each stock are shown in the results. 

b) Place: The stock-specific distribution of North American salmon at sea early in their last year is 
unknown,. although it has been inferred for .some stocks, particularly for Fraser River pinks and sockeye 
(Blackbourn 1984, 1987; Takagi et al. 1981). From models in the latter papers, it is assumed that pink 
salmon stocks would be distributed in the south-eastern Gulf of Alaska between 40° and 50° N and between 
125 and 150° W. Therefore monthly SST data from within this area are used in primary analyses with pink 
FWS rate data. Similarly, SST data from within a large area across the central Gulf between 45° and 55° 
N and between 135 ~.d 160°W are used in initial comparisons with sockeye FWS rate data. 

There is even less information on the possible location of North American chum salmon early in their 
last year than for pink and sockeye. Therefore, the initiaj choice of monthly SST values is arbitrarily from 
an area of the west-central Gulf between 45° and 55° N and between 145° and 170° W. It proved necessary 
to search further afield (i.e., the southern Gulf) for SST data with reasonably strong coefficients in 
comparison with FWS rate data for some hatchery chum stocks. 

The SST data within these areas showing the strongest coefficients when compared to FWS rate data 
were then used in multiple regression analyses with all other factors, including: coastal SST, fresh-water 
environmental data just before, during or after spawning, and also spawner or egg number. In some of the 
time series there are fairly strong time-series trends and thus strong cross-correlations between them, 
particularly between coastal SST and spawner or egg number in some stocks. In the absence of any model 
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which fits the spawner/egg data with low variance, the best evidence for a real or potential effect ofbrood­
year SST on FWS rate in such cases is taken to be significant additional variation accounted for when SST 
data is also used. In all analyses the variation is that proportion adjusted for the total degrees of freedom 
in each combination. 

In order to maximize the degree of biological insight gained, no formal protocol for dealing with 
successive correlation analyses (Walters, 1990) is followed in this study. In such a protocol it is 
recommended that the degrees of freedom be decreased for each successive "case" (here, stock, month or 
SST "Area") investigated. To do so here would rapidly exhaust the number of stocks for which it could 
be used; especially in the case of the "hatchery" stocks, which have relatively short records; with a 
concomitant loss of information. Within each species the stocks are analyzed in the order shown in Table 
1. Therefore, use of the formal protocol would have caused much more stringent tests of significance to 
have been applied to the "hatchery" stocks than to the other types. 

RESULTS 

As expected, the variance of FWS rate data declines in general, from the wild stocks through the 
'spawning channel' stocks to those from hatcheries or incubation boxe~ (Table 2). ~owever, even the 'wild' 
stocks show a low and similar level of variance at or just below 50% of the mean FWS rate. The similarity 
of the values between the species is remarkable given that the pink and chum stocks in the analyses are 
from both large and small streams, and that the FWS rate for the sockeye stocks includes parts of the 
limnetic life-history (Table 2). 

The level of variance of the 'spawning channel' type overlaps that of the 'hatchery/incubation' box type 
due to very low variance in the Seton Creek spawning cham1el pink data (11 %) and the high variance 
associated with the Puntledge River hatchery pink stock (Table 2). The Quinsam Hatchery pink data show 
a very low level of variance (6%), which on average is very similar ·to that of the data from chum 
'hatchery/incubation box' stocks. 

There are only two of 18 stocks in which the SST effect is non-significant, though stronger than for 
other factors, and only three of 18 in which SST has a smaller statistical association with FWS rate than 
does spawner or egg number (Table 1 and 3). These three exceptions are all chum stocks, one of each 
incubation type. In only one of 18 stocks, Shuswap Lake sockeye, is the relationship between SST and 
FWS rate positive, an exception which I cannot explain (Table 1). Factors other ~an SST are significantly 
related to FWS rate in 13 of 18 stocks (Table 3). 

"···.\ 

In all stocks but two, the 'early' brood-year SST data from the Gulf of Alaska accounts for more 
variation in FWS rate than dqes the later coastal SST data. These exceptions, Fraser River pinks and 
Nadina River sockeye· must be considered as the minimum number, as the comparisons are not balanced, 
in that SST data from only one or two coastal· locations are considered in each case-and there is no search 
for strongest coeffieients; whereas only those Gulf of Alaska SST data with the highest coefficients with 
FWS rate are used in the final comparisons (Tables 1 and 3). 

In those 13 of 18 stocks in which both SST data and other factors are significantly related to FWS rate; 
factor combination from multiple regression analyses results in significant added variation in every case 
(Table 3). As to whether coastal and Gulf of Alaska SST when taken together account for added variation 
in FWS rate, the answer seems to be generally negative. There are only seven positive cases of this 
combination of factors of the total of 18 (39%) (Tables 1 and 3). Contributions to this fraction are very 
uneven between stocks of the different incubation types. For example, wild stocks show added variation 
in 4 of 7 cases (57%); and in spawning channel stocks the fraction is similar of two to four (50%); but in 
only 1 of 7 'hatchery' stocks (14%) is additional variation in FWS rate accounted for using both types of 
SST data (Table 1 and 3). 

In two chum stocks the degree of association of the SST data from the areas of the Gulf of Alaska 
which have the highest coefficients for a particular stock (the 'best' areas) is compared to the 'best' 
coefficients of SST from ocean areas more typical of other chum stocks. For example, the SST area (RR 
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and QQ) in Figures 1 and 2 (B) which show the 'best' coefficients for Puntledge River and Conuma River 
(hatchery) chum is well to the south of the 'best' areas for other chum stocks, e.g., (areas Kin Figure 1). 
For example, SST data from area J in the northwestern Gulf accounts for zero percent of the variance of 
the FWS rate of Puntledge and Conuma chum compared to 58% and 85% for the SST data from areas RR 
and QQ (Table 1). However, SST data from area J does account for significant additional variation in the 
FWS rate of Conuma, but not that of Puntledge chum, whell" added to egg number in a multiple regression 
analysis (Table 1). This result, if not from chance, aligns the results for Conuma chum with other chum 
stocks. 

The boundaries of the SST areas with the strongest coefficients with FWS data for pink, chum and 
sockeye data show some, but certaiply not complete separation (Figure 3) and the distribution of best SST 
areas within each species show an interesting, parallel feature. Despite large differences in period of data 
rec;ord and location of spawning stream, several.stocks of the same species have very similar 'best' areas 
and times in the Gulf of Alaska (Figure 2(a), (b) and (c)). This within-species similarity is particularly 
marked for 'wild' and 'spawning channel' pink and chum stocks (Figs. 2(a) and (b)). 

The results. for Fraser pinks cqnfirm the earlier work (see futroduction) in that there is a strong 
relations~ip between coastal SST and FWS rate (Table l(A)). This analysis also confirms that spawner 
number and other biological and environmental data from. the period well before spawning all account for 
considerable variation in FWS rate. When added to coastal SST data, two or three of these factors account 
for additional significant variation, but this stock is unusual in that SST data from the Gulf of Alaska 
earlier in the brood year do not show a relationship with FWS rate (Table l(a)). 

Most of the pink fry which leave Seton Creek, a small interior tributary of the Fraser River, do so from 
two spawning channels. The Seton Creek channel fry number about 6% of the total fry produced by the 
Fraser River. Although the same coastal SST data as are used with the Fraser River data account for 27% 
of the adjusted variance in Seton Channel FWS rate, spring-time SST data from the Gulf of Alaska accounts 
for the greatest amount of variation in Seton Creek pink FWS rate (Table l(c)). Thus, Seton Creek 
spawning channel pink data inexplicably show more similarities to those of the other two wild stocks in 
Table l, Atnarko River and Sashin Creek pinks, than to those of wild pinks of its parent river, the Fraser. 
To an even greater extent than is seen in the data from the three wild pink stocks, almost all the variation 
in FWS rate of Seton Creek spawning channel pinks is accounted for when egg number, incubation air 
temperatures, and coastal SST are added to the Gulf of Alaska SST data (Tabl~ l(a)). Perhaps this is 
because there is less random error in the spawning channel data. 

Extremely low temperatures during incubation have been held to be the major cause of low FWS rates 
and oflow overall production of Alaskan salmon during the early 1970's (Rogers, 1984). Thus, the results 
for Sashin Creek pinks (Southeast Alaska) are particularly surprising. Air t~mperatures measured at Sitka, 
less than 100 km from Sashin Creek on Uie other side. of the same island, from November of the brood year 
to March of the fry year, account for zero % of the variance of FWS rate for Sashin Creek pinks from 1963 
to 1979. On the other hand, sea surface temperatures almost twelve months earlier, in November and­
December of the first marine year are strongly negatively related to FWS rate for this stock and account 
for 61 % of the variance (Table lA). 

Quinsam and Puntledge River pink hatchery data show surprisingly different trends, in that Gulf of 
Alaska SST, and coastal SST data from two locations account for more than 50% of the variance in FWS 
rate for Puntledge River pinks, but none of these factors are significant for nearby Quinsam River data, a 
stock with much less variance in FWS rate (Tables 1 (a) and 2). The 'best' Gulf of Alaska SST (data) for 
each of Quinsarii and Puntle~ge pink show no relationship with FWS data, when compared to data from 
the other stock (Table l(a)). · 

Although Kotzebue Sound and Carnation Creek are thousands of miles apart the 'best' Gulf of Alaska 
areas and times are almost the same (Figure 2b). This is also despite the fact that the time-span of FWS 
data from the two stocks has very little overlap. These two 'wild' chum stocks are also unusual in different 
ways in that whereas a great deal is known about Carnation Creek chums, (Hartman and Scrivener, 1990), 
we have little detailed knowledge of Kotzebue Sound chums. Inter-gravel particle size data accounts for 
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50% of the adjusted variance in FWS rate of Carnation Creek chums, a much larger amount than is 
accounted for by other fresh-water environmental variables or by egg number (Table l(b)). However, 
brood-year SST from the Gulf of Alaska several months before spawning also accounts for up to 41 % of 
the FWS rate. More importantly, when considered in concert with particle size and other fresh-water data, 
SST accounts for 73% of the total variation in FWS rate, a considerable increase over the effect of particle 
size alone (Tables· 1 and 3). · - . 

In a case not summarized in Tables 1 and 3, an analysis is made of the statistical relationship between 
SST and a known agent of fresh-water mortality in salmon. Many stocks of sockeye are very susceptible 
to Infectious Haemopoietic Necrosis (IHN), and the incidence and effect of this virus bas been studi~,d .. iµ :'·: 
spawning sockeye adults, eggs and fry for several years at Babine Lake, British Columbia The annuai·egg­
to-fry siirvival rates of sockeye at the No. 1 spawning channel at Fulton River, Babine Lake are shown in 
Table 4. These estimates include those eggs and fry killed by IHN and other causes, and also that 
proportion of the fry which from long experience were thought very likely to die soon after enumeration 
due to a very high incidence of the virus (G. Traxler, DFO, personal communication). 

The four variables which are pre~umed to be independent are: annual numbers of sockeye eggs laid 
in Fulton Channel No. i, and water temperatures from three areas known or thought to be traversed by 
Babine Lake sockeye during their last year; i.e., (a) from the eastern Gulf of Alaska more than nine months 
before spawning; (b) from Bonilla Island in eastern Hecate Strait near the mouth of the Skeena River in 
August; ~d (c) from the Fulton River during sockeye spawning ~n September. Of these four variables, only 
Gulf of Alaska and river temperatures are strongly related to FWS rate; negatively for the former and 
(surprisingly and inexplicably) positively for the latter (Table 4). Combination of the four variables account 
for almost all the variation in FWS rate from this short data set for the years 1984 to 1989. 

DISCUSSION 

The gradient of variation in FWS rate generally follows the expected direction from greater variation 
in wild than in enhanced stocks of salmon. The hypothesis of a previous effect of brood-year SST on FWS 
rate in all three incubation types is supported by these analyses. However, the additive effect of SST 
variation on FWS rate is expressed least often in the data from the 'hatchery' stock category when pink and 
chum stocks are taken together. This difference is entirely due ·to the situation with the pink stocks, as the 
hatchery chum stocks show an ·additive effect of SST on FWS rate which is little different than that shown 
by wild or spawning channel pink, chum or sockeye stocks. 

The overall additive effect of SST on FWS rate in·'t:he multiple regressiQn analyses is demonstrated by 
its occurrence in 100% of those stocks in which more than one factor is related to FWS rate (13 of 18 or 
72%). The particular effect of brood-year SST should be further tested by more intensive studies, 
particularly in those stocks for which detailed data on spawner and egg number and from the incubation 
environment can be readily measured. The effect of SST could be partially and experimentally investigated 
on fish held well before spawning at various sites along the migration path or perhaps held at fish farms 
with laboratory facilities. • 

A significant added effect of SST is seen in the data for several salmon stocks of great economic 
importance, e.g., Fraser.and Atnarko River pinks, Great Central Lake and Shuswap Lake sockeye, and Little 
Qualicum chums. Therefore, in addition to more research, some consideration should be given to the 
application of (a) brood-year oceanic SST data in fisheries management in the setting of pre-season 
escapement goals for such stocks, and of (b) that of coastal SST data in adjustments to those goals during, 
or perhaps even before the fishing season. If these effects are real, and whether or not SST is an index for 
some other environmental effect on gaµiete quality, the short-term effect of SST may be predictable. For 
example for the great majority of those stocks in which SST has a str011g negative relationship with FWS 
rate;_ in a year which is warmer than average, a greater escapement than the average may be necessary to 
obtai~ an average number of fry the following spring. However, as the FWS rate for a stock may be also 
negatively related to spawner or egg number (Table 1) the specific relationship between all these factors 
must be carefully considered for each stock before changes in escapement goals could be recommended. 
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Although the results of the multiple regression analyses· are statistically the more noteworthy, from an 
ecological point of view the results of the simple regression analyses of the effect of SST data are extremely 
interesting. Firstly, in several cases coastal SST data from locations and places thought, or in some cases 
known, to be appropriate to particular stocks do show strong relationships with FWS rate data for those 
stocks: e.g., data from Arilphitrite Pt. {western Vancouver Island) in July for feeding Fraser pinks and the 
(very early) GCL sockeye; from Kains Is. (north-western Vancouver Is.) in July for the inid-summer Nadina 
(Fraser) sockeye; and for the late-summer returning Weaver Creek sockeye, data from Amphitrite Pt. in 
August and from Chrome Is. (Georgia Strait) data from August to Oc.tober (Table, 1). On the other hand 
it is puzzling that several stocks show little or no relationship between coastal SST data and fWS rate. 
These anomalies may be due to the heterogeneity of data and degree of measurement error found in many 
salmon stocks and which affect our ability to detect such relationships. 

The results of simple regression analyses of Gulf of Alaska SST data months.before spawning are also 
intriguing. The areas from which SST data show the strongest relationship with FWS rates of pink and 
sockeye stocks are generally within the boundaries originally thought likely to show such results, i.e., the 
south-eastern and central Gulf respectively. More surprisirtgly, the best results for a1l but two chum stocks 
also confirm the original but in this case arbitrary, choice of the north-western Gulf of Alaska. Perhaps the 
most interesting result of all is that stocks of pinks and chums from widely separated spawning locations 
and different time-periods have very sinlilar locations and periods fqr their "best" Gulf of Alaska SST data. 
These results give some credence to the idea that subtle .effects of the ocean environment via gamete 
development on the fresh-water survival rate of salmon may be real, and in some cases, as or more 
important than the more obvious local fresh-water environmental factors. 

These comparative analyses include data from many diverse physical and biological variables. The 
underlying precision and accuracy of the methods used -to produce these data are mostly unknown. This 
is an obvious statistical weakness of the study. Paradoxically, it is also a strength in that the expected 
outcome of analysis of such heterogenous data might be expected to reveal few, if any, significant 
associations between SST and FWS. It is probable that the consistent statistically siguificant associations 
among t.Qese data reflect some real underlying connection. 

The need to broaden our currently narrow focus on the incubation environment alone, to include oceanic 
brood year data is emphasized by the surprising importance of the latter in the FWS rate variation of Sashin 
Creek pinks. The data record for this stock includes the early 1970s a period infamous in Alaska and 
elsewhere for its anomalously low air and water temperatures (Rogers, 1984), but it is not generally known 
that the concurrent winter SST in parts of the southern Gulf of Alaska was warm. -

The chum salmon of Carnation Creek, Vancouver Island have been intensively studied for nearly twenty 
years; it is probable that their spawning and incubation environment has been measured in greater detail than 
has that of any other stock of Pacific Salmon (Hartman and Scrivener 1990; Scrivener, 1991). In particular, 
it is known that the size of the inter-gravel particles is extremely iinportant in deterinining the fresh-water 
survival rate of this stock (Scrivener, 1991). The results of these analyses have shown that even for such 
a stock about which we know a great deal, a consideration of the subtle ·annual vrujation in its 
environmental 'history' well before spawning may also be useful in understanding past variation in 
production and for predicting future production. 

The only stock in this paper for which brood~year temperatures have been linked with a particular 
mortality agent, is with the deaths of eggs and fry attributed to· the IHN virus in Fulton River sockeye. 
Correspondingly, this very brief analysis may be the first to specifically link IHN mortalities in sockeye with 
possible environmental causes. Causal links between the temperature data and the mortalities have not been 
established. Indeed, it is difficult to do so when temperatures from the two periods have coefficients of 
opposite sign. Therefore, it will be very interesting to see how well .these apparently useful relationships 
hold in future, given the general. importance to the enhancement potential of salmon, particularly sockeye, 
of susceptibilicy to IHN. · 

The possible warining of the ocean and rivets in the ~ext 50 years due to increased amounts of 
"greenhouse" gases is already of concern to salmon biologists. The potential warining has been considered 
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important to both fresh-water and marine phases of the life-cycle of salmon; and present and potential _future 
fresh-water and ocean temperatures are investigated for each phase respectively, particularly for stocks in 
the southern part of the range for each species. Consideration of data such as those discussed in this paper 
add a further concern. The time and place of future changes· in ocean climate may prove to be important 
not only to such salmon parameters as marine survival rates, marine growth rates, fecundity, migration 
timing and routes etc., but also to the subsequent fresh-water survival rates of the eggs of the returning 
adults. In this respect, it may be important to remember that in the recent past SST anomalies have been 
of different strengths and even of the opposite sign in various parts of the north-east Pacific and the Gulf 
of Alaska. If the future ocean climate contains a similar amount.of temporal and spatial heterogeneity, then 
the future fresh-water survival rate of a particular stock may not be entirely directed by the environmental 
trends at or near the spawning location. Also, to judge by these results, future trends in fresh-water survival 
rate of. stocks of different species, e.g., pinks and chums, at the same. spawning location could be 
environmentally-mediated to a different degree or even in a different direction. 
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Table l(A). Brood-year (B.Y.) factors which account for variation in fresh-water survival rate of some stocks of wild (W), spawning channel (S), and hatchery (H) 
pink salmon. Gulf of Alaska (G. AK.) S.S.T. areas as in Figure. 1. 

STOCK PERIOD N AREA F.W.SVL % OF ADJUSTED VARIANCE OF F.W. SVL RATE ACCOUNTED FOR IN: 
RATE SIMPLE ·AND MULTIPLE REGRESSION 

FACT9RS SIGN %Alt2 FACTORS %AR2 p 

FraseLR. 1961-1989 15 Souther11 . P.E.D. to. 1) No. spawners neg 43 ' 1) + 4) . 60 .002 
(W) B.C. down- 2) b.y: scale growth pos 28 2) + .. 3) + 4), 66 .002 

stream fry 3) Fraser R. discharge summer .. pOS 26 
4) coastal S.S.T. July (Amp) neg 55 
5) G. AK. S.S.T. Jan (Q) neg 0 

Atnarko R. 1974-1989 10 Central P.E.D. to 1) No. spawnc:;rs. neg 48 1) +.4) 74 .004 
(W) ; B.C. live eggs+ 2) incub. air temps. pos 0 1) + 5) 64 .012 

fry in 3) incub. river neg. pos 0 1) + 4) + 5) 77 .007 
January 4) coastal S,S.T. July (Mcinnes) pos 10 1) + 2) + 5) 59 .040 

5) G. AK. ·s.S.T. Jan-Mar (R) Feb-Apr (S) neg 59· 
.· 

Sashin Cr. 1963-1974 12 · S .. E. A.l~.D. to 1) No. spawners neg 19 2) + 5) 59 .012 
(W) and 1979 ·Alaska fry 2) spawn tiffiing pos 18 1) + 5) 55 ' .012 

3) incub. air temp '•' pos 0 1) + 2) + 5) 59 .025 
4) coastal S.S.T. August" (SITKA) neg 0 
5) G. of AK. S.S.T. Nov-Dec_1 (R+S) neg 61 

Seton' Ck. 1967-1989 12 · South- P.E.D. to 1) No. eggs -- 0 3) + 4) 77 .001 
(S)· Central fry i) Incub. air' temp. -. pos 12 2) + 3) . 72. .002 
(Fraser R.) · B.C. 3) Coastal S.S.T.July-Aug (ArnP) neg 27 2) + 3) + 4) 86 .000 

4~ G. AK. S.S.T. May-June (R+S) · neg 72 1) + 3) + 4) 85 .000 
1) + 2) + 3) + 4) 91 .ooo· 

Quinsain R. 19'79-1988 10 E. Vane egg to fry 1) No. eggs neg 0 1) + 4) 10 .285 
(H) Is. B.C: 2) coastal S.S.T. July (Kains) pos 

•' 
0 

3) coastal S.S.T. Sept. (Chrome) neg 0 
4) G. AK. S.S.T. Feb-Mar (G+U) neg 14 
5) G. AK. S.S.T.' Nov-Dec_1 (x+y) (see Puntledge pinks) neg 0 

Puntledge 1979-1988 10 E. Vane. egg to fry 1) No. eggs ileg 0 2)+ 4) 58 .031 
R. (H) Is. B.C. 2) coastal S.S.T. July (Kains) neg 0 3) + 4) 54 .039 

3) coastal S.S.T. Sept. (Chrome) pos 19 2) + ~) + 4) 61 .055 

. , 
· 4) G. AK. S.S,T. Nov-Dec·1 (x+y) neg 37 

5) G. AK. S.S.T. Feb-Mar (U) (see Quinsam pi~ks) pos 0 



Table l(B). As for l(A) but for stocks of wild (W), spawning channel (S), and hatchery or incubation box (H) chum salmon. Gulf of Alaska S.S.T. areas as in Figure 
1. 

STOCK PERIOD N AREA F.W.SVL % OF ADJUSTED VARIANCE OF F.W. SVL RATE ACCOUNTED FOR IN: 
RATE SIMPLE AND MULTIPLE REGRESSION 

FACTORS SIGN %AR2 FACTORS %AR2 p 

Carnation 1971-1989 18 S.W. Vane. P.E.D. to fry 1) No. eggs pos 6 4) + 6) 70 .001 
Ck. (W) Is. B.C. 2) incub. water temp. neg s 3) + 4) + 6) 73 .001 

3) incub. peak flow pos 3 4) + S) + 6) 71 .001 
4) size of inter-gravel particles neg so 
S) coastal S.S.T. Sept. (Amp) neg 13 
6) G. AK. S.S.T. June-Aug (U) neg 41 
7) G. of AK. S.S.T. Mar-May (K) neg 25 

Kotzebue 1962-1976 lS W. Alaska P.E.D. to 1) No. eggs neg 3S 1) + 4) 49 .007 
Sound (W) adults 2) % 4 yr-olds pos 0 2) + 4) 44 .024 

3) coastal S.S.T. July (Bering Sea) neg 0 1) + 3) + 4) 42 .06S 
4) G. AK. S.S.T. Mar-Apr (K) neg 34 

Little 1979-1988 10 E. Vane. Is. P.E.D. to fry · 1) No. eggs neg S6 1) + 2) 77 .002 
Qualicum B.C. 2) % brood 4 yr- olds pos s 1) + S) 66 .010 
R. (S) 3) lncub. air temp pos 24 1) + 3) S9 .018 

4) incub. riv. disch. pos 0 1) + 2) + 4) 78 .007 
S) Georgia st. S.S.T. Oct (Chrome) pos 0 1) + 2) + 6) 78 .007 
6) G. of AK. S.S.T. Jan-Feb (B+C+J) neg so 1) + 2) + 4) + 86 .006 

6) 

Snootli Ck. 1982-1989 8 Central B.C. egg to fry 1) No. eggs neg 0 1) + 2) 0 
(H) 2) coastal S.S.T. July (Mcinnes) pos 0 1) + 3) 0 

3) G. AK. S.S.T. Dec-Feb (J) neg 9 

Inch Ck. 1970-1980 11 S.W.B.C. egg to fry 1) No. eggs neg 3 1) + 4) S9 .029 
(Fraser R.) 2) coastal S.S.T. Aug. (Kains) pos 0 1) + 2) Sl .OS8 
(H) 3) coastal S.S. T. Oct. (Chrome) neg 0 1) + 2) + 4) SS .036 

4) G. AK. S.S.T. Dec-Feb (B) neg 3S 1) + 3) + 4) S7 .031 
1) + 4) 4 --
1) + 2) 7 --

Inch Ck. 1981-1988 8 S.W.B.C. egg to fry 1) No. eggs neg 12 1) + 3) 46 .092 
(Japanese 2) coastal S.S.T. Aug. (Kains) neg 0 1) + 2) + 3) , S2 .130 
style) 3) coastal S.S.T. Oct. (Chrome) neg 0 1) + 3) + 4) 33 .237 

4) G. AK. S.S.T. Dec-Feb (B) neg 6 

Puntledge 1979-1988 10 E. Vane. Is. egg to fry 1) No. eggs pos 7. 2) + 3) S4 .027 
R. (H) B.C. 2) coastal S.S.T. Oct. (Chrome). pos 0 1) + 3) S2 .031 

3) G. AK. S.S.T. Dec-Jan (RR+QQ) neg S8 3) + 4). S2 .031 
4) G. AK. S.S.T. Dec-Feb (J) (See Carn. & Kotz. chum) neg 0 2) + 3) + 4) 47 .083 

I)+ 3) + 4) 4S --
Conuma R. 1978-1988 11 N.W. Vane. egg to fry 1) No. eggs pos 12 l) + 3) 84 .. 000 
(H) Is. B.C. 2) coastal S.S.T. Aug. (Kains) neg 0 l) + 4) 65 .006 

3) G. AK. S.S.T. Dec-Jan (y+2+RR+QQ) neg 8S 3) + 4) 85 .000 
4) G. AK. S.S.T. Dec-Feb (J) (See Carn. & Kotz. chum) neg 0 1) + 3) + 4) 82 .001 

1) + 2) + 4) 60 --



Table l(C). As for IA, but fqr stocks of wild (W), and spawning channel (S) sockeye salmon. Gulf of Alaska areas as in Figure I. 

' 
STOCK PERIOD N AREA F.W.SVL. % OF ADJUSTED VARIANCE OF F.W. SVL RATE ACCOUNTED FOR IN: 

. RATE. SIMPLE AND MULTIPLE REGRESSIQN 

'FACTORS SIGN %AR2 FACTORS %AR2 p 
.• 

Great 1978-1988' 11 S.W. Vane. P.E.D. to 1) No. spawners neg 21 4) + 5) 51 .023 
central Is. B.C. fingerling 2) incub. air temps. neg 0 3) + 5) 49 .029 
Lake (W) 3) near-coastal S.S.T. June (V) neg 38 2) + 4) + 5) 58 .028 

.. 4) coastal S.S.T. Juiy (Amp) neg 36 3) + 4) + 5) . 53 .043. 
. . 

5) G. AK. S:S.T. Mar~Apr (I+J) ' 38 neg 
' 

.Shuswap 1970-1987 10 S. Central female sp. 1) No. females neg 14 1) + 6) . 62 .014 ." 
Lake (W) B.C. to finge~lirig 2) Fraser R. disch. Sept-Oi:t neg 28 ' 1) + 2) + 6) ' 58 ,042 

3) Fraser R. water temp. (sept) Pas 0 1). + 4) + 6) 68 .019 
4) Georgia St. S.S.T.Sept (chrome) pas 8 

-· 5) coastal S.S.T. Aug (Kains) pas 0 
6) G. AK. S.S.J:. Qec-Feb (G+H) pas 35 

Weaver 1965-1989 25 S.W.B.C. P.E.D. to 1) No. eggs neg 46 5) + 6) 74 .000 
Ck. (Fraser fry 2) female length -- 0 1) + 6) 72 .000 
R.) (S) 3) incub. air temp. neg 0 1) + 5) + 6) 83 .000 

4) Georgia St. S.S. T. Aug-Oct) chrome neg 15 1) + 4) + 5) + 6) 82 
5) coastal S.S.T. August (amp) neg 47 
6) G .. AK. S.S.T. Jan-Feb (S+T+V) neg 61 

Nadina R. .1973-1989 16 W. Central P.E.D. to 1) No. eggs neg 3 2) + 5) 51 .006 
(Fraser R.) B.C. fry 2) return timing early Fraser sox · neg 14 4) + 5) 38 .027 
(S) 3) Fraser disch. (July) pas 13 2) + 4) + 5) 51 .012. 

4) Georgia St. S.S.T. July (chrome) neg 1 1) + 2) + 4) + 5) 46 .031 
5) coastal S.S.T. July (Kains) neg 41 
6) G. AK. S.S.T. June (S) neg 27 
7) G. AK. S.S.T. Mar-Apr (J) neg 7 



Table 2. Standard deviation of the mean as a percentage of the mean value of the fresh-water survival rate 
of salmon stocks in Table 1 averaged by incubation type. (N) = Number of stocks. 

Incubation Type 
Species 

Wild Spawning channel Hatchery/Inc. Box 

Pinks 47(3) 11(1) 20(2)** 
Chum 51 *(l) 39(1) 8(5) 
Sockeye 45(2) 31(2) -

* Excludes Kotzebue chum, as data for this stock includes the marine phase. 
** Quinsam River = 6% 

Puntledge River = 33% 

Table 3. Relative strength of regression coefficients of spawner/egg no. and/or brood year sea surface 
temperature (from Table 1). 

SST> 
Spawner/egg 

Stock no. 

Pinks 
Fraser (W) Yes 
Atnarko (W) Yes 
Sashin (W) Yes 
Seton (S) Yes 
Quinsam (H) Yes* 
Puntledge (H) Yes 

Chum 
Carnation (W) Yes 
Kotzebue (W) No 
L. Qualicum (S) No 
Snootli (H) Yes* 
Inch (1) (H) Yes 
Inch (2) (H) No 
Puntledge (H) Yes 
Conuma (H) Yes 

Sockeye 
G.C.L. (W) Yes 
Shuswap (W) Yes** 
Weaver (S) Yes 
Nadina (S) Yes 

* SST Non-sign at P<.05 
** SST Relationship positive 
AFI - All Factors Insignificant 
OFI - Other Factors Insignificant 

Added variation acctd. for by 
G. AK. SST 
>coastal SST SST+ other G. AK. SST+ 

factors Coastal SST 

No Yes No 
Yes Yes Yes 
Yes OFI No 
Yes Yes Yes 
Yes AFI No 
Yes _OFI Yes 

Yes Yes Yes 
Yes Yes No 
Yes Yes No 
Yes AFI No 
Yes Yes No 
Yes Yes No 
Yes OFI No 
Yes Yes No 

Yes Yes Yes 
Yes** Yes Yes 
Yes Yes Yes 
No Yes No 
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Table 4. Brood-year temperature and fry production from No. 1 spawning channel on Fulton R. (Babine 
Lake, Central B.C.). The egg to fry survival rates include estimated potential fry losses due to infection 
with IHN. The SST area from Figure 1. 

Water SST SST 
Egg..:to- temp. Bonilla Is. G. of AK. 

fry Fulton R. Hecate St. Nov-Jan 
survival No eggs fence Sept. August (0 F) (Area T.) 

Brood yr. rate% (x106) (°C) (°C) 

(1) (2) (3) (4) 
1984 33 23.7 15.4 56.5 9.66 
1985 18 20.3 52.0 9.44 
1986 15 23.6 14.8 53,6 . 9.88 
1987 4 25.3 14.6 53.8 10.70 
1988 6 23.9 14.4 54·.9 10.07 
1989 52 22.6 15.7 54.5 . 924 

(B) 
Correlation 
coefficients 
versus 
E/F SVL rate Exel 1985 
% AR2 0 94 ·o 54 80 

p .515 .004 .530 .059 
Sign Neg. Pos. Pos. Neg. , Neg. 

MultiQle regression 

~12 + !32 en+ C42 (22 + (42 
98 75 97 

'.012 .059 .017 

) 

; • ~ l 
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Figure 1. Designation of 5° squares of latitude and longitude in the Gulf of Alaska. 
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Figure 2(A). Areas and times of strongest correlation between SST in brood year and FWS rate in pink 
salmon [fable l(A)]. 
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Figure 2(B). Areas and times of strongest correlation between SST_ in brood year and FWS rate in chum 
salmon [fable l(B)]. · - · 
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Figure 2(C). Areas and times of strongest correlation between SST in brood year and FWS rate in sockeye 
salmon [fable l(C)]. · 
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Bottom Distribution of Chum Salmon ( Oncorhynchus keta) 
Along the Pacific Coast of Northern Honshu 

Y asuhiro Ueno 

National Research Institute of Far Seas Fisheries 
7-1, 5 Cho-Me Orido, Shimizu 424, Japan 

A large number of chum salmon (Olicorhynchus keta) (4,337 fish) were caught incidentally. 
by five trawlers along the Pacific coasts of northern Honshu dunng September through December, 
1986. The depth at which chum salmon were caught ranged from 150 to 460 m and most chum 
salmon occurred near the bottom at 200. to 350 m deep. This bottom distribution of chum salmon 
appears to extend north and south along the coast of Iwate to the Chiba Prefecture. One hundred 
chum salmon caught by a trawler at depths between 260 and 280 m in November, 1989 were 
examined for gonad condition. The results showed that all fish were mature and close to spawniilg. 

It is possible that chum salmon avoid the high surface water temperature of 12 to 20 °C and 
migrate to. depths between 200 to 350 m, where the water temperatures are relatively low at 3 - 11 
°C. This seems to be a specific adaptation of chum salmon in this area, which is at the southern 
most extent of their range. 

Trawlers fishing the coasts of Iwate Prefecture situated in the northern part of Honshu generally catch 
cod, squid and other species but not salmonids. I informally received information on by-catch of chum 
salmon (Oncorhynchus keta) from fishermen in Miyako, Iwate Prefecture (pers. comm.). According to the 
fishermen, the trawlers incidentally caught chum· salmon at depth over 200 m in autumn. 

There are many salmon rivers in the Pacifi~ coast of northern Honshu (Okazaki 1988). Ueno et al. 
(1985) reported that mature chum salmon were caught in the coastal belt (within 9 km width or shallower 
than 200 min depth) off Iwate Prefecture from the experimental operations of longlines. However, the 
migration route of mature chum salmon in the offshore waters of Pacific coast of northern Honshu was not 
well known. It is conimonly considered that chum salmon only occur in the surface waters throughout their 
oceanic life stage (Manzer et al. 1965). It is worth reconsidering the vertical distribution and migration of 
chum salmon in the light of this new information. 

The purpose of this report is to clarify the catch distribution by trawlers in coastal waters off Iwate 
Prefecture and the life stage of the salmon caught by the trawlers. 

MATERIALS AND METHODS 

Trawlers conducted their operations in the coastal waters of Iwate Prefecture but trawl fishing was 
prohibited within 9 km of the coastline (shallower than about 150 m in depth) by fisheries regulations. One 
trawler cruise generally lasts two or three days and they mainly catch cod, squid and other bottom-living 
species. Trawling operations usually take two to three hours and they fish 24 hours a day. 

I requested the vessel captains to record the location, day, time, trawling depth and number of chum 
salmon caught by the tra.wl operation. The captains of five trawlers agreed and cooperated in recording the 
chum salmon catch ·in autumn, 1986 (Table 1). The request to record location and day of the trawl 
operation in which chum salmon were not caught was denied because the captains did not want the lo<;:ations 
of their fishing ground known. Two trawlers used a pair trawl system while the other three trawlers used 
a single trawl system. 

One hu!ldred chum salmon caught by the trawler {F-maru, 60 GRT, pair trawl system) tn November, 
1989 were used to investigate the life stage of the chum salmon. 
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RESULTS 

A total of 4,337 chuni salmon was caught by five trawlers from September to December. The trawlers' 
catches gradually increased from October to November and decreased in December (Table 1, Figure 1). 
Catches of chum salmon occurred along the 200 m depth contour along the coast of Iwate Prefecture and 
chum salmon were more abundant in the northern area. There was little change in pattern of the horizontal 
distribution of catch during the four month fishing period. 

Pair trawlers fished at depths between 200 m to 460 m and chum salmon were most abundant at depths 
of 250 m to 350 m. Single trawlers fished at depths between 150 m to. ·350 m and chum salmon were most 
abundant between 200 and 300 m (Figure 2). There was also little change in pattern of th~ vertical distribu­
tion of the catch during the four month fishing period (Figure 2). 

Significant catches of chum salmon occurred during daylight while catches made during daybreak and 
evening were relatively small. Catches were few in darkness as the salmon moved towards the upper layers 
(Figure 3). There was little change in daily pattern of the catch during the four month fishing period. 

The life stage of 100 chum salmon caught by the pair trawler F-maru 60 GRT were examined (Table 
2). The mean fork length was 66.8 cm with a standard deviation of 5.2 cm for females, and 65.8 cm with 
a standard deviation of 5.2 cm for males. Mean gonad weight was 536 g with a standard deviation of 165 
g for females, and 176 g with a standard deviation of 56 g for males. Scale annuli readings indicated a 
female mean age of 4.2 years and 4.1 years for males. Gonad weights indicated that the chum salmon were 
mature and close to spawning (Ishida et al. 1961). 

DISCUSSION 

I investigated the condition of the catch on board of the trawler, F-maru and observed that chum salmon 
were mingled with other benthic fish. Moreover, lfound mud from the sea bottom in the mouth and among 
the gill rakers of chum salmon. The captains stated that most of the fish caught by trawlers were usually 
benthic fish and squid and that there were very few non-bethnic species (pers. comm.). Accordingly, chum 
salmon were considered to be caught near the sea bottom. In the present study, a large catch of chum 
salmon was frequently caught in depths of 200 m to 350 m. This indicates that chµm salmon migrate near 
the bottom of 200 m tc» 350 m in depth. -

In the North Pacific Ocean, chum salmon were generally considered to occur in upper surface layer 
between 0 m to 50 m (Manzer 1964; Machidori 1967). However, recent studies on biotelemetry for 
salmonids revealed that salmonids could submerge to a depth of over 100 m (Soeda et al. 1985; Ogura 
1990). . 

Quinn et al. (1989) reported that mature sockeye salmon avoided warm surface layers and swam down 
to the depths under the thermocline. The Tsugaru Warm Current (12 - 21 °C) is usually distributed within 
the coastal belt of Iwate prefecture (19 kin wide or shallower than about 200 min depth, Ueno et al. 1987). 
In addition, it is known that the water temperature in the upper depths between 0 m to 100 m in offshore 
waters (20 - 90.km offshore) of Iwate Prefecture range between 12 and 20 °C and the water temperature 
at depths of 150 m to 300 mis 3 to 11 °C (Ueno et. al 1987). Manzer et al. (1965) concluded that chum 
salmon have a "preferred range" from 2 or 3° to 11 °C. Accordingly, it is considered that chum salmon 
avoid the warm surface layers and coastal waters (Tsugaru Warm Current) and submerge to depths over.200 
m. This seems to be a specific adaptation of chum salmon at the southern extension of its range (Neave 
et al. 1976). · · 

The maturity of the gonads show that chum salmon would soon enter their natal river for spawning. 
This suggests that chum salmon move to near shore areas and move upwards towards the surface to find 
their natal river using the olfactory sense (Hasler et al. 1983) after leaving the 200 ni bottom depth contour 
(Figure 4). 
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The five trawlers conducted their.operations off Iwate Prefecture. The distribution of chum salmon 
catch appears to extend north and south. It has been reported that trawlers often caught mature chum 
salmon near the bottom at depths between 50 m to 250 m off Chiba Prefecture, which was situated 450 km 
south of Iwate Prefecture (The Fisheries Department of Chiba Prefecture 1988). ·Accordingly, chum salmon 
bottom distribution seemed to extend north and south from Iwate to Chiba Prefecture. 

The daily pattern of the catch of chum salmon in the present study seems to be that chum salmon stay 
near the bottom at daytime and leave the bottom at nighttime. However, this conclusion is not firm, since 
the locations of the operations by the trawlers were unclear in nighttime. 
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Table 1. Numbers of salmon caught in the Pacific coast of northern Honshu by vessel and by month, 1986. 
Numbers of operations in which salmon was caught are given in parentheses. 

Ship 
Name 
A-maru 

B-maru 

C-maru 

D-maru 

Gross 
Tonnage 

59 

59 

59 

59 

E-maru 58 

Total 

Percentage in (%) 
each month (%) 

Fishing September October 
Implements 
Pair trawl 106 533 

(16) (58) 

Pair trawl 77 674 
(13) (49) 

Single trawl 31 68 

Single trawl 

Single trawl 

(19) (30) 

41 
(23) 

3 
(3) 

258 
(74) 
5.9 

(12.4) 

37 
(21) 

41 
(19) 

1353 
(177) 

31.2 
(29.7) 

November December 

805 183 
(48) (29) 

977 200 
(62) (40) 

106 42 
(34) (17) 

63 
(34) 

302 
(48) 

2253 
(226) 
51.9 

(38.0) 

19 
(12) 

29 
(20) 

473 
(118) 
10.9 

(19.8) 

Total 

1627 
(151) 

1928 
(164) 

247 
(100) 

160 
(90) 

375 
(90) 

4337 
(595) 
100.0 

(100.0) 

Table 2. Mean value of fork length, body weight, gonad weight and age of chum salmon caught by a pair 
trawl (F-maru, 60 GRT) in the coastal waters of northern Iwate Prefecture in November, 1989. Standard 
deviations are given in parenthesis. 

Date 

Nov. 10 

Nov. 11 

Total 

Location 

40°07'N 
142°13'E 

40°07'N 
142°14'E 

Depth 
(m) 

260 

280 

Sex Number of 
Samples 

female · 24 

male 41 

female 14 

male 21 

female 38 

male 62 

142 

Fork 
Length 

cm) 
66.7. 
(4.8). 

65.3 
(5.2) 

67.1 
(5.7) 

66.7' 
(5.2) 
66.8 
(5.2) 

65.8 
(5.2) 

Body 
Weight 

3567 
(972) 

3287 
(1003) 

3467 
- (960) 

3454 
(913) 
3530 
(969) 

3344 
(977) 

Gonad 
Weight 

( 

546 
(158) 

173 
(54) 

520 
(175) 

181 
-(59) 

536 
(165) 

176 
(56) 

Age 
(year) 

4.3 
(0.6) 

4.2 
(0.7) 

4.1 
(1.0) 

3.9 
(0.6) 

4.2 
(0.8) 

4.1 
(0.7) 
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Figure 1. Monthly distribution of chum salmon caught by one operation of trawlers off Iwate Prefecture, 1986. Size of circle proportionally corresponds 
to the numbers of chum salmon caught. 
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Figure 3. Relationship between time and date of chum salmon caught by trawlers. Size of circle 
proportionally correSponds to the numbers of chum salmon caught. 
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Management of the 1989 Prince William Sound Commercial 
' . . 

Pink Salmon Fisheries During the Exxon Valdez Oil Spill 

Dennis G. Haanpaa 

Alaska Department of Fish and Game 
333 Raspberry Road 

Anchorage, AK 99518 

On March 24, 1989, the oil tanker Exxon Valdez ran aground on Bligh Reef, spilling 260,000 
barrels (11 million gallons) of north slope crude oil into the waters of Prin<;:e William Sound. The 
Alaska Department of Fish and Game along with the Alaska Department of Environmental 
Conservation were faced with the task of harvesting a forecasted return of 39 .3 million pink salmon 
and ensuring that seafood quality and wholesomeness was maintained. The Department of Fish and 
Game, under strict guidelines and agreements developed to prevent any tainted fish from entering 
the market, proceeded with the intent to harvest surplus pink salmon that were of good quality and 
free of oil contamination. As a result of these efforts, 21.7 million wholesome pink salmon were 
finally harvested. The value of this fishery to the fishermeQ was estimated at $16.7 million with 
an additional $16.1 million to the hatcheries of Prince· William Sound~ 

MANAGEMENT AREA DESCRIPTION 

The Prince William Sound (PWS) management area. encompassing all coastal waters and inland 
drainages entering the northcentral Gulf of Alaska between Cape Suckling and Cape Fairfield, is divided 
into 11 salmon .µianagement districts (Figure 1). 

The management goal for all districts is to allow for the orderly harvest of all salmon surplus to 
predetermined spawning requirements. In addition, regulatory management plans have been developed · 
directing the department to manage enhanced fisheries so that private non-profit (PNP) hatcheries achieve 
cost recovery and brood stock requirements. 

1989 PRE-SEASON COMMERCIAL.PINK SALMON MANAGEl\'IENT OUTLOOK 

The 1989 pink salmon harvest was forecasted to be 39.3 million fish (Brady 1989). This estimate 
included 18.8 millio~ pipks from the wild stocks and 20.5 million from four pink salmon hatcheries. The 
wild stock pink forecast was .the largest on record. Average total return of pink salmon between 1965 and 
1987 is 13.6 million. Of the.forecasted 28.8 million pink salmon returning to the hatcheries,20.5 million 
were anticipated to be available for the common property fishery while the remaining 8.3 million were to 
be used for cost recovery sales and brood stock. 

The general waters of all districts are managed on wild stock strength. Escapement performance for 
wild stock pink salmon is monitored by aerial surveys of 200 established index spawning streams. While 
wild stock escapement performance determines openings in the general districts of PWS, specific 
management of hatchery returns is restricted to terminal areas· in front of facilities. 

OIL SPILL IMPACTS ON PINK SALMON MANAGEMENT 

At 12:04 a.m. on March 24, 1989, the tanker Exxon Valdez ran aground on Bligh Reef, spilling 260,000 
barrels (11 million gallons) of north slope crude oil in.to the waters of Prince William Sound. Directed by 
strong north winds and prevailing water currents, oil from the spill moved southwestward from the site of 
the grounding, impacting many of the Sound's islands and portions of the mainland. 

With a forecasted harvest of 39.3 million pink salmon and the potential impact the oil spill could have 
on seafood quality, the Departriient of Fish and Game (ADF&G) and the Department of Environmental 
Conservation (ADEC) agreed to develop a cooperative program in an attempt to conduct an orderly fishery 
and ensure that seafood quality and wholesomeness was maintained. 
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Following an April meeting between ADF&G, ADEC, and Alaska Seafood Marketing Institute (ASMI), 
in which all available information was considered, ADEC finalized a set of emergency regulations pertaining 
to fishermen, tendermen,·and processors. These regulations required all vessels that worked on the spill to 
be inspected prior to participation in the commercial fishery and all fishermen, tender operators, and 
processors to inspect their boats, gear, and catch for any indication of contamination from oil during the 
fishery. 

In early May, the Prince William ·sound Salmon Harvest Task Force, a working committee made up 
of leaders and head personnel from State and Federal agencies and the commercial fishing industry, was 
organized to develop recommendations to preserve the quality of the 1989 salmon harvest The Task Force 
proposed that the State adopt a policy that recommended closure of any area or subdistrict where the 
shoreline has been impacted by oil or where free floating oil was observed. 

' . 

On June 8, the ADF&G and ADEC signed a "Memorandum of Understanding" (MOU) addressing oil 
contamination concerns with the salmon fisberies. This document outlined the responsibilities of the two 
agencies. and specified guidelines for evaluating fisheries. As the first line of defense to prevent 
contaminated salmon from entering the marketplace, ADF&G agreed to keep fishing areas closed "if there 
was an appreciable likelihood that gear will be fouled, fish harvest adulterated, or such that the conduct of 
an orderly fishery could not take place" (ADF&G and ADEC MOU 1989): In addition, ADF&G was 
required to conduct test fisheries prior to district openings to evalu!!-te the presences of oil and the likelihood 
of contamination occurring. 

No major problems from oil contamination were anticipated in the Eastern, Southeastern, and inner 
waters of the Northern and Coghill Districts. Aerial surveys, beach walks, and test fisheries were conducted 
to further ev8Iuate these areas. The Southwestern District suffered the most extensive oil impacts from the 
March 24 oil spill, while both the Montague District and the Eshamy District were also heavily impacted. 
All three of these districts were closed to commercial fishing during the entire 1989 season. 

PRINCE WILLIAM SOUND GENERAL SEINE SEASON 

From June 15 through July 11, six purse seine vessels were used in Prince William Sound under a test 
fishing charter to evaluate the likelihood of encounteri~g oil in areas planned- for commercial fishery 
openings (Schultz 1989). These boats were dispatched to predesignated areas covering tpe main waters of 
the Southeastern, Eastern, Northern, Coghill, and Northwestern Districts. A total of 10,566 salmon were 
harvested by the test fish program. Of these, 4,984 salmon, representing samples from all areas fished, were 
examined by ADEC seafood inspectors. Examination techniques included organoleptic evaluation of the fish 
in Cordova and laboratory analysis at the ADEC.Palmer laboratory. No oil cbntaminatidn ~as detected on 
any of the salmon inspected by ADEC. The chartered fishing vessels and gear were also inspected 
following the test fishery, but were found to have no evidence of oil contamination. 

The first commercial purse seine fishery, a 12-hour period, occurred in the Eastern and Northern 
Districts on June 28. The harvest from this seine opening was 461,000 pink salmon.· 

The second seine fishery opening was scheduled for July 5 and was again of 12-hour duration, and 
encompassed the same areas of Eastern and Northern Districts as the first period. The harvest was 472,900 
pink salmon. Most pink salmon catches continued to come from lower Valdez Arm and were attributed 
to Solomon Gulch Hatchery production. Wild stock pink salmon were clearly contributing little to the 
harvest. The same fishing strategy was used the following week, with a 12-hour period on July 12. This 
period resulted in a harvest of an additional 1.37 million pink salmon. Most of the pink salnion harvest was 
again attributed to Solomon Gulch Hatchery production: 

During these early openings, only a few fishing vessels reported encountering oil sheens during the 
fishery. The ADF&G responded by conducting aerial surveys of areas where sheens were reported and by 
interviewing crews on fishing vessels reporting sheens. The ADEC inspections were intensified for tenders 
bringing in deliveries from these areas. All reported sheens in this area were found to be diesel fuel or 
bilge oil, and in no case was any contamination of fish or gear detected. 
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By mid-July pink salmon were starting to return to the Prince William Sound Aquaculture Corporation 
(PWSAC) hatcheries. Due to the "oil closure" of the Southwestern District and the plans for PWSAC to 
shift as much of itS sales harvest requirements as possible to the Armin F. Koernig (AFK) facility, it was 
anticipated that most of the 10.7 million pink salmon expected to return to the Esther Hatchery and the 5.0 
million pink salmon forecasted to return to the Cannery Creek hatchery would be surplus to hatchery needs 
and available for harvest in the common property fishery. To ensure the harvest of bright, unmarked, high 
quality salmon, the Esther Subdistrict and eastern waters of Unakwik Inlet were opened to continuous 
fishing on July 26. 

With Cannery Creek and Esther hatchery terminal harvest areas open to continuous fishing the seine 
harvest of pink salmon was developing in an orderly and effective manner. Froi;n July 26 through 28, the 
harvest averaged about 600,000 pink salmon each day, indicating that hatchery returns to Esther and 
Cannery Creek would come in at forecasted levels. · 

On Friday, July 28, the Department received a number of reports from fishermen and spotter pilots that 
an oil sheen had moved into the Esther Subdistrict. 'The sheen was described as 1/2 to 314 miles in length 
and 300 yards wide. Further reports were compiled Saturday morning through radio communications with 

· seine vessels that had encountered oil which contaminated their fi'sbfug gear. Consistent with the MOU, 
an immediate closure of the Esther Subdistrict was announced at 12:00 noon on July 29. 

Later. that same day, Saturday, July 29, the Department received reports that a seine vessel had 
encountered an oil sheen at Payday Point in Unakwik Inlet and contaminated its fishing gear. Inspection 
of that-vessel on Saturday evening revealed that the cork line and chaffing gear of the seine as well as the 
hatch cover on the vessel were spotted with oil. Other vessels 'in the area also reported seeing an oil sheen 
at Payday Point. On Sunday morning a second vessel reported encountering an oil sheen near Payday Point 
that had stained the corks of his seine. Consistent with the MOU, an immediate closure of the open waters 
iri Unakwik Inlet was announced at 12:00 noon on July '30. 

As a result of this emergency closure of the fishery, seafood inspection effort was concentrated on fish 
coming_ from this area. A number of deliveries were delayed when fishermen requested inspections of their 
catch, and while tenders carrying salmon from areas where the closures occurred were inspected. Because 
of the inspection process some fish was lost due to the delays in reaching the processing plants. The 
inspection program and stiff quality standards resulted in one tender forfeiting a load of fish that was 
contaminated with oil from a hydraulic system leak. 

Following the fishery closures on July 29 and.30, a major effort was mobilized to further evaluate the 
affected areas to d~termine whether fish could still be harvested without contamination of fishing gear or 
fish. The ADF&G research vessel Pandalus was stationed on the grounds to serve as a base for the 
assessment effort. On August 5, it was estimated that 2 million surplus hatchery fish were present within 
the Unakwik Inlet area This large concentration of fish provided an opportunity for a controlled common 
property harvest The fleet was placed on 24-hour advance notice, and .a course of action was set to attempt 
to harvest these fish. 

A coordinated aerial survey effort involving NOAA; ADEC,-Exxon and ADF&G, was conducted daily 
of the areas around the Esther and Cannery Creek hatcheries to record oil· sheens. ADF&G also received 
numerous reports of oil sheens in this area from spotter pilots and fishermen. Many of these were traced 
to vessels in the area that had pumped out bilge oil. or diesel.. To eliminate this source of oil sheens during 
tl:ie critical assessment period, all tenders and fishing vessels were requested to stay outside of the proposed 
fishing area in Unakwik Inlet. 

Four test fishing boats started surveys on August 3. These vessels collected water samples and searched 
for oil and tar balls by systematically towing purse seines through the water at prescribed locations 
throughout the area being considered for the Unakwik fishery opening. Test seines had absorbent pads se\vn 
in panels thrQughout the web so that any encounter with oil would be detected. The vessels observed no 
oil sheens and no signs of oil contamjnation were found on any of the seines or absorbent pads. 
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With the increased potential for a commercial harvest being allowed, the fleet was placed on one hour 
notice effective 8:00 a.m., August 10. An early morning aerial survey of the proposed fishing area was 
flown prior to making the final decision· on the opening. At 8:00 a.m., the announcement was made to 
proceed with a fishery of 12-bour duration commencing at 9:00 a.m. 

More than 2 million pink salmon were harvested during this 12-bour opening. Although a number of 
boats reported observed oil sheens, ADF&G. biologist and ADEC personnel responding to reports did not 
observe sheens that threatened the harvest. 

The surveillance program was continued and test fishing efforts were redirected in the Esther 
Subdistrict. By the morning of August 14, with the fleet again on one-hour notice, sufficient evidence had 
been collected to assure ADF&G that the· Esther Subdistrict and surrounding areas, as well as the Unakwik 
Inlet area, were free of oil. Following a morning survey of the proposed fishing area, a 12-bour opening 
was announced. 

The harvest from this opening totalled about 2.3 milli.on pink salmon. ADF&G and ADECpersonnel 
again responded to a number of reports of oil sheens in the area open to fishing, but these were again 
attributed to bilge oil and diesel from the tenders and fishing boats of the fleet. No fouled nets or 
contaminated fish were observed. 

The fishery continued through August 29 using the format outlined above; daily aerial .. surveys, on 
ground surveillance, and field announcements for short fishing periods. A total of 1i fishery openings were 
conducted during this time period. Although boundaries were modified on a daily basis, the area opened 
generally included Unakwik Inlet, the Esther Subdistrict. 

On August~. with most of the pink salmon runs over and fishing effort drastically reduced, the fishery 
was placed on a schedule of daily 12-hour openings in the Esther Subdistrict. On September 30 the 1989 
PWS salmon fishing season was officially closed. 

CONCLUSION 

Outside of the Esther Island and Cannery Creek Hatchery areas, few openings were scheduled in the 
Eastern and Southeastern Districts to harvest wild stock production. Overall, wild stock pink salmon 
contributed little to the final common property commercial catch of 13.8 million. Of this total harvest, it 
was estimate.ct that 90% of the pink salmon were of hatchery origin. An additional 7 .8 million pink salmon, 
the highest sales harvest on record, were harvested for cost recovery by the hatcheries. The _total 1989 pink 
salmon harvest was 21.7 million. The 13.1 million purse seine harvest was wortµ $16.0 million to 243 
permit holders. An additional 0.7 million pink salmon worth $0.9 million were harvested_ by" the gill net 
fleet (Brady 1991). · 

In those districts where commercial harvests were conducted (Eastern, Northern, Cogbill, Northwestern 
and Southeastern), wild stock pink salmon escapements were at or below the lower end of desired ranges. 
In those districts where there were no commercial harvest (Eshamy, Southwestern, and Montague), the 
escapement indices exceeded the upper end of the. desired ranges by only 40% to 60%. 

REFERENCES 

Alaska Department of Fish and Game and Alaska Department of Environmental Conservation, 
Memorandum of Understanding, 1989 Commercial Fishery Season. 

Brady, James, Steve Morstad, Ellen Simpson, Evelyn Biggs. 1991. Prince William Sound Area Annual 
- Finfisb Management Report 1989, Alaska Department of fish and Game, Cordova, Alaska. 

Brady, James. 1989. Commercial S~on Management Outlook 1989, Alaska Department of Fish and 
G~e, Cordova, Alaska. 

Schultz, Keith. 1989. Memorandum to James Brady dated July 28, 1989 regarding Purse Seine Test 
Fishery. Alaska Department of Fish and Game, Cordova, Alaska. 

150 

l 
( 
( 
-~ 

_{ 
c 
l 

l 
l 
( 



IJNAXWIIC 
(229) 

', 
' '' COPPER RIVER (212) 

'',, 
' I b~ 

. ' '- BERING RIVER ,.,. ' I c200> , 

)C Salmon Hat.chary ' ' j // // 
. - - - Dilt.rict. Boundari u ' ' ~ / / 

Figure 1. Map of Prince William Sound Area, showing commercial fishing districts, salmon hatcheries, weir locations and the Miles Lake Sonar. 



Hatchery Response in Prince William Sound, Cook Inlet 
and Kodiak to the Exxon Valdez Oil Spill 
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The March 24, 1989 Exxon Valdez oil spill threatened salmon hatchery programs in the Prince William 
Sound, Cook Inlet and Kodiak areas. Maintenance of hatchery facilities and continued viability of their fish 
production programs was of utmost concern. Hatchery contribution to the common property fishery the year 
prior to the spill was valued at $31.9 million in Prince William Sound alone. It was necessary to protect 
juvenile salmon in saltwater net pens at the hatcheries as well as to protect the adjacent bay such that 
fisheries could occur in the future without fear of oil contamination. 

Deflection boom material was deployed at six hatcheries to exclude oil from the immediate hatchery 
vicinity. Of these six, the deflection booms at three (AFK, Main Bay and Kitoi) were hit by floating oil. 
The AFK Hatchery deflection boom was hit by oil starting 8 days after the spill. Large quantities of 
floating oil moved passed the AFK facility and represented a very serious threat. The Main Bay Hatchery 
deflection boom was hit by oil starting 11 days after the spill. The Kitoi Hatchery deflection boom was 
hit by oil starting 30 days after the spill. Though the Kitoi Hatchery was almost 300 miles away from 
where the Exxon Valdez went aground, deflection boom there was hit by up to 1500 gallons/day of oil and 
oiled debris. All three of these facilities were in serious jeopardy through the spring and summer of 1989 
as a result of floating oil. Two other hatcheries (Wally Noerenberg and Tutka) were threatened by oil in 
the immediate vicinity. The deflection boom at neither of thes~ two facilities was ultimately hit by floating 
oil. 

The hatchery protection response program necessitated intense cooperation and support from State and 
Private Nonprofit hatchery operators. The fishermen, U.S. Coast Guard, Borough governments and Exxon 
all made substantial contributors to hatchery protection efforts. Though many said it could not be done, all 
hatcheries were ultimately protected. This is a credit to many dedicated individuals as ~ell as lack of south 
easterly storms during the first weeks after the spill. 

Traditional fisheries at the impacted hatcheries were closed in 1989 forcing operators to initiate 
emergency harvest programs for returning salmon. These harvests were tightly controlled to prevent any 
possibility of oil contamination and were successful in harvesting returns that year. Studies are underway 
to assess the impact of the oil spill on the survival of fish released from the hatcheries in Prince William 
Sound. 
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Humpies and Hydrocarbons: Relating Laboratory Effects Studies 
to Potential Effects from the Exxon Valdez Oil Spill 

Staqley D. Rice and Adam Moles 

National Marine Fisheries Service 
Auke Bay 1.Aboratory 

P.O. Box 210155 
Auke Bay, Alaska 99821 

The potential effects from the Exxon Valdez oil spill on the pink salmon, Oncorhynchus 
gorbuscha, are examined in light of controlled laboratory studies. Eggs and alevins are tolerant of 
short term water-borne oil exposures, but are especially vulnerable in Prince William Sound where 
whole oil could contaminate the intertidal redds. Out migrant fry in seawater·are about twice as 
sensitive as fry in freshwater, but exposure to high levels of hydrocarbons in seawater from a spill 
is unlikely. If spilled oil affects out migrant fry, laboratory studies suggest that decreased growth 
will be the most likely effect. Returning adults have declining abilities to metabolize hydrocarbons, 
but their expos~es are likely to be minimal. 

Fishery resource managers have been concerned for some time that a major spill, like the Exxon Valdez 
oil spill, could damage major habitats and populations of salmon in Alaska. Over 20% of the U.S. domestic 
production of oil flows through the Trans- Alaska pipeline and is carried via tankers through Prince William 
Sound. This tanker traffic is predicted to continue for another three plus decades as predicted Alaskan oil 
production cpmes on line. This perceived threat to the abundant salmon resources of Prince William. Sound 
was recognized in 1970, stimulating a series of laboratory studies to determine life stages and processes of 
salmon sensitive to oil exposure. Much of this information bas been useful in designing field studies to 
assess the damages from the Exxon Valdez oil spill, and will be combined with field observations to support 
current litigative efforts. Litigation efforts preclude open disclosure of results from State and Federal 
damage assessment studies of the Exxon Valdez at this time. The objective of the following review is to 
relate laboratory studies to the Exxon Valdez oil spill. 

The March 1989 grounding of the tanker Exxon Valdez was the beginning of a large scale and long 
term pollution event. Oiling of surface waters lasted for several months; cleaning shores was a large effort 
in the first two summers after the spill. Several life stages of pink salmon from several year classes were 
exposed t~ oil during the multi-year·event. 

EGGS, ALEVINS IN REDDS: SENSITIVITY VERSUS VULNERABILITY 

Eggs of pink salmon are relatively tolerant of short term exposures to water borne oil (Moles et al. 
1979). As the. development proceeds, yolk is used up, and sensitivity increases (Rice et al. 1975; Moles 
et al. 1987). The mos.t sensitive freshwater life stage are em~rgent fry, which have consumed most of their 
yolk reserves, but pave not begun feeding. Eggs are so tolerant to water soluble fractions of oil, that the 
tests comparing sensitivities bad to be with benzene, an aromatic hydrocarbon with a solubility that allows 
high concentrations to mix into the water. The tolerance of eggs is associated with the slow uptake rates 
of the hydrocarbons and the large lipid mass of the yolk. Eggs accumulate 14C-bydrocarbons very slowly 
compared to alevins or fry (Korn and Rice 1981). Eggs are surrounded by membranes, and do not have 
gills for the efficient transfer of hydrocarbons into the tissues. Furthermore, eggs have a large quantity of 
lipid rich yolk, that can sequester large quantities of accumulated hydrocarbons. Lipids isolate 
hydrocarbons away from the actively growing tissues. Although the short term tolerance of eggs is extreme, 
eggs do slowly accumulate hydrocarbons and can be killed in long term exposures· to low concentrations 
of hydrocarbons (Korn and Rice 19~1). Depuration of hydrocarbons out of the eggs is much slower than 
for alevins or fry. 

Eggs and alevins )n intertidal redds are both more sensitive and more vulnerable than in freshwater 
redds. In Prince William Sound, Alaska, up to 75% of the pink salmon production may come from the 
upper intertidal zone of small streams (Helle 1970). Eggs and alevins in this environment usually have 
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increased survival in most years, but after an oil spill, this zone is particularly vulnerable to oil impact. 
There are two factors that will -impact survival. First, petjodic tidal seawater exposures increases the 
sensitivity of egg/alevins to oil. The combination of oil and periodic saltwater exposure reduced the time 
to death of 5 day old alevins from 16 days (FW) to 6 days (Moles et al. 1987), apparently as a result of 
increased accumulation. Alevins exposed to a combination of oil and seawater accumulated 13 times the 
amount for similar aged alevins exposed to oil in freshwater (Moles et al. 1987). The combination of low 
concentrations of oil in tidal seawater for 30 days resulted in alevins with virtually no yolk reserves 
available for the subsequent 60 days in the gravel (Moles et al. 1987). 

The second major factor affecting survival is vulnerability. Spilled oil is deposited in the upper 
intertidal zone, and coats rocks and contaminates habitat. Although streams_ with a freshwater flow at low 
tide have more protection from coating than the adjacent shoreline, some stream flows are low and oil can 
be mixed into the redds by waves and W!_lter movements. Evidence of oil in redds has been found. This 
would change the mode of exposure from water borne oil (light end fraction of oil like substituted benzenes 
and naphthalenes) to a contact mode, where the spectrum of compounds includes large and toxic multi-ring 
aromatic hydrocarbons: In 1989, alevins emerged from gravels within weeks of the Exxon Valdez 
grounding; exposure was limited but the oil was fresh and very mobile. In the 1990 brood year, the oil was 
weathered, less mobile to some extent, but the contamination in Prince William Sound was very pervasive. 
The eggs/alevins were in the intertidal gravels for approximately 8-9 months before emergence. The 
chances for exposure to water borne oil were small in 1990, but the chances for direct contact with oil 
droplets was significant given the length of intragravel incubation. 

The laboratory studies on eggs and alevins were water borne exposures; there were no experiments that 
examined the effectiveness of oil exposures through direct contact on toxicity or uptake. The Alaska 
Department of Fish and Game had studies in the field to determine survival of eggs and alevins in redds 
during both 1989 and 1990 in Prince William Sound. 

.. SENSITIVITY OF OUT MIGRANT FRY 

The biggest change in sensitivity occurs upon entry to seawater: Several species of salmonid smolts, 
including pink salmon, were twice as sensitive in seawater as in freshwater when exposed to benzene and 
the WSF of Prudhoe Bay crude oil (Moles et al. 1979). Even after 42 days of acclimation to seawater, 
salmon are twice as sensitive to aromatic hydrocarbons as they had been in freshwater, despite a 25% 
increase in body weight during the 42 day period (Stickle et al. 1982). The increase in sensitivity is 
probably caused by two factors: increased uptake, and decreased hydrocarbon metabolism, as a result of the 
physiological adjustments to be made on entry into seawater (renal shut down, drinking seawater and 
excretion of excess salts, etc.). Thomas and Rice (1981) found that Dolly Varden char exposed in seawater 
accumulate consistently higher concentrations of toluene and naphthalene (and lower percentages of 
metabolites) in their tissues than fish exposed in freshwater. 

The low temperature of Alaskan waters has two effects on the'toxicity of aromatic hydrocarbons, effects 
that are difficult to separate. Low temperature increases the toxicity of oil by increasing the persistence of 
aromatic hydrocarbons in water and modifies the physiological sensitivity of test animals (Rice et al. 1977b). 
Pink salmon fry in seawater showed increased sensitivity at lower test temperatures. Sensitivities ranges 
from 1.5 ppm at 4C to 1.8 ppm at 12C (Korn et al. 1979). 

Salmon readily take up hydrocarbons in their tissues after water exposure, but have the capacity to rid 
their tissues of the hydrocarbons even while remaining in the exposure solutions (Rice et al. 1977a). 
Hydrocarbon depuration can be passive via the gills, the primary excretion pathway of smaller aromatic 
hydrocarbons, or through metabolism and bile excretion (Thomas and Rice 1981, 1982). Hydrocarbon 
concentrations are difficult to detect in pink salmon juveniles, because of active hydrocarbon metabolism, 
and because these juveniles are actively growing and do not have. lipid rich stores for accumulation 
reservoirs, like herring (Rice et al. 1987). Pink salmon juveniles have the capacity to adapt to sublethal oil 
exposures: tolerance to petroleum hydrocarbon increased after sublethal exposures because of the salmon's 
ability to induce hydrocarbon degrading enzymes after sublethal exposures (Rice and ThomaS 1989). 
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· Several studies have shown harmful sublethal effects from petroleum hydrocarbon exposures to pink 
salmon fry. Pink salmon exposed to sublethal levels of crude oil ·have increased coughing (Rice et al. 
1977a) and increased respiration (Thomas and Rice 1979). Swimming stamina performance was decreased 
in sublethal hydrocarbon exposures to juvenile coho, suggesting that predator avoidance could be affected 
(Thomas and Rice 1987). Pink salmon fry can detect and avoid concentrations of oil that are about 1 % of 
the LC50 (Rice 1973). While laboratory tests can define the physiological ability to detect oil, these test 
provide little insight into the behavioral decisions salmon would make when confronted with oil 
contaminated water, especially near natal streams or estuaries. 

Decreased growth in out migrant pink salmon fry can be caused by hydrocarbon exposures in lab tests, 
and decreased growth from an oil spill may have a critical impact on marine survival. Decreased growth 
in pink salmon in seawater occurs at 33% of the LC50 (about 0.4 ppm) after 40 days of exposure. The 
higher the concentration of oil, the less observed growth. Juvenile pink salmon exposed to nearly lethal 
ievels of crude oil do not grow (Moles and Rice 1983). The concentration that affects growth in pink 
salmon is the same concentration that increases respiration rates (Moles and Rice 1983; Thomas and Rice 
1979), suggesting the energy for growth is diverted to hydrocarbon metabolism and excretion. 

Oil contaminated prey may be an important route of hydrocarbon entry into pink salmon fry. In lab 
tests with Artemia nauplii contaminated with the water soluble fraction of oil, pink salmon fry feeding rates 
and growth were decreased with sublethal exposures (Schwartz 1985). Hydrocarbons were detectable in 
.fry tissue after 10 days, but riot after 23 days - even though fry continued to consume oil contaminated 
prey (Schwartz 1985). The impact of prey, such as harpacticoid copepods, contamfuated with whole oil 
may be far more negative than the light end fraction of oil used in lab studies as the hydrocarbon source. 
Little is known about the availability, palatability, and vulnerability of oil contaminated prey after an oil 
spill. Exposure and contamination of epibenthic prey may be substantial. 

RETURNING ADULTS 

Studies exposing returning adults to oil are rare. Returning adults have less ability to metabolize 
petroleum hydrocarbons than juveniles, because the ability to induce hydrocarbon metabolizing enzymes is 
decreased (Thomas et al. 1988). However, exposure to water borne hydrocarbons at harmful levels is 
unlikely given the short time in the estuary and the lack of feeding - in contrast to juveniles. 

There is concern that a spill may interfere with homing to natal streams. Salmon have the ability to 
detect low levels of organics, including oil (Rice 1974), but the level that will cause avoidance is likely to 
be high, and not easily attained. Returning ·adults .~e motivated, and are likely to pass through sublethal 
exposures of oil (Weber et al. 1981).. · · 

EXXON VALDEZ DAMAGE ASSESS.MENT STUDIES 

The Natural Resource Damage Assessment process is ·a complicated suite of studies ranging from 
studies of environmental contamination, to impacts on fish, birds, marine mammals, and terrestrial species. 
Alaska Department of Fish and Game and the National Marine Fisheries Services have led several studies 
that examine the impacts of the Exxon Valdez oil spill on eggs/alevins, out migrant fry, and returning adults 
of pink salmon. The potential for litigation precludes open disclosure of the results of these studies at this 
time. 
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· This paper describes methodologies used to assess pink salmon (Oncorhynchus gorbuscha) egg 
and pre-emergent fry mortalities due to spawning ground oiling by the TIV Exxon Valdez oil spill. 
Live and dead pink salmon eggs and !:ire-emergent fry were flushed from the spawning gravel and 
enumerated for both oiled and unoiled streams. · A nested analysis of variance was used to test for 
differences in egg and fry mortality and egg to fry survival among oiled and unoiled streams. 
Samples of eggs and fry were collected for histopathological and mixed-function oxidase analysis 
to tie increases in mortality to oiling. Methods for study site selection, data collection, data 
analysis; and documenting oil .contamination are presented. . 

Over 900 anadromous fish streams are located in Prince William Sound, Alaska (PWS). The vast 
majority of these streams support pink salmon (Oncorhynchus gorbuscha), rµany of which spawn intertidally 
(up to 75% in some years [Helle et al. 1964; Helle 1970]). Much of the intertidal spawning area was 
contaminated with north slope crude oil from the TN Exxon Valdez spill just prior to fry e_mergence in late 
March and early April, 1989. Moles et al. (1987) demonstrated that pink salmon alevins exposed to 

· simulated intertidal oiling had reduced survival, greater uptake of hydrocarbons, and impaired condition 
compared to alevins in fresh water exposed to the same concentrations of oil. 

This study was de~igned to compare egg and fry mortality as well as egg to fry survival among oiled 
and unoiled areas using sampling technology developed for past egg and fry density estimation projects 
(Pirtle and McCurdy 1977). While it is important to show differences in mortality among oiled and unoiled 
areas, it is also critical to determine whether these differences could be attributed to oiling. Hydrocarbon 
impact was assessed for each stream and histopathological and mixed-function oxidase data were collected 
from eggs and fry to examine this link. 

This examination is part of the joint Federal-State of Alaska_Damage Assessment Program. Results 
of these studies are considered litigation sensitive; consequently, only methodologit?s are presented. The 
results will be presented in a future paper. 

METHODS 

STUDY SITES 

The plume of crude oil from the TN Exxon Valdez flowed in a counter clockwise direction around 
Prince William Sound and exited through the southwest comer. Most of the 31 streams examined for pink 
salmon egg and fry density were in the southwest portion of PWS; although, streams in eastern PWS and 
on Montague Island were included to ensure the availability of sites uncontaminated by oil (Figure 1). The 
streams on Montague Island and from eastern PWS were latter dropped from the analysis. 

No experimental control over treatment of streams with oil (oiled or not oiled) was possible. This 
problem is common to many designed experiments using observational data. Ideally, level of oiling would 
have been randomized among streams to account for inherent variability in pink salmon populations and 
environmental conditions. Control streams (not oiled) possessing similar characteristics (pink salmon 
abundance, hydrology, and climatic conditions) and in close proximity to oiled streams were selected to 
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balance these differences (Figure 2). All heavily oiled streams in southwest PWS with sufficient numbers 
of aduit pink salmon spawners to support egg and fry sampling were included in the study. 

DATA COLLECTION 

Egg deposition surveys were performed from late September to mid-October in 1989 and 1990 and are 
also scheduled in 1991. Pre-emergent fry sampling was conducted from mid-March to mid-April in 1989 
and 1990 and are also scheduled in 1991 and 1992. Sampling methods were identical for both surveys and 
were modeled after procedures described by Pirtle and McCurdy (1977). 

Four stream zones, three intertidal and one above tidal inundation were sampled for each study stream. 
The three intertidal zones were 1.8-2.4 m, 2.4-3.0 m, and 3.0-3.7 m above mean low water. All zones were 
surveyed and staked using a bandbeld tide computer, band level, and stadia rod. 

Separate 30.5 m linear transects were established for each· zone for egg and pre-emergent fry studies. 
Shorter transects were used when stream gradients were steep. Fry transects started downstream against 
the right stream bank and moved upstream to the left bank. Egg transects started downstream against the 
left stream bank and moved upstream to the right bank. This design reduced sampling overlap between egg 
and fry transects so that removal of eggs in the fall did not affect spring fry abundance. For each stream 
a map was drawn showing tide zones and transect locations in relation to major landmarks. Each egg 
transect was marked with surveyors flagging to help assure that egg and fry plots did not overlap. 

Fourteen circular plots, each 0.3 m2 in diameter, were systematically sampled along each transect. 
This sample size was a compromise between reducing variance and practical restraints. Fewer plots were 
sampled on narrow stream channels to avoid excessive removal of eggs and fry. Streams which split into 
two or more c~annels within a zone were sampled by allocating plots among the channels based on the 
either observed spawner distribution or, where spawner distribution was unknown, by equal allocation. A 
bigb pressure hose was used to flush eggs and fry from the gravel within plots. These eggs and fry where 
then captured in a specially designed net Data on numbers and condition (live or dead) of fry and eggs 
by species were collected for each plot 

DATA ANALYSIS 

Numbers of live and dead eggs and fry were summarized by stream and stream zone. Egg mortality 
~j) at the time of the egg survey was estimated for each stream (i) and zone (j) as: 

Mi - :E (DEeljk ·~ DFeijk) 

j - :E (LE.,ijk + DEeljk + LFeijk + DFeijk) 

where LEeijk' LFeijk• DEeijk• and DFeijk were the number of live eggs, live fry, dead eggs, and dead fry, 
respectively, from the egg survey (e) for the k1h plot from zone j, and stream i. Fry mortality at the time 
of the fry survey was also estimated using data from the fry survey. 

The logit transform of mortality [ ln(live/dead) ] was also examined: 

. [ ll (DE.,1Jk + DF.,iJk)l Logi~ - In -~· ---=---=--
j - ll (LE.,IJk + LFeiJk) 

Logits are appropriate for dichotomous data (dead or alive), often transforming the dependent variable to 
better meet the assumptions of the analysis (Neter et al. 1989). 
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Egg to pre-emergent fry survival (~ij) was estimated by: 

~ (ll LFnJi) I nnJ s,J = --------=----=-------
ll (LEelJk + DEelJk + LFeiJk + DFe1Ji) I n.,,J 

where LFfijk was the number of live fry found during the fry survey (f) for the kth plot from zone j, and 
stream i; ne and l1t were the number of plots for the egg and fry surveys in zone j, stream i. 

Differences in egg and fry mortality and egg to fry survival (Yijk = :rVI, Logit, or ~) were examined 
using a fixed effects, two-factor experiment with repeated measures on one factor (Neter et al. 1985): 

Y1Jk = !J. ... + o, + ZJ + (OZ)11 + SkCI> + eCIJk> 

The two treatments examined were oiling (Oi: 2 levels, oiled and unoiled), and height in the intertidal zone 
(Zj; 4 levels, 2.1, 2.7, and 3.4 m above mean low water, and upstream). Both were fixed effects. Data 
were blocked by stream (Sk(i)• a fixed effect nested within oiling). The interaction of oiling and height in 
the intertidal zone was also examined. Equality of variances was tested using the Fmax-test (Sokal and 
Rohlf 1969), while normality was visually assessed using box plots (Chambers et al. 1983). Data 
transformations were examined if non-normality was suspected. If a significant difference due to oiling was 
detected (a= 0.05), four contrasts were examined (oil versus unoiled for the four stream zones) using the 
Bonferroni method of multiple comparisons (~ CI_j = 0.10) (Neter et al. 1985). 

DOCUMENTING CONTAMINATION BY OIL 

The intertidal zone of all streams in the study were surveyed on foot, mapped, and photographed within 
one month of the oil spill to document extent of oiling. Mussels (Mytilus edulis) were collected from the 
intertidal zone in close proximity to each stream during July and August of 1989 and 1990. This sessile 
species has been shown to bioaccumulate hydrocarbons and was thus considered a good indicator species 
of hydrocarbon pollution (Karinen 1983). 

A random sample of all live eggs and fry sampled from each stream and zone will be examined for 
histopathological aberrations and presence of mixed-function oxidases. Carls and Rice (1990) found an 
increase in morphological abnormalities due to crude oil exposi.Jre in pollack (Theragra chalcogramma) 
embryos, while Spies et al. (1982) were able to detect pollutants in California flatfishes using test for 
hepatic mixed-function oxidases. 
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Figure 2. Location and preliminary treaunent designation (Oiled or Not Oiled) for the 1989 and 1990 egg 
and fry analysis, Prince William Sound, Alaska. 
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The Exxon Valdez oil spill ·occurred in early spring, just prior to the movement of hundreds of millions 
of juvenile salmon from.streams and hatcheries into Prince William Sound. Over 1000 miles of shoreline 
in Prince William Sound and south-central Alaska were contaminated, all potential rearing habitat for pink 
and chum salmon fry. The early marine residency is a period of high and variable mortality which can 
determine year-class strength (Parker 1968; Walters et al. 1978; Bax 1983; Nichelson 1986). Growth of 
pink and chum salmon during their early marine phase is extremely rapid (LeBrasseur and Parker 1964; 
Healey 1980; Mortensen and Wertheimer 1980), and is important to escape size-selective predation (Parker 
1971; Hargreaves and LeBrasseur 1985). To attain rapid growth, standing crops of food organisms must 
be high (Bailey et al. 1975) or delivered to rearing areas at a high rate ~Y currents (Cooney et al. 1978); 

Oil in the marine environment can affect juvenile salmon in a variety .of ways. Oil can be directly toxic 
. to salmon; juvenile salmon are especially susceptible when first in seawater (Rice et al. 1975; Rice et al. 
1984). Sublethal levels of hydrocarbons can affect metabolism and reduce growth of juvenile salmon (Rice 
et al. 1975); Sublethal levels of hydrocarbons can damage olfactory lamellar surfaces, conceivably 
impacting migratory behavior and feeding patterns (Babcock 1985). Oil can also· be toxic to meiofauna and 
zooplankton (Caldwell et al. 1977; Bonsdorff 1981; Bodin 1988). Mortality, reduction of reproductive 
potential, or growth inhibition of prey populations could result in reduced growth of juvenile salmon, and 
thus increase their exposure to predation. Contamination of prey with hydrocarbons bas also been shown 
to reduce feeding behavior and growth of juvenile salmon (Schwartz 1985). 

Because of the concern that such effects could greatly reduce the marine survival of pink salmon, a 
Natural Resources Damage Assessment study was initiated to detennine the impact of the spill on pink 
salmon during their initial marine residency. This research was a cooperative project involving three 
organizations: the University of Alaska Fairbanks {UAP), the Alaska· Department of Fish and Game 
(ADFG), and the National Marine Fisheries Service (NMFS). Each agency was responsible for a particular 
component study. 

The UAP component focused on comparisons between the spill year and historical data on juvenile 
salmon early marine residency in and neat Sawmill Bay in southwestern Prince William Sound (Figure 1). 
This site was directly in the spill path as the oil exited Prince William Sound. It is the location of the 
Annin Koening Hatchery, one of the Prince William Sound Aquaculture Association's major pink salmon 
enhancement facilities. Prior research at this hatchery had documented fry feeding behavior, growth, and 
prey abundance and preferences (Urquhart 1979; Barnard 1981; Cooney et al. 1981). A university research 
team re.turned to Sawmill Bay from May and June of 1989 to collect similar data in the year of the spill. 
Juvenile salmon were collected by dip net and beach seine botl1 within the portion of Sawmill Bay that was 
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protected from oil contamination by booms, and in the adjacent, contarriinated Elrington Passage. 
Zooplankton samples were also taken within Sawmill Bay and in Elrington Passage. 

The ADFG component focused on the recovery of coded~wire tagged pink salmon to determine growth 
rates and migratory behavior. Over one million tagged pink salmon were released in Prince William Sound 
in 1989 and again in 1990. Juvenile pink salmon were captured by beach seining and purse seining in May­
July in six general areas in western Prince William Sound (Figure 1), Recovery of tagged fish allowed 
computation of growth rates and examination of migration patterns. Growth rates were then compared 
between oiled and non-oiled recovery areas for specific groups. Growth was also compared between tagged 
fish from Armin Koening hatchery, released into a heavily contaminated area, and those from the Wally 
Noerenberg Hatchery on Esther Island, released into an uncontaminated area. In order to document 
exposure to hydrocarbons, coded-wire tagged pink salmon were frozen when captured for hydrocarbon 
body-burden analysis, and untagged fish from the same seine sets were preserved in formalin for later 
examination for mixed-function oxidase (MFO) induction. 

The NMFS component focused on paired comparisons between oiled and non-oiled locations in Prince 
William Sound. Four pairs of locations were selected in the ·western portion of the Sound (Figure 2). These 
locations were sampled from April through June in 1989 and 1990. Water, sediment, and mussels were 
sampled at each location to quantify the degree of hydrocarbon contamination in the environment. Three 
nearshore habitat types, classified by beach gradient, were sampled by beach seining at each site to describe 
the distribution, abundance; size and apparent growth, and feeding habits of pink and chum salmon fry in 
these habitats. Samples of pink salmon were taken at each site for hydrocarbon tissue analysis, and samples 
of both pink and chum salmon were preserved for MFO analysis. Coded-wire tagged juveniles were sorted 
from the catches to contribute to the ADFG analysis. Epibenthic and zooplankton prey communities were 
also sampled at each location; The sampling design allowed biological parameters to be compared between 
the oiled and non-oiled locations using either a repeated-measures analysis of variance or a Wilcoxin signed­
rank test. 

Because of the restrictions placed on these studies as litigative-sensitive material, no results can be 
presented at this time. The extent of damage to juvenile salmon will have to be interpreted in the context 
of the record return of pink salmon to Prince William Sound in 1990, survivors of juvenile fish entering 
the Sound during the spring of the spill. The record return to the Sound is an indication that there was not 
a catastrophic impact on the total productivity of the Sound for salmon in the marine environment. 
However, the large return does not preclude actual and documentable damage to the resource. Overall 
marine survival could have been incrementally reduced by direct or indirect impacts of oil in the ·marine 
environment. Also, particular populations of fish in areas of the Sound that were more heavily contaminated 
could be severely impacted, while other populations of hatchery or wild fish experience excellent survival. 
Completion of the NRDA studies on salmon in Prince William Sound, and release of their findings, will 
hopefully provide a comprehensive picture of the specific effects of the spill on both a regional and site­
specific level. 
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Methodology for Assessing Injury to 
Wild Pink Salmon Using Coded Wire Tagging 
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Alaska Department of Fish and Game 
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In response to the Exxon Valdez oil spill, the Alaska Department of Fish and Game initiated 
a study in March of 1990 to measure losses in production of representative wild stocks of pink 
salmon affected by the spill. The study focused on streams with predominantly intertidal spawning 
populations. Winged fyke nets measuring 3·.o meters in height with 3.12 mm mesh openings (I/8th 
inch) were placed in the intertidal zone of three streams with oiled estuaries and three streams in 
unoiled areas in western Prince William Sound. Emergent pink salmon fry emigrating from these 
streams were captured at the 1.8 meter (six foot) tide level, enumerated and a sample tagged with 
half-length coded-wire tags at each site. Fry were captured in the intertidal zone and then 
anaesthetized and tagged using fresh water without any apparent negative affects. Twenty four hour 
survival rates of tagged fish were 99%. Longer term survival appears good since many tagged wild 
fry were captured as part of an early marine life history study. 

The Exxon Valdez oil spill in Prince William Sound may have adversely affected the marine and 
estuarine survival of wild pink salmon (Oncorhynchus gorbuscha). Many intertidal spawning areas along 
with nearshore and offshore rearing areas were heavily exposed to crude oil. The Alaska Department of 
Fish and Game initiated a study in March of 1990 to document and measure losses in production of wild 
stocks of pink salmon. The goal of the study was to enumerate and mark (with half-length coded-wire tags) 
stockS of pink salmon from streams with predominantly intertidal spawning populations in both oiled and 
unoiled areas of Prince William Sound. Initially, the presence of marked fish has allowed researchers to 
document stock specific exposure of juvenile pink salmon to contaminated waters in their early marine life. 
In 1991, the objectives of the study are to recover a sufficient number of marked adult salmon in the 
commercial fishery and in streams to allow investigators to assess the marine survival rates, harvests, 
escapements, and the extent of straying from natal streams for each tagged stock. 

Prior to the initiation of this oil spill study, experimental attempts to tag wild pink fry with coded-wire 
tags have been limited (Johnson and Longwill 1988). In hatchery situations, half-length coded-wire tags 
(HLCWT) have been successfully used to tag emergent pink fry as small as 0.2 g and emergent sockeye 
fry weighing as little as 0.13 g (Kaili et al. 1986; Thrower and Smoker 1984). Studies using CWTs in wild 
salmonid stocks (Shaul et al. 1983, 1984, 1985; Holland 1983) have been conducted to better understand 
migrating behavior, survival rates, and harvest patterns. 

Generally, tagging of wild salmonids is performed in freshwater environments using smolt weirs, traps, 
or seines to collect fish. In Prince William Sound, it is the intertidal areas used by spawning pink salmon 
that contribute a majority of the wild pink salmon production (Helle et al. 1964; Helle 1970). These 
intertidally spawned fish are also the ones most likely to be affected by exposure to crude oil. To 
demonstrate reduced marine survival of juvenile pink salmon or to determine damages to adult production 
caused by this exposure, requires an accurate assessment of the outmigration, catch and escapement for each 
tagged stock. This paper details the methods used in the enumeration and tagging of emergent fry from 
within the intertidal areas of the study streams. These areas are continually subjected to fluctuating tides, 
currents and salinity levels. 
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STUDY AREA 

In April of 1990, winged fyke nets 3 meters in height were set at the 1.8 m (six foot) tide level in the 
following streams in western Prince William Sound (Figure 1): 

Oiled Areas 

Herring Creek ..... Knight Island 
Loomis Creek ...... Outer Eshamy Bay 
Hayden Creek ...... LaTouche Island 

Controls 

Totemoff Creek ..... Chenega Island 
Cathead Creek ..... Knight Island 
O'Brian Creek ..... Evans Island 

Depending on· the strength and duration of the outmigrations, tagging camps remained operational 
between six and nine weeks from April until early June. All captured outmigrating pink salmon fry were 
enumerated and a sample were tagged with half-length coded-wire tags at each site. 

MATERIALS AND METHODS 

FYKE NETS 

Pink salmon spawning success below the 1.8 m (six foot) tide level'is extremely limited (Helle et al. 
1964). Therefore, fyke nets were anchored at the 1.8 m tide level to capture outmigrating fry including 
those fry emerging from gravel within the intertidal zone. A modified fyke net capable of fishing at a 
location subjected to three meter tidal fluctuations and able to capture fry as small as 27 mni was designed 
and installed. 

The trap design was similar to typical winged fyke net designs. However, the throat of the trap did 
not contain hoops or internal funnels and a closed cod end was replaced by a floating live box. The trap 
portion of the weir had a 3.2 m x 3.2 m opening that led back 7.6 m to a .15 m circular opening and 
attached to a floating live box. The 9uter trap opening was supported by either 1 inch, galvanized schedule 
40 pipe or, when that proved inadequate, three inch, c~annel aluminum. The dimensions of the wings were 
3 m x 15 m and included an additional 'T' shaped panel attached to the base for placement of sandbags 
(Figure 2). The wings were stretched taught to their full three meter height by suspending them from 
tripods made from long spruce poles or by securing them to trees along the banks. The net material was 
a treated I/8th inch woven nylon mesh and was assembled by James T. Willis Net Maker 9f Atlantic Beach, 
North Carolina. 

Floating live boxes were designed to lift the cod end up with a rising tide allowing access to captured 
fry at all tide stages. The boxes were constructed of light weight angle aluminum covered by I/8th inch 
vexar mesh along the sides, a solid plastic bottom and rear panels, and a tight fitting door. The inside of 
the live box was fitted with a single center baffle to reduce water velocity inside. Flotation was achieved . 
by attaching two 6" diameter sealed PVC pipes to either side of the livebox. The pipes were filled with 
spray urethane foam prior to sealing to displace water in the event of leaks. D-ring attachments for securing 
pipes to the live-boxes were moveable and allowed for adjustments to be made to compensate for water 
conditions at each stream. 

FRY ENUMERATION 

To most accurately measure future losses in production due to the oil spill, a total enumeration of 
outmigrating pink fry was attempted at each site. To accomplish this, all captured fry were individually 
tallied using thumb counters or tagging machines. Untagged fry were counted individually by placing a net-
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full of fry into a bucket and then slowly decanting the bucket over the stream and counting fry as they left 
the bucket This method eliminated questionable measurement errors associated with using average weights. 
Fry used for tagging were tallied separately during the tagging procedure. 

The timing and magnitude of daily fry outmigrations determined the frequency of trap checks. At each 
check, the number of live and dead fry was recorded. Outmigration counts were totalled every 24 hours. 
Periodically, a sample of 150 fry was measured for length frequencies and average weights. 

TAGGING 

The coded-wire tagging machine and the process of applying coded wire tags have been extensively 
reported by Koerner (1977), Peltz and Miller (1988) and Peltz and Haddix (1989). Northwest Marine 
Technology's Mark IV tagging machines were used for this study. This most recent model differs from 
earlier models in that many adjustments to the tagging machine and Quality Control Device (QCD) are 
made with electronic controls rather than mechanical manipulations. In addition, the tag injector contains 
a counter that keeps a daily tally of fish successfully tagged along with the number of untagged rejects. 

Working adjacent to the intertidal zone precluded the use of a submersible pump to provide water to 
the tagging site. Changing tides would put the source of water more than 70 meters away at low tide. In 
addition, tidal fluctuations would result in fry being anaesthetized and recovering in water with constantly 
changing salinities. To minimize osmoregulatory distress during the already stressful process of fin clipping 
and tag injection, a recirculating fresh water system was established. This closed system consisted of plastic 
trash barrels, fish totes and buckets with a capacity of approximately sixty gallons of water. The continuous 
movement of water through this system produced sufficient aeration and water temperature was kept 
constant by placing snow and ice into a zip-lock bags which were floated in the water. Numerous hose 
filters were employed to keep organic material from clogging the water pump and solenoids in the QCD. 

When preparing to tag fish each day, a sample of fry would be removed from the live box and set aside 
in a five gallon bucket These fish were removed from the live box· at varying tide stages and salinity 
levels. However, the stream discharge usually created. a visible fresh water lens in the intertidal zone so 
that salinity levels at the live box were less than that of pure seawater. These fry were taken to the tagging 
tent where they were transferred to fresh· water and anaesthetized in a buffered solution of Tricane 
Methanesulfonate (MS-222). Anaesthetized fry were adipose clipped, tagged with a half length tag and then 
allowed to recover in fresh water. At the end of a tagging shift after all fry had visibly recovered from the 
anaesthetic, all but approximately 200 were transferred to floating .5 m x .5 m x .5 m net pens anchored 
out in salt water. These tagged fry were held for 24 hours to obtain a count of short term tagging mortality 
and then released. The 200 or so fry held in fresh water for 24 hours were tested for tag retention and short 
term mortality prior to their also being released. 

RESULTS AND DISCUSSION 

Outmigrating emergent pink fry were detected in early April and were still present in the creeks in early 
June. During this time, six four-person crews were able to successfully apply over 240,000 valid tags to 
wild pink salmon as well as provide an estimate of the outmigration for each creek's pink salmon stock. 
When individually enumerating captured fry, it was possible for a crew of four to count more than 40,000 
fry and successfully tag over 2,500 fry in a single day. 

The design of the fyke nets for this study allowed us to successfully capture newly emergent pink 
salmon fry from the intertidal area. Mortalities caused solely by the fyke net's operation, anticipated to be 
high, were in fact extremely low, especially in comparison to sockeye smolt weirs where weir mortalities 
in high water can sometimes range from 3% to 8%. The large volumes of water impounded upstream of 
the fyke nets during the flow tide lessened the velocity of the stream discharge at the live box and probably 
reduced fry mortality. On the ebb tide, this same volume of water would decrease very gradually and not 
cause the net to sink or cause a large increase in the stream velocity at the live box. Water velocities at 
the live box were always greatest during the periods surrounding the low tide when there was no tidal 
influence at the net while the periods following the high tide consistently had the highest numbers of 
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outmigrating fry. Therefore, the optimal time to empty the live box was when the receding tide level was 
between 2.4 m and 1.8 m. Thereafter, more frequent checks during low tide kept the live box. emptied and 
minimized the time fry were kept in faster moving water. 

Overall, outmigrating fry averaged .22 grams in weight and 31 millimeters in length. Beyond April, 
almost all captured fry had completely absorbed their yolk sac and were buttoned up. The removal of these 
newly emergent fry _from the intertidal area, their transfer into fresh water for tagging and then back into 
salt water net pens for 24 hours did not result in detectable harm to the fry. Although fry were removed 
from the trap's live box at varying tide stages and salinity levels, the stream discharge usually created a 
visible fresh water lens in the intertidal zone so that salinity levels at the live box were always less than that 
of pure seawater. For all six study streams, twenty-four hour survival rates of tagged fry were 99%. 
Smaller groups of tagged and untagged fry held for up to seventy-two hours exhibited similarly high 
survival rates. Twenty-four hour tag retention was also consistently above 90% at each site. These 24 hour 
survival and retention percentages compare very favorably with groups of pink salmon tagged at hatcheries. 
Tagged fry from oiled and unoiled areas were also captured many weeks after their release by crews 
investigating the early marine survival and habitat utilization of pink salmon and provides some indication 
of the short term survival of tagged wild pink salmon fry. 

The efficacy of coded-wire tagging wild pink salmon fry will ultimately be determined by the successful 
return and recovery of tagged adults in 1991. Analysis of tag return data will follow the methodology 
outlined by Geiger (1988), Geiger and Sharr (1989) and Peltz ~d Geiger (1988). ~ufficient adult recoveries 
of marked adults will allow investigators to assess the marine survival rates, harvests and escapements of 
the adult returns as well as document the extent of straying from natal streams for each tagged stock. Until 
then, the initial results indicate the efforts to capture and tag intertidally spawned pink salmon can be 
considered successful. 
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Since the late 1970' s, there has been an expanding high seas driftnet fishery for flying squid 
in the North Pacific Ocean, involving driftnetters from Japan, South Korea, and Taiwan. The 
National Marine Fisheries Service is concerned about the incidental bycatch of salmonids in these 
driftnet fisheries because of potentially serious ecological consequences. Developing a species-wide 
allozyme baseline for determining the continent-of-origin of chum salmon in high seas catches is 
the objective of a genetic stock identification project at the Northwest Fisheries Science Center. 
In cooperation with the Hokkaido Salmon Hatchery, Sapporo, genetic data were obtained from 
fifteen new collections of chum salmon in Japan and one from the Soviet Union and added to a 
Pacific Basin baseline. A new 12-locus baseline was assembled from the Basin data set with 
representative stock groups. In analyses of computer-simulated mixtures, accuracy and precision 
of stock estimates were improved over the previous 5-locus data set. Efforts continue in 1991 to 
gather more baseline data for chum salmon from Japan and the Soviet Union. The level of 
population differentiation revealed with allozymes is sufficient for adequate resolution of stocks to 
continent of origin in high seas fisheries. DNA research at the Center is aimed at.finding more 
diagnostic marks for genetic stock identification applications. 

The flying squid Ommastrephes bartrami occurs in subtropical and temperate waters of the Pacific, 
Atlantic, and Indian Oceans. It undergoes diurnal vertical migration in the open ocean, rising in the water 
column at night from 300-600 m to surface waters to feed on pelagic fish, crustaceans, and other squid. 
Large fish and marine mammals, in turn, eat flying squid. Flying squid reach 50 cm in mantle length and 
about 4 kg in weight (Yatsu 1990). With a declining· squid jigging fishery in nearshore Japan, a high seas 
driftnet fishery developed for this species in the late 1970's. The present-day driftnet fleet in the Pacific 
Ocean consists of about 750 ships from Japan, Taiwan and Korea. The fleet's annual catch is estimated 
to be about 200,000 to 300,000 tons of squid (Yatsu 1990). · 

Driftnets are effective fishing gear. Typically, the monofilament nets have a 110-mm mesh and are 
suspended vertically from the ocean surface to 10 m. A driftnet ship will normally lay out 50-90 km of 
net that is fished throughout a night (Yatsu 1990). Because of its size and position in the water column, 
incidental catch of nontargeted species (bycatch), such as seabirds, sharks, tuna, and marine mammals, is 
a serious problem. Although the Japanese squid driftnet fishery is regulated to minimize incidental take of 
salmonids through monthly changes in the northern boundary, salmonid bycatch is also a contentious issue 
in this fishery. To evaluate the ecological impact of this fishery on the pelagic community, information on 
the numbers, age, and origin of the bycatch is critical. 

Chum salmon Oncorhynchus keta cin be an important bycatch in driftnet fisheries. For example, in 
August 1989, two Taiwanese driftnet vessels were seized for illegally catching salmon on the high seas. 
The holds of both ships were completely filled with frozen salmon. Scientists from the.National Marine 
Fisheries Service determined that 50% of the fish were coho· salmon and 29% were chum salmon. Given 
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that an allozyme baseline for chum salmon could be assembled, a genetic stock identification (GSI) analysis 
of the chum collection conducted at the Center gave results that were used in the prosecution's case. 

Chum salmon are amenable to GSI analysis: they harbor moderate to high levels of genetic variability, 
and regional population differentiation is the rule 'rather than the exception (see references in Table 1). 

These observations have led several agencies in North America to establish protem electrophoresis 
laboratories to develop regional baselines for GSI applications to specific mixed-stock fisheries. Two papers 
in this workshop (Phelps and Tweit, and Hop W6 and Luedke) summarize the use of GSI analyses in 
regional management issues. 

In 1989, in response to NMFS Enforcement's needs, information was gathered from the literature and 
through personal contacts to construct the first species-wide data set of allozyme characters for chum salmon 
(Winans et al. in press; Winans et al. 1990). Our goal was to evaluate the feasibility of using a Pacific 
Basin baseline for determining the continent-of-origin of chum salmon caught in high seas fisheries. 
Hypothetically, GSI data can be used not only to evaluate the continent of origin of high seas bycatch of 
chum salmon for allocation purposes, but also in forensic issues dealing with illegally caught and marketed 
fish. Since constructing this first Pacific Basin baseline, geneticists at the Center have worked with the 
Fisheries Agency of Japan to collect new genetic data from Japanese chum salmon. We report on the status 
of this cooperative work here. 

RESULTS OF CURRENT BASELINE RESEARCH 

A summary of pertinent allozyme studies of chum salmon is presented in Table L Data from 
approximately 167 collections for 7 to 70 loci (basic genetic characters) are available. Since a GSI analysis 
requires that all populations in a baseline data set have data for the same loci, this incomplete baseline has 
limited utility. Because of the minimum number of loci reported in the Japanese and Soviet studies, the 
baseline is weak in this portion of the species distribution. 

In 1989, we examined the discriminatory capability of the largest common data set using computer 
simulations (Winans et al. in press). We constructed a 5-locus/93-population data set covering five regions-­
Japan, U.S.S.R., Alaska, Canada, and Washington. The populations referred to here (as elsewhere in 
baseline references) were either the allele frequencies from individual collections or a weighted average of 
allele frequencies from two or more collections that were statistically indistinguishable in a within-region 
comparison (as agreed upon for coastwide GSI work). Using an allocate/sum procedure, estimates to the 
five regions were generally 80% correct in these simulations. The stocks from the Soviet Union were 
under-allocated Based 011 these results, we felt there was sufficient allozyme differentiation among Asian 
and North American chum salmon to warrant further development of a Pacific Basin data set for use in GSI. 

The weakest part of the Pacific Basin data set is in Asia. Although studies covered extensive 
geographic portions of Japan and the Soviet Far East (e.g., Salmenkova et al. 1986; Okasaki 1982), few loci 
were investigated. In 1989-90, our primary goal was to update the Japanese baseline. Under a sanction 
from the International North Pacific Fisheries Commission, 15 Japanese collections were made by biologists 
at the Hokkaido Salmon Hatchery, Sapporo. A single Soviet sample was also taken in the northeast region 
of the Sea of Okhotsk by Japanese and Soviet scientists. Allozyme data were subsequently collected at the 
Center. 

Locales sampled in Japan in 1989-90 are illustrated in Figure 1. Data were collected from 80 to 100 
chum salmon from each locale for approximately 70 loci according to procedures outlined in Aebersold et 
al. (1987). Twenty-five loci were polymorphic; 15 of these were not scored in previous Japanese 
investigations and thus represent new data in this portion of chum salmon distribution. Technical details 
of within-sample variability are presented in Winans et al. (1990). 

The pattern of genetic similarity among these samples discerned in a multilocus analysis is germane 
here. Based on a clustering ofNei's genetic distance values (Nei 1978), three genetic groups were indicated 
(Figure 1). For example, on Hokkaido, the samples on the Pacific Ocean side in the north and northeast 
form one group, and the three samples on the Sea of Japan formed a second. The remaining samples on 
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both islands were genetically similar and fomu;d a third group. An outlier to this pattern was the sample 
from Obkawa River. Tbe Soviet sample was genetically distinct from the Japanese samples. 

Our experience in GSI analyses is that the more polymorphic loci used the more accurate and precise 
the GSI estimates. With the addition of these new Asian data, we are not as confined to the number of 
loci used to construct a Basin data _set. We therefore formed a new baseline using 12 polymorphic loci from 
stocks or stock groups from each of the North American regions (21 from Alaska, 6 from Canada, and 14 
from Washington), as well as the 1 new sample from the U.S.S.R. and 15 new Japanese samples. To assess 
the 12-locus data set versus the 5-locus data set, we analyzed 100 computer-simulated mixtures (with 500 
fish each) in wbicb there was equal representation in each mixture from each of the regions (i.e., the correct 
mixture estimate was 20% from each region). Estimates were calculated using the 5-locus and the 12-locus 

· baselines. As can be seen in Table 2, the 12-locus baseline provided more accurate and precise estimates. 
Namely, the 12-locus estimates were closer to 20% and the standard errors were smaller than with the 5-
locus baseline. 

It is bard to pinpoint the locus or set of loci that effect these improvements in GSI estimates in the new 
12-locus data set Estimates are best-fit solutions in a multilocus genotype space (Winans 1987). Two loci, 
however, are especially noticeable: EST-i'' and TAPEP-1*. FsT values for these loci, 0.455 and 0.333, are 
substantially greater than the FsT values reported for the 5-locus/93-population data set where values ranged 
from 0.004 to 0.058 (Winans et al. 1990). Wright's FsT values are a measure of population differentiation, 
ranging from 0 for no differences to 1.0 for complete fixation (Wright 1965). To illustrate differences at 
these loci, we plotted mean frequency of the common allele (Figure 2). Clearly, the Japanese, Soviet; and 
Alaskan samples occupy distinctive positions in this 2-locus space. Note the overlap of the Washing ton and 
Canadian stocks. _Although the addition of more stock points may create greater stock overlap in some 
cases, the multilocus baseline will continue to show stock differences and be effective in sorting out regional 
mixtures of chum salmon. 

FUTURE RESEARCH 

The enhanced discrimination among stock groups of chum salmon afforded by the addition of the new 
Japanese populations buoys our efforts to expand and modify the Basin-wide data set. In 1991, we are 
continuing our collaboration with the Fisheries Agency of Japan. Further baseline collections are being 
made on both Honshu and Hokkaido, and about five new locales are expected. In addition, a protein 
electrophoresis laboratory will be operational this year at the Hokkaido Salmon Hatchery, Sapporo, and we 
will work together in standardizing electrophoresis procedures and data scoring. 

We also have plans to expand the Soviet baselme· in 1991. Similar to the arrangements in Japan, we 
have tentatively arranged with TINRO-Kamcbatka an exchange for baseline sampling and professional 
training. We_ expect nine samples from Kamchatka and along the northern coast of the Sea of Okhotsk for 
study at the Center. 

The overall objective of our high seas project at the Center is to provide accurate stock discriillinating 
technology for use in regulating and_ enforcing bigb seas fisheries management. Allozyme characters work 
well for, chum salmon in this regard. Still, a portion of our project is involved in examining DNA-based 
variability in the salmon genome for more diagnostic marks. Protein electrophoresis examines expressed 
portions of protein genes (extrons), portions known to be evolutionarily conserved. DNA tecbnologies--like 
restriction fragment analysis and base sequence analysis--examine portions of g~nes not expressed (introns) 
that may experience bigber rates of evolutionary change yet are still neutral markers of phylogeny. Where 
allozyme polymorphisms are scarce, e.g., in coho sahp_on and sockeye salmon, or where allozyme 
differences among stock groups are marginal, e.g., in chum salmon stocks in northern Puget Sound, DNA­
based characters may provide useful GSI markers in the future. 

ACKNOWLEDGMENTS 

We acknowledge the following people for assist,ing in this collaborative study: Conrad Mahnken, 
National Marine Fisheries Service, Seattle; Yukimasa Ishida, Far Seas Research Laboratory, Shimizu; and 

177 



Mamoru Kato, Fisheries Agency of Japan, Tokyo. Cindy Shiflett, Thomas Thornton, and Frederick Welch 
assisted in the laboratory work; David Teel assisted in data management and analyses. 

REFERENCES 

Aebersold, P.B., G.A. Winans, D.J. Teel, G.B. Milner, and F.M. Utter. 1987. Manual for starch gel 
electrophoresis: a method for the detection of genetic variation. U.S. National Marine Fisheries Service 
Tech. Rep. 61: 19p. 

Beacham, T.D., A.P. Gould, R.E. Withler, C.B. Murray, and L.W. Barner. 1987. Biochemical genetic 
survey and stock identification of chum salmon (Oncorhynchus keta) in British Columbia. Can. J. Fish. 
Aquat. Sci. 44:1702-1713. 

Beacham, T.D., R.E. Withler, and A.P. Gould. 1985. Biochemical genetic stock identification of chum 
salmon (Oncorhynchus keta) in southern British Columbia. Can. J. Fish. Aquat. Sci. 42:437-448. 

Kondzela, C.M.,'C.M. Guthrie ill, R.B. Wilson, H.R. Carlson, and A.J. Gharrett. 1989. Preliminary report 
on genetic diversity of southern Southeast Alaska chum salmon populations. (INPFC Doc. 3462) 63p. 
U.S. Department of Commerce, NMFS/NOAA, NWAFC Proc. Rep. 89-12. Seattle. 

Okazaki, T. 1981. Geographic distribution of allelic variation of enzymes in chum salmon, Oncorhynchus 
keta, populations of North America. Bull. Japan. Soc. Sci. Fish. 47(4):507-514. 

Okazaki, T. 1982. Geographical distribution of allelic variations or enzymes in chum salmon, 
Oncorhynchus keta, river populations of Japan and the effects of transplantation. Bull. Japan. Soc. Sci. 
Fish. 48(11):1525-1535. 

Nei, M. 1978. Estimation of average heterozygosity and genetic distance from a small number of 
individuals. Genetics 89:583-590. 

Salmenkova; E.A., Y.P. Altakhov, R.M. Victorovsky, V.T. Omelchenko, L.T. Botchevskaya, L.N. 
Yermalenko, E.A. Rudminaitis, and B.A. Semenov. 1986. Genetic structure of chum salmon 
populations spawning in rivers of the far east and the northeast of the USSR. J. Gen. Biol., 4:529-549. 

Utter, F.M. 1978. Genetic variants of proteins in chum and chinook salmon from the Bering Sea and the 
Yukon and Kuskokwim Rivers. (INPFC Doc. 2066) National Marine Fisheries Service, Seattle, 11 
pages. 

Winans, G.A. 1987. Using morphometric and meristic characters for identifying stocks of fish. p. 25-62. 
In H.B. Kumpf, R.N. Vaught, C.B. Grimes, A.G. Johnson, and E.L. Nakamura, (eds.) Proceedings 
Stock Identification Workshop NOAA Tech. Mem. NMFS-SEFC-199. 

Winans, G.A., P.A. Aebersold, S. Urawa, and V.G. Markovtsev. 1990. Genetic stock identification of 
chum salmon: new data for 16 populations in Asia. (INPFC Doc. 3604) National Marine Fisheries 
Service, Northwest Fisheries Center, 23 p. 

Winans, G.A., P.A. Aebersold, and R.S. Waples. In press. Genetic stock identification of chum salmon 
in high seas fisheries using allozyme data from stocks in the Pacific Basin. Proc. Pacific Salmon 
International Symposium, Yuzhno-Sakhalinsk, USSR, Sept. 1989. 

Wright, S. 1965. The interpretation of population structure by F-statistics with special regard to systems 
of mating. Evolution 19:395-420. 

Yatsu, A. 1990. A review of the Japanese squid driftnet fishery. (INPFC Doc. 3598). National Research 
Institute Far Seas Fisheries, Shizuoka, Japan, 25 p. 

178 

l 

l 
( 



Table 1. Sources for a species-wide baseline of allozyme data for chum salmon. 

Number Number 
Region of stocks of loci Reference* 

Japan 26 IO Okazaki 1982 
15 70 ·This study 

USSR 20 6-8 Salmenkova et al. 1986 
1 . 70 This study 

Alaska 17 12 USFWS, unpublished 
8 20 Kondzela et al. 1989 

20 11 NMFS-Seattle, unpublished 
4 ll Okazaki 1981 
1 6 Utter 1978 

Canada 23 8 . Beacham et al. 1985, 1987 
17 21 WDF, unpublished 

Washington 19 21 WDF, unpublished 

*NMFS = National Marine Fisheries Service (USA) 
USFWS =U.S. Fish and Wildlife Service 
WDF =Washington Department of Fisheries 

Table 2. Results of mixture analyses with the computer-simulated mixtures consisting of 20% each from 
the five regions, using two different baselines. The first baseline was composed of 5 loci; IDH-1*, /DH-3*, 
WH-1*, MDH-3,4*, and PGDH*. The second was composed of 12 loci; IDH-1*, IDH-3*, LDH-1*, MDH-
3,4*, PGDH*, AAT-1,2*, EST-1*, G3PDH-2*, WH.:.4*, MDHp-2*, MPJ*, and TAPEP-1*. Means (and 
standard errors) of estimated stock composition for 100 replicates are given in percent 

Baseline 

5 Loci 

12 Loci 

Japan 

21 (6) 

20 (2) 

USSR 

18 (8) 

19 (4) 

Alaska Canada Washington 

23 (9) 15 (IO) 24 (9) 

20(5) 19 (6) 22 (5) 
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Figure 1. Locations of samples of adult chum salmon in Japan: 1) Tokachi River, 2) Kushiro River, 3) 
Nishibetsu River, 4) Shari River, 5) Chitose River, 6) Yurrapu River, 7) Shibetsu River, 8) Tokoro River, 
9) Tokushibetsu River, 10) Masuhoro River: 11) Tesbio River, 12) Gakko River, 13) Miomote River, 14) 
Obkawa River, 15) Tsugaruishi River. Adult chum salmon from the ·U.S.S.R. were gill netted in the 
northeast corner of the Sea of Okhotsk (approximately 60 N x 165 E). The ellipses enclose samples that 
are genetically similar (see text). 
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Figure 2. Scatterplot of mean allele frequencies of.tbe common allele at EST-I* and TAPEP-1* for chum 
salmon samples. Ellipses enclose samples to highlight the among-region differences. 

181 



Potential Uses of GSI to Lessen Management Conflicts 
Between Hatchery and Wild Chum Stocks 
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Northwest Indian Fisheries Commission 
. 6730 Martin Way R 

Olympia, WA, 98506, USA 

We discuss the use and potential of genetic tools to lessen the management conflicts between 
hatchery and wild chum stocks in Washington. We found substantial differences in the abundance 
and timing of wild and hatchery chum during four years of the genetic stock identification (GSI) 
analysis of a South Puget Sound test fishery. At times, hatchery chum from Hood Canal dominated 
the catch, although the patterns of stock contribution were not consistent from year to year. We . 
also determined the genetic origin of chum stocks to identify chum gene pools from Hood Canal 
in other management regions. Past stock transfers complicate fisheries management and pose risk 
to the genetic diversity of chum in Washington. At the Minter Creek Hatchery in South Puget 
Sound, the Hood Canal origin chum stock is being replaced with the Elson stock from South Puget 
Sound. At the Tulalip Hatchery in North Puget Sound, managers chose to genetically mark the 
chum stock to allow GSI to be used to estimate the contribution of this stock to mixed-stock 
fisheries. 

In most of Puget Sound, both natural and hatchery production of chum salmon (Oncorhynchus keta) 
are important to fisheries managers. The managers strive to maximize harvest and production from both 
the natural and hatchery components of the chum populations. Without some knowledge of the interactions 
between hatchery and natural chum salmon, the managers risk not realizing their management goals and the 
fish populations risk genetic conflict Many of the Puget Sound salmon fisheries occur in areas where the 
hatchery and wild stocks are mixed, and as a result, the escapement and harvest goals for each of the stocks 
must be balanced in those fisheries. Errors in applying harvest rates produce over- or under-exploitation, 
failure to meet allocation goals, and in the worst cases, loss of the weaker (wild) salmon stocks. The 
genetic conflicts that can arise include loss of among-stock diversity through interbreeding between hatchery 
and wild salmon, loss of within-stock genetic variation through overfishing, and again, in the worst case, 
extinction of some wild stocks. 

In this paper,. we discuss how genetic stock identification (GSI) can be used to decrease the risk of 
these management and genetic conflicts, enabling fisheries managers to manage a mixture of wild and 
hatchery stocks effectively. GSI is a tool fisheries managers can use to study a broad range of interactions 
among hatchery and wild salmon. Most GSI studies with chum salmon have focused on estimating 
interceptions in mixed stock areas and resulting harvest allocations (Beacham et al. 1985, 1987; Vreeling 
et al. 1987; Naylor et al. 1988; Hop Wo et al. 1989; Phelps et al. 1989, 1990, 1991). However, other 
fisheries applications are possible. Seeb et al. (1986) used GSI to estimate the contribution to the. 
escapement of chum produced in streamside egg boxes in Kennedy Creek, a small South Puget Sound 
stream. Altukhov and Salmenkova (1987) used allele frequency data to determine the success of 
transplanted chum stocks in the Soviet Union. GSI estimates have also been used to help target a fishery 
on a more abundant hatchery stock (Beacham et al. 1987). Skaala et al. (1990) recently summarized some 
genetic studies on the interactions between natural and cultured fish populations of a variety of species. 
Washington fisheries managers currently use GSI in three areas to understand management and genetic 
conflicts between hatchery and wild chum stocks: 

1) to determine the patterns of stock contribution in some of the mixed-stock fisheries; 
2) to identify the origin of chum populations (whether they are native or transplanted); 
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3) to design a genetic mark for a hatchery stock and later use that mark to discriminate among stocks. 

-we examine three case studies of the use of GSI to improve management of commercial fisheries in 
Puget Sound. One is the potential role of GSI in a test fishery used in management of a fishery harvesting 
both natural and hatchery chum in South Puget Sound. -The other two are changes in broodstock at two 
different hatcheries in Puget Sound, located in areas of major natural production of chum salmon. 

GSI USE IN THE MANAGEMENT OF THE SOUTH PUGET SOUND CHUM FISHERY 

The chum salmon run returning to South Puget Sound is comprised of many separate stocks originating 
from the streams, rivers and hatcheries iri the iegio'n (Figure 1). In order to simplify management, these 
stocks are classified by their return run-timing: early, normal or late. The normal portion, with a peak of 
spawning activity in November and December, is by far the largest component of the run. Although the 
normal portion, is primarily of natural origin and is managed for natural stock harvest rates, it includes a 
hatchery component. 

Typically, almo~t all of the non•treaty fleet's allocation and a portion of the treaty fleet's allocation of 
South Puget Sound chum are -harvested in net fisheries in Areas IO and 11 (Figure 1). Much of the 
remainder of the treaty fleet harvest occurs in the rivers and inlets on relatively discrete stocks or stock­
groups. The area IO and 11 fishery is maiiaged to provide sufficient natural escapement and to meet 
allocation objectives using in-season estimates of run strength. These estimates of run strength are based 
on catch data from the commercial fisheries and from a purse seine test fishery operating weekly at Apple 
Cove Point, on the northern edge of Area 10 (Figure 1) (Washington Department of Fisheries, Puget Sound 
Treaty Tribes, and Northwest Indian Fisheries Commission 1990). The Northwest Indian Fisheries 
Commission (NWIFC)-and the Washington Department"of Fisheries (WDF) began obtaining weekly GSI 
samples 'from the test fishery in 1987 to estimate the stock composition of the test fishery catch and provide 
data on the run timing of chum stocks entering Area 10. 

Four years of GSI analyses indicate that, at times when South Sound chum run strength is being 
assessed, the stock composition-in northern Area IO is dominated by non-local stocks, primarily from Hood 
Caruil.-, The Hood Canal runs are managed primarily for hatchery production and in aggregate average 67% 
larger than the South Sound runs. The in-season estimates of the run strength of South Sound normal-timed 
chum are calculated from data.from weeks 44 - 46,· the time period when, on the average, Hood Canal 
genetic stocks predominate in the test fishery1 (Figure 2). However, there is a large amount of annual 
variation in the tiining.ofboth-·the Hood Canal (Figure 3) and the South Sound runs. The peak of the Hood 
Canal abundance in the test fishery catch has occurred as early as week 42 in 1987 and 1990 and as late 
as week 45 in· 1988 and week 46 in 1989. The abundance has also varied: from minimal presence in 1990 
to very abundant in 1988. The Squth Sound chum run also has shown considerable annual variation (Figure 
4) both in abundance and timing in the test fishery. As with the H,ood Canal run, the 1987 and 1990 peaks 
occurred earlier than the 1988 and 1989 peaks. South Sound chum showed the highest abundance peak in 
19~8 and the lowest abundance peak in 1989. 

The unpredictability in the timing and abundance of both South Sound and Hood Canal chum in a 
fishing area that is managed for South Sound wild chum is a complicating -factor that can lead to all of the 
types of risks described earlier. Weekly GSI analyses of the test fishery catch are currently the only 
information available that will allow weekly stock composition estiinates of Hood Canal, South Sound and 
North Sound chum in the South Sound fishing area. With four years of GSI analyses of test fishery catches, 
we can begin investigating correlations between the weekly catch of South Sound chum in the test fishery 
and the South Sound _chum population size. This should lessen the hatchery-wild management conflict in 
South Sound fisheries by providing more accurate estimates of the contribution and timing of both hatchery 
and wild stock management 

Some of the Hood Canal genetic stocks that appear in Area 10 originate from South Sound and North Sound 
hatcheries. This "'ill be discussed in greater detail in a following section. The presence of these stocks does inflate 
the estimate of Hood Canal abundance in Area 10 to an unknown degree, but does not impact the estimate of abundance 
of South Sound natural stocks. 
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Another means of lessening the hatchery-wild conflict arises from our ability to identify the hatchery 
component of the south Sound run that is of South Sound genetic origin as it passes through the South 
Sound fishing area. These South Sound hatchery chum of South Sound genetic origin are not present in 

~ large numbers (averaging less than ten percent of the aggregate) prior to week 45, when they peak sharply 
(Figure 5). As the estimates of stock composition in the South Sound fishery become more accurate, 
through GSI analyses, the population size databases will be refined. These databases are strongly 
confounded between the Hood Canal stocks and the South Sound stocks because all the Hood Canal chum 
caught in South Sound are incorporated in the South Sound run size.· This complicates management by 
over-estimating South Sound chum productivity. 

CHUM POPULATION ORIGINS 

As managers realized the potential for deleterious effects resulting from stocking nonlocal fish into wild 
populations, chum transplants (which were primarily from Hood Canal to South Sound) decreased. Now, 
a few generations later, in some streams there is uncertainty whether. the present population. is a remnant 
wild stock, a naturalized hatchery population, or a mixture of wild and hatchery gene pools. fu addition, 
several South Sound chum hatcheries use a broodstock that originated in Hood Canal. ·Through the 
development of the baseline database for mixed-stock fishery analysis; we have identified several 
populations comprised of nonlocal origin 9hum (Table 1) (also see klaybor and Phelps 1989). We suspect, 
based on hatchery planting records, that other locations throughout Puget Sound may also have nonlocal 
chum populations. We plan to continue the electrophoretic examination of additional chum populations in 
South Sound and Hood Canal to determine their stock origins. This. will provide managers with information 
on stock origin for enhancement planning. 

CHANGES IN CHUM BROODSTOCK AT TWO PUGET SOUND HATCHERIES · 
''\. 

BROODSTOCK REPLACEMENT 

The presence of Hood Canal origin chum in other regions -interferes with the use of GSI for run size 
updates and all1JCations. GSI analysis identifies chum to the region of genetic origin, not to the area to 
which they return. The Minter Creek hatchery chum were derived from Hood Canal origin chum, and 
electrophoretic analysis in 1985 determined that Minter Creek chum were not significantly different from 
other Hood Canal prigin chum (Klaybor and Phelps 1989). Therefore, in 1988, WDF and the South Sound 
tribes considered several plans to replace the non-local chum stock at the Minter Creek Hatchery. The 
managers chose to eradicate the Hood Canal origin stock and replace it with a Sout:Ji Puget Sound stock 
from Elson Creek. The managers chose this option because of a strong desire to use a chum stock from 
South Puget Sound and because a reliable egg· source was available from the Elson Hatchery. Also, the 
current run timing could be maintained, and it was the least expensive option. 

The stock replacement has had little impact on fishery management in South Puget Sound. The 
Medicine Creek tribes have conducted a wipe-out fishery since the fall of 1988. Several closures in and 
near the Elson Hatchery have been necessary to reach the egg take goals for both hatcheries (Symma Ebbin, 
pers. comm.). This fall three-year-olds from the 1988 Elson strain brood will return and by the fall of 1992 
the Hood Canal origin chum will be eliminated from this hatchery. 

GENETIC MARKil'lG OF A HATCHERY STOCK 

The power of genetic analyses depends on the amount of detectable genetic differentiation among 
populations. Naturaily occurring genetic diversity has been the basis for the application of GSI for 
estimating stock grQup harvest in mixed-stock fisheries. In some cases, not enough genetic diversity exists 
among the populations that we want to separate with GSI, ·for example between two populations derived 
from the same source stock (as with hatchery transfers). fu addition, the natural genetic differentiation 
among chum from Washington and southern British Columbia is often insufficient to produce significant 
stock composition estimates (GSI estimate minus the standard deviation is greater than zero) for minor 
stocks. 
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As with the Minter Creek Hatchery chum, the Tulalip Hatchery chum stock was derived from Hood 
Canal origin chum (Figure 1) and thus is indistinguishable in mixed-stock areas from chum returning to 
Hood Canal. Faeed with the same problem as. at Minter Creek, the Tulalip managers chose a different 
option. They decided to artificially increase the genetic distance betwe.en this chum stock and other chum 
populations by selecting broodstock based on electrophoretic characters; i.e., producing genetically marked 
offspring (see Utter and Seeb 1990 and Seeb et al. 1990 for reviews of the genetic marking process). 

Adult chum were trapped in two streams near the Tulalip Hatchery and each chum was tagged with 
a numbered anchor tag, muscle biopsied, and released into presorting pens. Electrophoietic analysis was 
performed on the muscle biopsies and adults with the desired genotypes (males homozygous for the mIDHP-
1 *60 allele and mMEP-2* 100, and females homozygous or heterozygous for the mIDHP-1 *60 allele) were 
identified. The next day, the adults were sorted to find the selected broodstock and those selected were 
spawned. Approximately 5% of the males and 45% of the females canied the desired genotypes. Adults 
without the desired genotypes were not used for spawning. Except, all tpe available females, regardless of 
genotype, were used for spawning on several days during the 1990 genetic mark spawning in order to reach 
egg-take goals. 

During the 1990 spawning season, approximately 180 males and 2000 females were used for spawning. 
The effective· population size from this number of adults is 660, so the amount of inbreeding generated by 
this genetic marking was very small (F=0.00076). The frequency of the mIDHP-1*60 and mMEP-2*100 
alleles in the approximately 4 million offspring produced is markedly different from that of the originaj 
parental population (Table 2). This marking process has to occur for an entire generation cycle, 4-5 years, 
to mark the total hatchery population. When the marking process is completed, Tulalip Hatchery chum will 
be genetically distinct from other chum populations (Table 2). 

Genetic niarks can be useful for managing hatchery-wild stock interactions. The increase in accuracy 
and· precision of harvest estimates due to the greater genetic distance between the marked population and 
others can be used to regulate the time and location of fisheries to reflect differential contribution rates to 
fisheries. The genetically marked population can act as an indicator stock to estimate _harvest when the 
stock group contribution to a fishery is small, but the harvest is large. 

Run size forecasting can also benefit from the combined use of GSI and genetically marked populations. 
Wild juvenile chum production could be estimated from the abundance ratio of a genetically marked stock 
in marine areas (essentially a mark-recapture study). For example, chum releases from the Tulalip Hatchery 
could be tailored to estimate chum productivity from Area 8 streams. Wild productivity estimates, 
especially during years when flooding has occurred, would benefit fishery planning. Harvest of genetically 
marked adults in mixed stock areas could also be used as an indicator of wild chum marine survival, 
assuming similar migration timing and patterns. 

Conservation genetic concerns such as the straying of hatchery fish into wild fish spawning areas, 
subsequent interbreeding, and the po.tential for fitness reduction can also be studied through the use of 
genetically marked populations (Chilcote et al. 1986). 
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Table 1. Electrophoretically identified occurrences of Washington chum popUJ.ations originating from 
nonlocal regions. · 

Present Location 

South Sound, Minter Creek Hatchery 

South. Sound, Keta Creek Hatchery 

South Sound, Johns Creek1 

North Sound, Tulalip Hatchery 

North. ~ound, Samish Hatchery 

Strait of Juan de Fuca, Elwh3. River 

Origin 

Hood Canal 

Hood Canal 

·Hood Canal 

Hood Canal 

Hood Canal 

Hood Canal 

1 Most likely a mixture of Ila.tive and Hood Canal gene pools 

. . 
Table 2. Expected genotype frequencies at mIDHP-1* and mMEP-2* in Tulalip Hatchery chum after 
genetic marking compared to other stock groups. 

IhlDHP-1' mMEP-2 

Stock or Group . 100/100 100/ 60 60160 100/100 122/100 122/122 

Tulalip Hat. '94-'981 0.000 0.410 0.590 0.786 0.191 0.023 

Tulalip Hat. past '98 0.042 . : 0.326 0.632 0.777 0.209 0;014 . 

Hood Canal . 0.473' 0.429 0.097 0.6i8 0.336 0.046 

S. Puget. Sound 0.689 0.282 0.029 0.449 0.442 0.109 

N. Puget Sound 0.740 0.241. 0.020 0.486 0.421 0.091 

Fraser River 0.792 0.196 0.012 0.706 0.269 0.026 

Georgia Strait 0.893 0.104 0.003 0.585 0.360 0.055 

W. Vancouver Is. 0.931 0.068 0.001 0.548 0.385 0.068 

1 
The progeny from the genetic marking will not be in Hardy-Weinberg equilibrium until after 1998. 
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Figure 3. Yearly chapges in the estimated abundaI1ce of.Hood Canal origin chum salmon stock groups 
contributing to weekly test fisheries at Apple Cove Point, Washington (1987-1990 average). 
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GSI and Canadian In-season Chum Management 

Leroy Hop Wo and Wilf Luedke 

Canada Department of Fisheries and Oceans 
· Fisheries Branch; South Coast Division 

3225 Stephenson Point Road 
· Nanaimo, B.C., V9T 1K3 

GSI APPLICATION BACKGROUND 

Stock Identification using electrophoretic techniques has occurred in Canadian commercial chum 
fisheries since 1981. Major chum fi8Qing areas which have undergone Genetic Stock Identification (GSD 
are Johnstone Strait, mid Vancouver Island (Qualicum) and Nitinat (Figure 1). The GSI technique has 
allowed managers to quickly determine the stock composition within specific fisheries. This information 
becomes valuable in allowing the harvest of more productive stocks while protecting weaker stocks. This 
strategy becomes very desirable in mixed stock fisheries with high exploitation rates. In addition to 
selective harvesting, GSI estimates have provided stock timing and migration information as well as 
estimates of catch contribution from interception fisheries. 

PAST GSI APPLICATION 

In the past, protection of weaker stocks using GSI have been employed on an in-season basis. For 
example, in 1984 and 1985, weekly area closures occurred in the Qualicum fishery to protect weaker Fraser 
bound fish. Closures were detennined by testing specific areas prior to openings. If the stock composition 
results were high in Fraser fish, the specific area was closed. 

The identification of catch by origin has in more recent years become a primary concern. Interception 
catch estimates have help determine the stock returning to terminal areas such ·as Qualicum and the Fraser 
River. Catch by stock origin has also provided estimations of harvest by country, an obligation outlined 
by the Pacific Salmon Treaty. · 

GSI has also provided important information on migration routes and timing, as well as assist in stock 
abundance estimates. These average annual results form the basis for stock estimates employed during the 
fishing season (Figure 2). In-season weekly GSI results have provided confirmation of trends (based on 
past studies) which have contributed to the overall fishing plan. 

CURRENT GSI APPLICATlON 

Currently, GSI information is used in-season to alert managers to trends not seen in the past and to 
determinC? post-season ·catch by origin. 

In Qualicum, \Yeekly interception estimates from Johnstone Strait are compared using past interception 
results. Any large differences seen in-season are used to alert managers to potential problems. Similarly, 
in Johnstone Strait, weekly GSI stock composition results are not solely used to determine the next week 
~arvest act:i,on. Tbey are used to confirm stock composition estimates derived from past results. In a rigid 
sense, information provided by GSI are currently not used to manage commercial fisheries on a week by 
week basis. Instead, decisions rely more on stock composition estimates derived from long term-trends. 
The reasons for not using GSI results to manage on a weekly basis are: (1) historical averages are more 
readily available for both pre-season and in-season planning; (2) weekly processing deadlines are difficult 
to achieve; and (3) abnormal results may not reflect accurate stock compositions on an individual weekly 
basis. However, these in-season weekly results serve more to signal managers to be aware of possible stock 
composition abnonruilities. , · 
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FUTURE USE OF GSI 

GSI is necessary to provide interception estimates on a post-season basis and provide annual trends to 
assist in harvest planning. Where stock identification information is completely absent, GSI can be used 
on a weekly basis as previously demonstrated in Qualicum. However, before more emphasis is put on 
weekly GSI results, variability between weekly estimates (Figure 3) should be understood and reduced. 

In the past, steps have been taken to analyze and reduce this variability. These have include larger 
sample sizes, expansion of sampling areas and fishery types, investigation of fish behaviour and testing of 
estimation procedures. In addition, work by the Chum Technical Committee of the Pacific Salmon 
Commission will hopefully provide information on variability through computer modelling simulations (e.g., 
differences between 7 and 21 loci, increases in sample size, modelling different populations and analyzing 
fish schooling behaviour). 

SUMMARY OF GSI APPLICATION 

GSI has provided valuable long term information on stock composition, timing and interception catch 
estimates. In the past GSI has provided managers with a stock assessment technique to effectively manage 
specific fisheries. I:Iowever, managers are not using GSI to determine harvesting on a week to week basis 
because of variability concerns. These, along with other concerns are currently being addressed. 

Figure 1. Regions of Chum Sampling 
(A) Johnstone Strait (B) Mid Vancouve~ Island (C) Nitinat 

192 

l 



' ' ~· 

2.0% -

t- 1.5% -z 
w 
0 
a: 
l.U 
Q. 1.0% -

0.5% -

GSI 82-90 

: --.- ..... -- TEST FISHING 80-90 

Non Fraser 

Fraser 

.... ~---\ - I 
,," I - " ' ' : / ..... ,.,,,. -..... 

• I' ' 
: / ' 

- ..... ··I' us \ 
,,,,, ,," - ./ ' 

/ .· \ 

.,, ,," ' ,_... ---- - - ' ·. ,.· "'· ' 
L...b::r.L.:/.·...r....==i:::u:r:;::;:;:::;:::;:;:::C:::::;::::::::=~==:L::=:~::::::;:;:;;:r:;:;::::;:;::r:;:;:;:~'~'~.,,,._._L....._~ .A" I I I I I '\ •... I 

0.0% 
, 01-Sep O~-Sep 15-Sep 22-Sep 29-Sep 06-0ct 13-0ct 20-0ct 27-0ct 03•Nov 10-Nov 

DATE 

Figure 2. Johnstone Strait Average Chum Timing and Stock Composition. 

z 
0 
j:: 
(/) 
0 
Q. 
:5 
0 
0 
~ 
0 
0 
t-
(/) 

t-z 
w 
0 
a: 
w 
Q. 

N =APPROX 150 PER SAMPLE . 

80 

Vessel2 

60 "" /~ " \ Vessel 1 
" \ 

" \ 

\ " " \ 
\ 

\ 

40 
\ 

\ 
\ 

\ 

<::>· 
/ 

- -:- - - .- -0.: I' 

20 I I' 
I ' '· I' I 

' I ' 
I' 

~ ' 
I' 

' 
I' 

' I' 
~ 

0 
9/2 9/3 9/4 1011 10/2 10/3 10/4 10/5 

WEEK 

Figure 3. Fraser Stock Composition fr~m Johnstone Str.ait Test Fishing · 

Vessels, 1990. 

193 



In-Season Management of Fraser River Pink 
Salmon Using GSI Techniques 

Bruce White and Jim Gable 

Pacific Salmon Commission 
600 - 1155 Robson Street 

Vancouver, B.C., Canada, V6E 1B5. 

Genetic stock identification (GSI) techniques are used by the Pacific Salmon Commission 
(PSC) to estimate stock group contributions in commercial and test fishing catches for in-season 
management of Fraser River pink salmon (Oncorhynchus gorbuscha). Three areas of management 
activities benefit from the stock group estimates: (1) allocation of Fraser River pink salmon catches 
among user groups, (2) determination of migratory patterns, and (3) estimation of run size. GSI 
helped the Fraser River Panel of the Commission to achieve their international and domestic 
allocation objectives for Fraser River pink salmon in 1989. The international allocation of Fraser 
pinks between Canadian and United States fishermen was within 295,000 fish (12% of the United 
States share) of the in-season allocation goal. Domestic allocation goals for catch by user group 
and/or gear type for each country were also very close to being met Additionally, GSI information 
assisted in determining the run timing and migratory pattern of Fraser pinks through various areas 
(e.g., Johnstone Strait and Juan de Fuca Strait) so that appropriate regulations for their harvest could 
be developed. Finally, GSI data were used to confirm the presence of high proportions of Fraser 
pinks in specific fisheries so that several run-size estimators could be employed. These three uses 
of GSI information helped the Fraser River Panel to achieve ~scapement and catch allocation 
objectives (as stated by the Parties) for Fraser River pink salmon in 1989. 

The Pacific Salmon Commission (PSC) was established in 1985 with the signing of the Pacific Salmon 
Treaty by the governments of Canada and the United States. Under the Treaty, the Fraser River Panel of 
the PSC has two principal mandates involving Fraser River pink salmon (Oncorhynchus gorbuscha): (1) 
accounting for these fish wherever they may be harvested, (2) and managing fisheries targeting on these 
stocks within the Fraser River Panel Area of jurisdiction (Figure 1): Prior to 1985, there was no reliable 
method of accurately identifying Fraser River pink salmon during the period of active in-season 
management. In order to fulfil its mandate under the Pacific Salmon Treaty, the staff of the PSC initiated 
a pilot program of in-season stock composition analysis of pink salmon in 1985 using protein 
electrophoresis. The genetic stock identification (GSI) program was expanded and refined during the 1987 
and 1989 management seasons and is now an important part of the PSC's in-season management operation. 

GSI was selected over other methods of identifying stocks contributing to mixed-stock fisheries, (e.g., 
run reconstruction, analysis of morphometric characters and scale patterns), because preliminary testing of 
the technique in 1985 and 1987 showed that it had potential for providing accurate and timely estimates of 
stock composition on an in-season basis (White and Shaklee 1991, Beacham et al. 1985). Currently, there 
are about forty stocks in the overall baseline from four stock groups: (1) Fraser River, (2) Puget Sound, (3) 
Canada South Coast. and (4) Canada North Coast (Figure 1). Two different baselines are used in the 
fishery analyses. For fisheries occurring north of Cape Caution, the baseline includes all of the stock 
groups. Fisheries which occur south of Cape Caution are analyzed with a baseline comprised of stocks from 
the Fraser River, Puget Sound, and Canada South Coast stock groups. Stocks that spawn in central and 
northern British Columbia are excluded from this baseline because they are not likely to contribute to south 
coast. fisheries. 

The Fraser River Panel manages Fraser River _pink salmon based on three main objectives: (1) to 
achieve escapement goals by stock or stock grouping; (2) to allocate the catch internationally and 
domestically among the user groups; and (3) to· conserve other species of salmon and stocks that may be 
harvested in fisheries directed at Fraser pinks (PSC 1989). GSI analyses assist in achieving these objectives 
in several ways. Currently, the mairi use of the GSr'esiliruites is for determining the catch-to-date of Fraser 
pinks, by user group so that the accounting and international and domestic allocation objectives of the PSC 
can be achieved. GSI information is also used in determining the migratory pattern and timing of Fraser 
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stocks in numerous fisheries where they may occur;· from the Canadian Areas 1 and 101 fisheries in the 
north, to the Oregon troll fishery in the south. Confirming the presence of high proportions of Fraser pinks 
in specific fisheries so that various methods of run size estimation can be employed is a third application 
of the GSI estimates. These three uses of the GSI data assist in the development of regulations for 
harvesting Fras·er pinks so that the Panel objectives can be met. The primary purpose of this paper is to 
describe and dem9nstrate how each of these uses of the GSI data are computed and applied during the in-. . 
season management process. 

METHODS AND RESULTS· 

The three uses of the GSI data outlined above (catch allocation,: migration aniilysis, run size estimation) 
are examined below. We also discuss the objectives of the Fraser Panel that are affected by these fisheries 
management applications of the GSI information (Table 1). 

ALLOCATION OF CATCHES AMONG USER GROUPS 

Achieving the international catch allocation specified in the Pacific Salmon Treaty is the second most 
important management goal of the Fraser River Panel (meeting the gross escapement goal is the primary 
objective). Determiriing the carob-to-date of Fraser River pink salmon by each user group on a "real~time" 
basis throughout the fishing season provides the PSC staff and the Fraser River Panel .with irifonnatiori 
necessary to achieve the annual international and domestic catch allocation objectives. This process involves 
multiplying the GSI estimate of the proportion of Fraser pinks present in a particular fishery by the total 
number of pink salmon caught by a user group (e.g., Canadian purse seine fishennen) for that fishery. 
Estiilates of catches of Fraser pinks by fishery and user group are calculated weekly over the fishing season 
and provide a basis for modifying fishery openings so that appropriate catch allocations are achieved. 
Estimates of the total catch of Fraser pinks by user group for the entire season are also generated and 
compared to the allocation goals by user group. Shortfalls bt overages in allocation to the user groups are 
remedied in future years in the form of catch paybacks. In Table 2 we identify the user groups to whom 
Fraser pinks are allocated, both internationally and domestically; and the estimates of GSI stock groupings 
that are required to meet the allocation objectives. 

GSI analyses along with 1989 catch data from numerous 'fisheries indicated that most of the Canadian 
catch of Fraser pinks occurred in late August and early September. Catches by United States fishennen 
were concentrated in the period from early to mid-September. 

The in-season GSI estimates of Fraser Riv~~ .. Pink salmon catches showed that the international 
allocation objectives were very close to being achieved. However, subsequent post-season accounting, 
which includes a bias correction procedure for the maximum likelihood estimates, which was not available 
during. the 1989 management season, revealed that the United States· fishennen actually caught 2,233,000 
pink salmon which was 295,000 fish (12%) below their catch goal of2,528,000. This catch shortfall will 
be made up in future years. 

The domestic allocation objectives were nearly met in the United States. Treaty Indian fishennen 
caught 1, 195,000 fish, exceeding their share by 78,500 fish. Non-Indian fishennen harvested 1,038,000 fish, 
3.5% below their share. In Canada, the catches: of pink salmon diverged somewhat from the original goals. 
The deviations were primarily in the gillnet and purse seine sectors, with the-gillnet fleet falling short of 
their allocation and the purse seine fleet exceeding their allocation. GSI estimates provided the basic data 
used by the Fraser River Panel to achieve or approach the international and domestic allocation goals in 
each country. 

DETERMINING MIGRATORY PATTERNS AND TIMING 

Information on the run timing and migration patterns of Fraser pinks in the various fisheries is required 
for developing regulations for their harvest and allocation among the different user groups. It is also critical 
for achieving the three main objectives of the Panel. To illustrate this, we give an example from data 
recorded on the Area 12 and 20 purse seine fisheries during the 1989 fishing season. 
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One of the primary uses of monitoring the migratory pattern of Fraser pinks is to determine the 
proportion of these fish diverting via the "northern" approach (through. Johnstone Strait, Area 12) versus 
those taking the "southern" approach (through Juan de Fuca Strait, Area 20). Information on the diversion 
rate must be considered for two primary reasons when harvest regulations are developed. First there is a 
different exploitation rate on pink salmon intercepted in the Johnstone Strait purse seine fishery versus those 
harvested in the Juan de Fuca Strait purse seine .fishery. The Johnstone Strait fishery harvests a much 
higher percentage of the weekly abundance of available pinks in one day of fishing because of the much 
larger geographic size and greater number of vessels that typically fish this area during an opening. This 
has an effect on the number of fish escaping into the Strait of Georgia and may compromise escapement 
goals if not considered. Second, in years where a large percentage of the available pinks migrate through 
Johnstone Strait, there are proportionally fewer available for harvest in United States Panel Area waters. 
Consequently, international allocation goals may not be ac}lieved unless pre-season fishing plans are 
modified in response to changes. in diversion rate. 

Calculation of the diversion rate requires weekly GSI estimates of the proportion of Fraser pinks in 
several mixed-stock fisheries. These estimates are important data inputs for a cumulative normal 
distribution (CND) model used by PSC staff to forecast run size. The model utilizes estimates of catches 
of Fraser pinks to date, test fishing catch per unit effort (CPUE) data, and historic exploitation rates to 
"reconstruct" daily abundances of the total run migrating through specific areas (PSC 1990). Output from 
the model is used to guide decisions on the structure of weekly fisheries in order to achieve escapement 
goals and harvest objectives. 

Without accurate GSI data inputs to the CND model from commercial and.test fishing catches, o~tputs 
from the model could be misleading and harvest regulations could be established which could potentially 
undermine management goals. For example, large catches of pink salmon in Johnstone Straits fisheries 
could falsely signal high Fraser River diversion rates if large proportions of non-Fraser River pinks were 
present in the area, and were assumed to be of Fraser River origin. In 1989, large catches of pink salmon 
were made in Johnstone Strfiits during the period from August 13 to August 26. The combined catches of 
pink salmon for those two weeks were approximately 1.33 million. The proportion of Fraser pink salmon 
in the catch during .. this period was between 46 and 66 percent. If the non-Fraser component had not been 
identified, the CND model could have greatly overestimated the diversion rate during this period and 
inappropriate regulations may have been developed. 

ESTIMATION OF RUN SIZE 

The estimation of total run size of Fraser pinks provides important information for achieving the 
escapement and catch allocation objectives of the Fraser River Panel. GSI data are used to confirm the 
presence of high proportions of Fraser pinks in specific mixed-stock fisheries so that a number of run size 
estimators can be employed. The run-size forecasting models could be adversely affected by the presence 
of large proportions of non-Fraser pinks in these fisheries. The peak catch per unit effort (CPUE) of pink 
salmon from the Area 20 purse seine fishery is the first run size estimator we will review. 

Assessments of the Fraser River pink salmon run using CPUE data from the Area 20 commercial purse 
seine fishery began in late August and continued through the period of peak fishing in September. The 
Fraser River pink salmon component of the total pink salmon catch was estimated using GSI analyses, 
which were available approximately one week after the closure of each fishery. Moderate CPUE's in both 
northern and southern approach fisheries in late August suggested a run smaller than the· pre-season forecast. 
Consequently, the in-season projection of total Fraser pink salmon run size was reduced.from 17 to 13 
million. Peak catches occurre.d during fisheries on September 3 - 5 and analyses of CPUE data; along with 
other data, resulted in the run size being increased to 15 million. This was close to the final calculated total 
return of 16.6 million. Without estimates of Fraser pink salmon contribution rates from the GSI program, 
there would have been a larger degree of uncertainty around point estimates of Fraser River pink salmon 
run size generated .from CPUE catch data. 

The second technique for forecasting run size that ·relies on GSI to confirm the presence of high 
proportions of Fraser pinks in mixed-stock fisheries is the distance to the annulus on scales of pink salmon 

196 

l 

l 



taken in commercial and test fisheries {Blackbouni and Tasaka 1989). ·In 1989 the results of this assessment 
technique were variable, with projections of Fraser River pink salmon run size ranging from 7 .0 million to 
14.6 million fish. However, in weeks where the percentage of Fraser pink salmon identified in the sample 
was high, the results were less variable. For example, the scale data from the Aiea 20 purse seine sample 
from week-ending September 5 (82% Fraser) forecasted a total return of 14.1 million, and the scale data 
from the Area 123 troll sample from week-ending August 26 (89% Fraser) forecasted a total return of 14.6 
million. 

The final method employed by the Commission to estimate run size using GSI estimates is the CND 
model. Accurate GSI data provides critical inputs to the CND model. If the proportion of non-Fraser pink 
salmon in coastal catches are not identified, serious errors in estimating the total run of Fraser pink salmon 
escaping to .the Strait of Georgia could occur. Based on the catches of Fraser pinks in particular fisheries 
and the cumulative escapement to date, the CND model can be used to forecast total run size at specific 
points during the season. As the season progresses and a greater amount of catch and escapement data is 
accumulated, the accuracy of run size estimates generally improves (PSC 1990).· In 1989, late-season run 
size estimates using this method produced estinu;ttes ranging from 13 to 15 million Fraser pink salmon. 
These estimates were slightly below the post-season (final) estimate of 16.6 million. 

DISCUSSION 

The Pacific Salmon Commission developed a GSI program for.assisting in the management of Fraser 
River pink salmon because of increasing demands created by the Treaty and for use by the Fraser River 
Panel for in-season management of these stocks. Prior to 1987 the Commission relied on run-reconstruction 
techniques (applied post-season) to account for catches of Fraser pinks. Beginning in 1985 with a pilot 
study, and continuing in 1987 and 1989, GSI methodologies were used to help the Fraser River Panel 
achieve its two mandates of accounting for Fraser pinks wherever they are harvested and managing fisheries 
targeting on these stocks within the Panel area of jurisdiction. GSI data bas become critical in .achieving 
escapement and international and domestic catch allocation to Canadian and United States fishermen. In 
addition, it is now an integral part of the weekly data input into the CND model tbrougbout·the period of 
in-season management. The use of GSI estimates for migrational analysis and in the run size estimation 
process will likely increase in importance in the future as the Fraser River Panel requites information on 
an increasingly rapid basis, and as the GSI data base grows with successive years of Fraser River pink 
salmon catch information. 

In reviewing the 1989 management season, we examined specific examples of bow the GSI :program 
helped the PSC staff and t:l].e Fraser Panel achieye escapement goals and harvest allocation objectives. In 
fisheries occurring south. of Cape Caution, the catch component of Fraser River pinks followed a broad trend 
of increasing from approximately 40% of the catch in mid-August to over 80% by mid-September. By 
closely monitoring the stock composition each week, particularly in Canadian fisheries occurring in 
Johnstone Btrait and Juan de Puca Strait, and in United States fisheries in Puget Sound, PSC staff provided 
the Fraser River Panel with reasonably accurate estimates of the number of Fraser pinks escaping those 
fisheries and migrating into the Strait of Georgia. The uncertainty surrounding terminal area escapement 
estimates would have been much higher if GSI estimates of commercial catch bad not been available. 

GSI analyses of pink salmon catches in Alaska District 104 fisheries showed little evidence of Fraser 
River pink salmon catches in this area, although catches of Fraser River were identified in Canadian 
fisheries in northern British .Columbia. The largest weekly contribution of the Fraser River stock group in 
fisheries occurring north of Cape Caution was in the Area 142 troll fishery during the period August 20 to 
26. During this time Fraser pink salmon accounted for approximately 53% of the catch. Accurate 
assessments of Fraser pink catches in all fisheries where they may be caught, including distant fisheries such 
as Area 142 is importan.t for meeting catch allocation goals. 

Tracking of northern area interceptions of Fraser pinks could eventually provide useful information to 
managers, in addition to their current catch accounting function. Once a sequence of years of GSI data are 
available from northern area interceptions, trends in Fraser River pink salmon abundance may become 
apparent. These data may have value_ for forecasting probable return strength and run timing of Fraser River 
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pinks. The accuracy of such forecasts could potentially. be enhanced by stocks that have a high degree of 
genetic distinctiveness between and within specific stock groups. 

It is probable that GSI will prove useful in additional applications to fisheries management. One 
important use may be in helping to develop fishing regulations to minimize over-harvest of weak or 
endangered stocks of salmon in mixed-stock fisheries so that the genetic variability of such stocks is 
maintained (Waples et al. 1990; Allendorf et al. 1987) . 

. Many of the run size estimation relationships currently utilize data which includes both Fraser River 
and non-Fraser stocks. Quantification of these relationships would likely be improved if the non-Fraser 
component of the historical data could be removed. As the GSI data base expands, these historic 
relationships may be replaced by data resulting from assessment techniques using "pure" Fraser stock catch 
data. 

In summary, the GSI program bas proven to be a useful tool for assisting in the in-season management 
of Fraser River pink salmon. Its value will increase as successive years of data are added to the 1987 and 
1989 base years. · 
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_ Table 1. In-season uses of GSI data for management of Fraser River pink salmon. 

In-Season Uses 
of GSI 

Allocating catches 
among user groups 

Detemlining migratory 
patterns and timing 

Estimating run size 

Objectives _of Panel 
Affected 

* catch allocation 

* escapement goals 
* catch allocation 
* stock conservation 

* escapement goals .:- · · 
* catch allocation 

Analyses Involving GSI 

* GSI estimate x catch by user group for fis_Qery 

* pattern: e.g., determining patterns and timing 
diversion rate 

* timing: e.g., detellllining run timing through 
. specific fisheries 

.. • *'peak CPUE_ 
* scale growth characters 
* input for CND model 

Table 2. Allocation of Fraser River pink salmon among user groups and the GSI estimates that are 
required. 

Allocation by 
Country and 
User Group 

GSI Estimates 
_Required 

International 
Allocation 

U.S. fishermen . 
Canadian fishermen 

% Fraser River 

Domestic Allocation 
United States 

Treaty Indian 
Non-Indian 

% Fraser River 
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Canailit 

Inside Troll 
Outside Troll 
Purse Seine 
Gillnet 

% Southerly Migrating (Fraser 
River, Puget Sound, Canada 
Sou.th Coast) 
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STOCK GROUP 

i;~~;~;~~~~~~~ Canada Nodh Coast 

~. Caoada South Coast . 
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COLUMBIA 

WASHINGTON 

Figure l.· Map showing stock groups in pink salmon baseline and the Fraser River Panel Area of 
jurisdiction. 
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Enhancing Fisheries Resources Through 
Active Management of Riparian Areas · 

Robert E. ~ilby and Peter A. Bisson 

Weyerhaeuser Company 
·Technology Center 
Tacoma, WA 98477 

Many streams in the Pacific Northwest have experienced a loss of habitat complexity resulting, 
in part, from the conversion of structurally and biologically diverse riparian vegetation to uniform 
age stands of red_ alder following timber harvest. Reduced inputs of large conifer debris from 
riparian zones in second-growth forests has led to streams with fewer pools, lower sediment and 
organic matter, retention capacities, anq increased fine sediment transport potential. Although 
salmonids with extended freshwater residence have been affected most by these habitat changes, 
pink and chum salmon spawning success may be influenced by delivery of fine sediment from 
watersheds with reduced instream sediment storage. By utilizing forestry management techniques, 
riparian areas can be treated. to restore vegetative diversity and provide the types and sizes of woody 
debris needed to preser\re productive stream habitat and provide natural storage and routing 
characteristics. These techniques include conifer planting, patch cutting, thinning, and other 
methods of vegetation management. We suggest that timber harvest around streams in second­
growth forests based on alternately managed and undisturbed patches of riparian vegetation can 
potentially accelerate the restoration of diverse and productive stream habitat. 

----------

Forest practice regulations governing treatment of riparian areas during timber harvest in the Pacific 
Northwest have changed rapidly during the last decade (Oregon Department of Forestry 1987; British 
Col~bia Ministry of Forests 1988; Bilby and Wasserman 1989). Perhaps the most controversial aspect 
of these changes bas been an increasing emphasis on the retention of standing, merchantable timber along 
streams. One of the primary purposes of leaving these trees is to provide a future solirce of large woody 
debris (LWD) for the channel. 

Research over the last 20 years bas shown that LWD plays a major role in determining the structural 
and functional attributes of lotic systems (Harmon et al. 1986). Large woody-debris strongly influences 
cbann~l form in many small to medium size streams, causing streambed scour that creates pools (Sullivan 
et al. 1987; Andrus et al. 1988) and stabilizing channel features such as gravel bars and sediment deposits 
(Lisle 1~86; Bilby and Ward 1989). Tree boles, branches and rootwads also function in the retention of 
finer organic materials such as needles and leaves (Bilby 1981). In small streams, the vast majority of this 
type of material is associated with LWD (Naiman and Sedell 1979; Bilby and Likens 1980). In addition, 
L WD directly affects stream biota by providing a substrate and energy source for some invertebrates 
(Anderson et al. 1978; Benke et al. 1985) and by providing habitat and creating cover for fishes (Bisson 
et al. 1987; Sbirvell 1990). · 

Protection of aquatic and riparian resources has clearly improved as a result of the recent changes in 
riparian management However, we believe that current riparian management guidelines are failing to 
achieve desired goals in certain situations. The following discussion will briefly outline some inadequacies 
of riparian management <;m forested lands and suggest alternatives to addres.s some of these problems. 

CURRENT STATUS OF RIPARIAN SYSTEMS ON FORESTED LANDS 

Historically, accumulations ofL WD were common in.flowing waters in the Pacific Northwest, including 
many of the major river systems of the region (Sedell ~d Luchessa 1982). Most of the wood was removed 
from larger rivers early in this century, as an aid to navigation. Transportation of logs along water courses 
by splash damming or the use of channels as skid trails also contributed to the loss of wood and destruction 
of habitat in some streams (Wendler and Deschamps 1955). Deliberate removal of LWD from some 
channels was done to improve water quaij.ty and provide upstream passage for anadromous fishes (Bryant 
1983; Bilby 1984). In addition, removal of riparian vegetation, and thus the source of future L WD, during 
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timber harvest or conversion of· forest land to other uses has had a widespread influence on L WD in streams 
(Swanson and Lienkaemper 1978). 

As a result of these practices, many streams in the Pacific Northwe~t contain far less L WD than they 
did originally (Grette 1985; Bisson et al. 1987; Bilby and Ward in press). Features of the channel 
associated with wood, including pools, sediment and organic matter depositional sites, and waterfalls, have 
decreased dramatically in these systems (Bilby and Ward in press). It is likely that declines in fish 
populations in these streams are in part attributable to the habitat changes caused by loss of L WD (Murphy 
et al. 1985; Hicks et al. in press; Sedell and Beschta in press). Reestablishment of productive habitat in 
these channels hinges on restoration of LWD. 

HABITAT QUALITY IN STREAMS IN OLD-GROWTH AND SECOND~GROWTH FORESTS 

Riparian vegetation in areas that have been logged is dominated by smaller trees (Figure 1), often red 
alder (A/nus rubra). The capacity for this vegetation to supply the size and amounts of L WD necessary for 
the full range of woody debris functions in. streams depends upon a variety of factors, including the size 
of the channel. Debris produced by second-growth riparian vegetation may be too small to maintain a stable 
position in larger channels (Bilby and. Wasserman 1989; Bilby and Ward 1989). In addition, LWD 
produced by red alder is much shorter-lived in streams than conifer debris (Harmon et al. 1986). 

Stream habitat reflects changes in L WD amount and characteristics associated with altered riparian 
vegetation in managed areas. Comparison of channel features in streams flowing through unlogged forests 
with those in second-growth forests illustrates the relative influence of these stand conditions on aquatic 
systems. Data were from a study of woody debris characteristics and function in streams bordered by 
different types of riparian vegetation (Bilby and Ward 1989; Bilby and Ward in press). Surveys of LWD 
structure and function in western Washington streams were conducted on 22 sites in undisturbed, conifer­
dominated stands and 29 sites in 40 to 60 year old second-growth stands, the typical age of harvest in 
commercial forests. Variables measured during these stream surveys included species, amount and size of 
L WD, as well as the frequency, surface area, and type of pool (Bisson et al. 1982) associated with the 
wood. Also measured were the frequency and surface areas of sediment accumulations associated with 
L WD, and the frequency and height of L WD-associated waterfalls. A detailed description of methods used 
in the surveys may be found in Bilby and Ward (1989). 

Amount of L WD decreased with increasing stream size in both old-growth and second-growth forests; 
however, more L WD was found in streams at unlogged sites than at second-growth sites for all stream sizes 
(Figure 2; P<0.05, t-test). Pool frequency also decreased with increasing stream siZe for both stand types 
(Figure 3). L WD-associated pools were more common at old-growth sites than at second-growth sites, with 
the greatest differences observed in larger streams (P<0.05). Pool types were much more diverse at the 
unlogged sites (Figure 4). Over 90% of the pools in second-growth sites were scour pools. Scour pools 
were also the most prevalent type at the unlogged sites, accounting for approximately 45% of the pools, but 
plunge, backwater and dammed pools were all more common in old-growth than in second-growth sites. 

Sediment routing in streams is influenced by L WD through the formation of depositional areas and the 
creation of waterfalls. Waterfalls reduce stream power with little erosion of bed or banks, and thus 
represent an inefficient energy expenditure from the standpoint of material movement (Heede 1972). 
Depositional areas were much more common at the unlogged sites than at second-growth sites (Figure 5). 
This difference was in large part due to the greater abundance of L WD in streams at unlogged sites. The 
old-growth fon;sted streams also contained more waterfalls than the second-growth sites (Figure 6). 
Sediment routing through channels in the unlogged conifer-dominated riparian zones was likely slowed as 
a result of the greater numbers.of depositional areas and waterfalls. · 

Since pink and chum salmon utilize streams almost exclusively for· spawning, the rate and timing of 
delivery of fine sediment to stream reaches used for spawning is of critical importance. The greater 
efficiency of sediment transport in L WD-impoverished headwater channels suggests that delivery of fine 
sediment to downstream areas used by pink and chum salmon could occur at relatively low discharges. 
Intrusion of sediment into streambed gravel is more apt to occur at reduced streamflow than during periods 
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of high discharge, when fine sediment tends to be flushed from the sub~trate (Beschta and Jackson 1979). 
Thus, lack of L WD may impact doWnstream spawning gravel by enabling !fansport of fine sediment at 
times when intrusion and deposition is most likely to occur. 

. . . 
MANAGEMENT OPTIONS TO ENCOURAGE RIPARIAN RECOVERY 

Current conditions in many Pacific Northwest riparian zones are insufficient to meet a key objective 
of fish habitat managers: creating and maintaining structurally complex stream channels (Bisson et al. in 
press). Because channel complexity is strongly influenced by interactions between the stream and riparian 
zone, streamside :µumagement should focus on preservation of structurally and vegetatively complex riparian 
areas. Unfortunately, some prescriptions currently being applied to streamside management areas may 
impede the establishment of desired riparian conditions. Since timber harvest throughout the region will 
focus increasingly on second-growth forests, ·methods especially suited to managing riparian areas in these 
forests need to be developed. 

Even in those case~ where riparian zones presently exhibit . the characteristics needed to ensure 
main~nance of procluctive stream habitat, long-term successional consequences of retaining a relatively 
narrow strip of trees along the stream shotild be considered. One possible outcome of this management 
approach is creation of riparian zones dominated by shrubs resulting from increased light reaching the fo!est 
floor following harvest of upland forests (Hibbs 1987). A dense shrub layer could hinder or preclude 
reforestation, ultimately yielding a riparian zone that contains very few trees. In most cases, such riparian 
conditions would not favor the restoration of productive stream habitat. 

These problems suggest that an active approach to managing riparian vegetation in second-growth 
forests might be better suited to meeting fish habitat objectives than the current approach of leaving 
unmanaged buffer strips, often composed chiefly of red alder. The first and most important step in the 
development of an active.riparian management program is determination of aquatic habitat objectives for 
the site. These objectives may vary due to key stream features including fish species present, size of the 
stream, morphology and substrate of the channel, previous history of disturbance, and downstream 
conditions. Some goals might include the development and long-term maintenance of complex. channel 
structure, increased amounts of L WD, creation of pool habitat, deposition of gravel, or retention of 
sediment.· 

Once it" set of aquatic objectives has been· established, riparian conditions necessary to meet these 
objectives can be determined. Riparian objectives appropriate for meeting some of the aquatic habitat goals 
listed above might include production of large trees to provide stable L WD, increased diversity of riparian 
plant species, and creation of a more varied distribution of tree age classes. These objectives would also 
be influenced by the type of vegetation present at the site at time of ~ber harvest. 

The condition of riparian vegetation at time of harvest also would influence the silvicultural approaches 
most appropriate to achieving riparian objectives. For example, a primal)' objective for sites dominated by 
even-aged stands of red alder could be the establishment of conifer species. Silvicultural options appropriate 
for this goal include thinning and underplanting or cutting patches and planting (Emmingham et al. 1989). 
Objectives and silvicultural treatments would be different for sites dominated by second-growth conifers. 
In these locations, encouraging the development of large trees, diversifying the age-class distribution, and 
increasing species diversity would be appropriate riparian objectives. Goals could be achieved through 
selective thinning (Berg 1990), cutting small patches in the riparian zone and planting desired species, or 
creating conditions conducive to hardwood establishment. 

Application of this approach permits land managers to design riparian zones composed of alternating 
patches of actively managed and undisturbed forest. Undisturbed patches would be located in areas most 
apt to be sensitive to disturbance, for example, near tributary junctions, and in areas of unstable streambanks 
or around riparian wetlands. Since some amount of timber removal will occur from the managed patches, 
the undisturbed patches could be considerably wider than required by current regulations without any 
consequent loss in total amount of timber harvested. 

203 



There are a number of potential advantages of active management of riparian areas over current 
streamside prescriptions. Accelerating the growth of trees in riparian zones by thinning (Berg 1990)' may 
greatly speed the production of larger pieces of i..WD. Larger pieces of wood are needed to maintain 
position in wider stream channels, and they have a greater influence on channel form and function than 
small pieces (Bilby and Ward 1989). Windthrow risk, often increased by curren~ riparian management 
regulations, may be reduced by leaving undisturbed or thinned patches in windfirm areas, or by cutting 
patches in locations prone to windthrow (Steinblums et al. 1984)'. Elevated light levels reaching the stream 
from patch cutting or thinning may increase algal production, producing greater amounts of food for fish 
(Hawkins et al. 1983; Bilby and 'Bisson in press). In some situations, trees cut from patches or during 
thinning could be deliberately added to the. channel to provide an immediate source of L WD. 

Water quality problems associated with active management of riparian vegetation can be minimized by 
applying this strategy only along suitable stream reaches and carefully locating the patches to be managed. 
For example, active management may be inappropriate along streams where aquatic resources are considered 
to be highly temperature sensitive. In less thermally sensitive systems, the proportion of managed and 
undisturbed areas can be adjusted to reflect the relative sensitivity of the· system: Cut or thinned patches 
can be located where there is natural topographic shading, on the north side of the stream and along narrow 
riffles to reduce exposure to direct sunlight Streambank erosion and sedimentation can be ameliorated by 
locating undisturbed patches along stream sections with actively eroding banks, by retaining trees with root 
systems that stabilize streambanks, and by preventing soil compaction caused by use of heavy equipment 
in riparian zones. 

There are also potential advantages of active riparian management from a forestry perspective. This 
system does enable recovery of some of the currently unavailable timber from the riparian zone. However, 
this advantage would be partially or wholly offset by increasing the size of undisturbed patches. Yarding 
corridors through riparian zones could be established, provided sufficient deflection is available to lift logs 
completely as they cross the channel to avoid damage to the banks. This approacb would permit the return 
to reforestation and harvesting of a portion of the area within riparian zones. 

Many of the fisheries benefits associated with the riparian management approach outlined above will 
rake decades to be realized. Nonetheless; establishment and maintenance of productive fish habitat will 
ultimately depend upon structurally complex and vegetatively diverse riparian communities. Application 
of well established silvicultural methods may significantly reduce the time required to achieve these 
conditions. 
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Figure 1. Proportion of hardwood and conifer trees in four diameter classes remaining in riparian areas 
in western Wasbingto.n after timber Jiarvest (Washington Department of Wildlife, unpublished data). 
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Figure 3. Frequency of L WD-foffiled pools at unlogged and second-growth sites. 
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Figure 4. Types of pools associated with L WD in streams at unlogged and second-growth sites. Pool types 
were classified according to the method of Bisson et al. (1982). 
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Figure 6. Abundance of LWD-formed waterfalls at unlogged·and second-growth sites. 
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An Update and Application of the Production Model 
for Carnation Creek Chum Salmon1 

J.C. Scrivener 

Biological Sciences Branch, 
Fisheries and Oceans Canada, 

Pacific Biological Station, 
Nanaimo, B.C. V9R 5K6 

Logging impacts on the physical environment and on the variability of chum salmon have been 
studied at Carnation Creek since 1970. A production model was developed that explained 77% of 
the annual variability among returning spawners. They declined 52% during the first postlogging 
decade. Two thirds of this decline was attributed to climate change, while one third was attributed 
to logging. Logging impacts appeared to cause a 26% decline during recent years. The production 
model explained 58% of the annual variability of chum salmon returning to Area 23, Barkley 
Sound. Poor ocean productivity during early marine life, periods of overfishing, and logging of 
their natal watersheds have probably caused a decline among West coast of Vancouver Island chum 
salmon during the last 40 years. 

A 10-fold variability in abundance is common among West Coast of Vancouver Island (WCVI) stocks 
of chum salmon (Oncorhynchus keta) (Lightly et al. 1985). An understanding of the causes of this inter­
annual variability is only now being obtained (Koski 1975; Blackboum 1987; Scrivener 1988; Helle 1989; 
Hartman and Scrivener 1990). Intensive and long-teflll data bases were the essential ingredient. Studies 
of spawning density (Hunter 1959), spawning gravel quality (Scrivener and Brownlee 1989), fry size 
(Hargreaves and LeBrasseur 1986; Helle 1989), and emigration timing (Beacham and Murray 1986; Holtby 
et al. 1989) have described some freshwater causes of the variability. Studies of predation (Healey 1982), 

·near-shore productivity (Fulton and LeBrasseur 1985; Walters et al.1978), and age-at-maturity (Blackboum 
1987) have described some marine causes of the variability. These findings can now be integrated in 
computer simulation models. 

The population dynamics of chum salmon have been stu~ied at Carnation Creek since early 1970 as 
part of a multi-disciplinary study of the effects of clearcut logging on a small salmon stream in a coastal 
rain forest (Hartman and Scrivener 1990). Computer models were used to separate logging and "natural" 
(i.e., climatic) effects on salmon variability so that the logging impacts could be quantified (Holtby and 
Scrivener 1989). The model's value as a preharvest forecaster can now be explored. 

METHODS AND DATA-BASE DESCRIPTION 

Carnation Creek is a 7.8 km stream that flows into the south side of Barkley Sound on the west coast 
of Vancouver Island. Approximately 41% of its watershed was logged during 1976 to 1981 and another 
27% was logged during 1987 to 1991. The lower 3.1 km of stream available to anadromOJ.!S fish was 
included in the logged area. Logging caused marked changes to the thermal regime (Holtby 1988), to the 
banks and morphology (Powell 1988), and to the substrate (Scrivener and Brownlee 1989) of the stream. 

Several population parameters have been routinely collected from Carnation Creek chum s.almon. 
During each autumn, the number of spawners were obtained from visual counts obtained every few days 
in the 300m of stream in the estuary and from counts of chum salmon passing a permanent fish fence at 
the stream/estuary interface. From 3% to 30% of the population spawned above the counting fence (Holtby 
and Scrivener 1989). The sex and fork length (FL) were determined for all spawners passing through the 
fence. Sex ratios, hypural length, and age composition (otolith reading) of spawners were obtained from 
-200 carcasses each year. A size-fecundity relationship for chum spawners was determined from 35 
females that were sacrificed in 1980, 1981, 1983, or 1985 (Hartman 1981; Holtby and Scrivener 1989). 

1 Contribution No. 165 of the Carnation Creek Experimental Watershed Project. 
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Total egg depositions above and below the fence were calculated. using this relationship and the size­
frequency distributions of the females. During each spring, fry numbers, fry size (FL), and the date of 
median fry emigration were obtained from the counting fence and 30 emergence traps that were placed in 
the estuary. Egg-to-fry survival was calculated as number of fry passiilg the fence divided by total egg 
deposition above the fence. 

Physical measurements included continuous recordings of stream temperature, ·air temperature, and 
stream stage height Since .1970, they have been recorded at or near a hydrological weir located 400m 
upstream of the fish counting fence. Stream stage beight was converted to instantaneous discharge using 
rating curves that were frequently calibrated by Inland Waters Directorate of Environment Canada. Mean 
stream temperature and peak discharge during egg incubation were used for the model. Data prior to 1970 
were estimated from rated staff gauges at Sarita River (Anon 1989) and from correlations between Carnation 
Creek air and water temperatures and air temperatlll'.es at Estevan Point (Holtby and Scrivener 1989). 
Spawning gravel quality was.determined each year from -200 freeze cores of the streambed. The cores 
were split into layers and particle size di~tributions were obtained by dry sieving each layer (Scrivener and 
Brownlee 1982). Geometric mean particle size (Dg) was calculated from each distribution and the annual 
mean Dg of the top layer (0-15cm) was used for the chmh model. 

Salinity at Amphitrite Point provided an annual indicator of near-shore conditions when chum salmon 
fry entered the ocean from February to May. Annual anomalies were calculated for February to May as 
the mean of daily salinities of each month minus the 50-year mean for that month (1934-84; Dodimead 
1984) and then averaged for the four months. Positive anomalies could indicate the presence of nutrient 
upwelling, high ocean productivity, or large high nutrition prey (Fulton and LeBrasseur 1985). Negative 
anomalies could indicate high runoff from the land, poor productivity in the ocean (Blackbourn 1989), or 
a northward shift.of the "subarctic boundary" (Fulton and LeBrass!!ur 1985) bringing predators such as hake 
and mackerel into the near-shore zone. 

Sllrface temperature within an area 50-55°N latitude by 165-170°W longitude could indicate ocean 
conditions cluring maturity (Blackpourn 1987; NODC 1989). WCVI chum salmon are probably just south 
of the Aleutian Islands during August and September and mean ocean temperatures for this time and place 
have been used to predict age-at-maturity for other stocks of chum salmon (Blackbourn 1987). 

CHUM SALMON MODEL 

The model predicting the number of returning adu,lts utilizes a series of eight regression sub-models 
(Table 1). Sub-models 1, 3, 4, and 6 were reported earlier (Holtby and Scrivener 1989), and they have been 
updated with data from more recent brood years (1983-85). Sub-model 2 predicts egg-to-fry survival from 
a measure of streambed composition (Dg) and peak stream discharge during egg incubation. Egg survival 
is known to be a function of the amount of fine particles in the streambed (Everest et al. 1987), and of scour 
during floods. (McNeil 1966). A survival correction for the estuary is calculated with sub-model 3 using 
egg density and total spawning area (1800 m2; Table 1). It is standardized with the mean survival 24.2% 
(Hunter 1959). Sub-rriodel 5. predicts fry size from maternal size (FL), streambed composition (Dg), and 
peak discharge until fry emergence. Egg size and thus fry size are known to be dependent on maternal size 
(Koski 1975; Beacham et al. 1985). Fine particles in the streambed are known to reduce interstitial spacing . 

. and thus to selectively trap larger fry within redds (Koski 1975; Dill and Northcote 1970; Sowden and 
Power i985). Large fry might also survive large freshets better than small fry (Hartman and Scrivener 
1990). Sub-model 7 is updated and corrected because an erroneous salinity anomaly slope, fry size slope, 
and intercept appeared in the earlier report (Holtby and Scrivener 1989). Sub-model 8. partitions returning 
spawners from a brood year into three age classes (3, 4 and 5-year-olds). The percentage of 3-year-old 
spawners resulting from a brood is predicted from mean ocean temperatures during August and September 
of the previous year (brood year +2). Similar correlations have been observed for other stocks of chum 
salmon (Blackbourn 1987). The percentage of 4-year-old spawners is predicted by regressing it against the 
percentage of 3-year~olds (Table 1). Any residual, of a brood year is assigned to 5-year-olds. The 
production model calculates these regressions in chronological order using as inputs the physical variables 
and the outputs from regressions used earlier in the model. 
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A correlation between observed and predicted indicated that the model explained 77% of the variability 
in annual returns of chum salmon to Carnation Creek (r=0.88, n=l9, P<0.001). Observed number of 
spawners, their sex ratio and size distribution, and the time series of physical variables.were used as model 
inputs. Most years with peak or minimum returns were replicated by the model, but the predicted variability 
was not as extreme as the observed variability during postlogging years (Figure 1). Average observed and 
simulated returns were similar for both prelogging and postlogging periods (Table 2). 

Fishing mortality has had little impact on Carnation Creek chum salmon so a factor for it was not 
included in the model. Since 1962, Barkley Sound has had no commercial chum fishery during 19 years, 
and a significant fishery during only 3 years (Figure 2). Any commercial fishery was concentrated on the 
north side of Barkley Sound after the collapse of the Sarita River stock during 1962 (Lightly et al. 1985). 
A small native food fishery (-3% of Carnation Creek escapement) off the mouths of Sarita River and 
Carnation Creek occurred each year. Any ·variability in this catch might explain the model's reduced 
accuracy of prediction during recent years (Figure 1). This impact could increase as the stock declined. 

The model predicted returns of 302 and 568 spawners to Carnation Creek during 1991 and 1992, 
respectively. An ocean temperature of 10.2 °C (decade mean) was used to predict the return of 3-year-olds 
in 1992. Returns of 557 and 594 for 1992 were obtained using· the decade minimum and maximum 
temperatures, respectively. This stock has probably been reduced to a single dominant year class every four 
years (1988, 1992; Figure 1), with a mean (1986-92 = 464) that would be 18% of the prelogging mean 
(2535; Table 2). 

LOGGING IMPACTS 

Both logging and climate affected chum salmon variability, but climate impacts were more numerous 
in the model (9 versus 7; Table 1). A comparison of simulations during the prelogging and postlogging 
period indicated that climate change was responsible for two thirds (-34% versus -18 % ) of the 52 % decline 
of Carnation Creek chum salmon (Table 2). Logging impacts were also quantified for the postlogging 
period by comparing simulations using the observed variables: and variables adjusted for No Logging. 
Variables that were affected by fogging (Table 1) were adjusted by their average difference between 
prelogging and postlogging years. Logging impacts caused a 26% decline of recent returns, two third (-
17%) of which was caused by increased fines in the streambed gravel (Table 2). Declining mean particle 
size of the streambed decreased both incubation survival and fry size in this model (Table 1). Stream 
temperature increases had appeared to be a more important impact in previous versions of the model (Holtby 
and Scrivener 1989). 

· Interaction between variables and between climate and logging impacts were either limited in the model; 
or. quantified in earlier reports. Composition of the top 15cm of the streambed (Dg) was not correlated with 
peak stream discharge (r=-0.13, n=19, P=0.59). Compositions of the deeper streambed layers wer~ 
correlated with stream discharge as expected (Scrivener and Brownlee 1989), but they were not used in this 
model. Thus all three variables in sub-models 2 and 5 (Table 1) appeared to be independent. Logging 
impacts on stream discharge were limited to a small increase in water yield during the summer and to 
increases of peak flow during early autumn storms which occurred before chum salmon spawned 
(Hetherington 1982; Hartman and Scrivener 1990). Other models have shown that climate and logging 
impacts on stream temperature were equally important during the period of egg incubation (Holtby 1988). 
Thus postlogging stream temperatures were adjusted by only 50% when the "No Logging" condition was 
being simulated. 

VARIABILITY OF WCVI STOCK AGGREGATES 

The model explained 58% of the variability in annual returlls of chum salmon to Area 23, Barkley 
Sound, as indicated by the correlation between observed (escapement and catch) and' predicted (r=0.76, 
n=40, P<0.001). Observed number of spawners (Lightly et al. 1985), their size distributions, and the' time 
series of physical data (1948-89) were used as model inputs. The proportion of females was either the 
observed value or 0.50. The proportion spawning within tidal influence was set at 0.75 with a spawning 
area of 180,000 m2 (Carnation Creek is about 1 % of Area 23 stream and stock size; Figures 1 and 3). 
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Spawning gravel composition was set to Carnation Creek prelogging values during 1948-54 (Dg = 15.9-
17.2mm), to two thirds of the sequential postlogging decline observed at Carnation Creek (1976-90) during 
1955-69 (15.8-12.9mm), and to seven eights of it during 1970-84 (14.4-l 1.4mm), because these fractions 
of the Area 23 stock aggregate could have been affected by logging during these time periods (Brown et 
al. 1987). Most years with peak or minimum returns were replicated by the model, but returns tended to 
be underestimated (30 of 40 years; Figure 3). The largest deviations between observed and predicted 
occurred during 1953-57 and 1969-73 (Figure 3) when the largest commercial catches were recorded (Figure 
2). The model could underestimate returns during these periods because catch was never a factor in its 
design. 

A chum salmon fishery is unlikely to occur in Area 23 during the next few years. The model predicts 
returns of 29,904 and 63,257 during 199.I and 1992, respectively, which are below escapements reported 
for most years (Figure 2). A few generations with high ocean productivity are probably required before 
returns can again support a chum salmon fishery. 

Cumulative impacts from climate change, fishing pressure, and clearcut logging have caused the decline 
among Area 23 stocks of chum salmon. Returns to Area 23, which include those to Carnation Creek, 
declined during 1961-65 and they still have not recovered (Figure 2). This decline was probably· 
precipitated by the 1958-59 El Nino event (Dodimead 1984), resulting in reduced ocean productivity (Fulton 
and LeBrasseur 1985) and more predators (Healey 1982) in the coastal zone. Contributing factors were 
overfish~g .between 1953 and 1961 (Figure 2) and commencement of logging in watersheds with chum 
salmon habitat. Intensive logging was b~gun along Sarita River in 1951, Nabmint River in 1940, Effingham 
River in 1957, Henderson River in 1953, and Sugsaw Creek in 1955 (Brown et al. 1987). These streams 
are used for egg incubation habitat by >65% of the chum salmon in Area 23 (Lightly et al. 1985). Impacts 
on chum salmon were not fully apparent for a decade after logging commenced in Carnation Creek 
(Hartman and Scrivener 1990) and the development of logging impacts was probably.similar for each stream 
in Area 23. Natal watersheds for the remainder of the stock aggregate including Carnation Creek were 
affected by logging between 1968 and 1987 (Brown et al. 1987). Reduced coastal productivity during 
spring from 1980 to 1986 probably produced poor early marine survival during recent years, especially 
during the 1982 and 1983 El Nino event (Fulton and LeBrasseur 1985). If this hypothesis is correct, returns 
of chum salmon to Area 23 are unlikely to improve without a period of increased ocean productivity and 
a recovery of stream habitats from logging impacts. 

Annual returns of chum salmon in Area 25, Nootka Sound, supported the above hypothesis. Returns 
declined c;luring 1962-68 after the period of reduced coastal productivity and of intense fisheries (35-65%; 
Figure 4). Unlike Area 23 stocks, Area 25 stocks recovered during 1970-75. Unlike Area 23, Area 25 
stocks are more dispersed with no.stream having >13% of the area chum salmon (Lighty et al. 1985) and 
logging has still not begun in natal watersheds of 20% of Area 25 chum salmon (see Forest Cover Maps; 
J. Lamb, DFO, Nanaimo). Logging was begun later and progresseq more slowly around Nootka Sound. 
Thus only 21 % of returns of Area 25 chum salmon could have been affected by logging before 1975 (J. 
Lamb pers. comm.). Therefore, stoc~s rapidly increased when climatic impacts were favourable. The 
stocks collapsed again (1987-90; Figure 4) four years after the second El Nino event, after another period 
of intense fisheries (1980-86), and after 59% of the stock aggregate (Lightly et al. 1985) could have been 
affected by logging. 
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Table 1. A production model for calculating the number of chum· salmon spawners returning to Carnation 
Creek each year. Input variables include the number of spawners,. proportion of females, size distribution 
of females, proportion spawning above the estuary, Dg of spawning gravel, mean stream temperature during 
egg incubation, peak discharge during egg incubation, salinity anomaly during fry occupation of the near­
shore zone, and mean sea-surface temperature during maturation. 

SUB-MODEL 

1. Egg 
Deposition 
Below I 
Above Fence 

2. % Egg 
Survival 

3. Estuary 
Survival 
fn (Egg 
Density) 

4. #Fry 

5. Fry 
Size 

6. Day50% 

Fry 
Emigration 

7. #of 
Recruits 

8. Age-at­
Maturity 

OUTPUT = fn(INPUTS) 

Log10 Fecundity= 2.0506 x 
Log10 FLFem(cm) -0.3873 
(r=0.74, n=35, P<0.001) 

#EggAbove = fn(#Fem,Size,Fec.) 

%SEgg = -18.747 + Dg(mm)x2.8699 
- PFlow (L/sec/Ha)x0.2103 
(R=0.77, n=l7, P<0.01) 

Log10(%SBelow) = -0.0002203 X 

(#EggB/1800. m2) +1.4282 
(r=0.84, n=l l, P<0.002) 

SProp = %SBelow /24.2% 

#Below = 0.01 x #EggB x%SEgg xSProp' 
#Above= 0.01 x #EggA x %SEgg 

FLpry(mm) = 22.742 + 0.2442xFLFem(cm) 
+ 0.0976xDg(mm) 
+ 0.0236x PF!ow (Lisee/Ha) 
(R=0.78, n=l7, P<0.001) 

D50% = 184.173 - 14.13xWTstream (0 C) 
(r=0.89, n=l9, P<0.001) 

Log10(#R) = 0.6763xLog10 (#Fry) 
+ 0.2360xSalAnom + 0.1265xFLFry 
+ 0.008xD50% - 5.9327 
(R=0.91, n=l7, P<0.001) 

%3YR = 15.668 xWTocean - 137.061 
(r=0.63, n=l8, P<0.01) 

%4n = 94.836 - 0.969 lx %3YR · 
(r=-0.98, n=l8, P<0.001) . 
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Table 2. Calculation of the average effects of logging and climate on chum salmon recruitment to 
Carnation Creek. Prelogging years were 1970 to 1978, while postlogging years were 1979 to 1990 or 1991. 
Recruitment was also predicted where the physical variables affected by logging were set to prelogging 
levels, Le., mean particle size (Dg) of spawning gravel and stream temperature. 

Years Mean# of Difference Effect 
Spawners 

Observed 
PreLog. 1970-78 2535 
PostLog. 1979-90 1215 -52%' 

Simulated 
PreLog. 1972-78 2531 
PostLog. 1979-91 1231 -51% 

PreLog. 1972-78 2531 
NoLogging 1979-91 1657 -34% -18% 
PreLog. Dg 1979-91 1510 -40% -12% 

NoLogging 1979-91 1657 "' 
PostLog. 1979-91 1231 . -26% 
PreLog. Dg 1979~91 l510 -9% 17% 
PreLog. Wff 1979-91 1285 -22% -4% 
FLFem +Density 1979-91 1302 -21% -5% 
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Figure 1. Observed and predicted annual escapement of chum salmon adu~ts 
to Carnation Creek. · 
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Figure 2. Fishing catch, escapement, and total annual returns of chum salmon 

to Area 23, Barkley Sound, WCVI. 
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Recent federal and state laws have changed the regulations governing logging along streams in Alaska. 
This paper describes those laws and the events leading to their enactment 

In the 1970s and early 1980s, clear-cutting to the stream bank and salvaging any trees that blew down 
were the most common management practices used along streams. Buffer zones of uncut trees were seldom 
left along streams because of the high value of streamside trees and because narrow strips of trees left as 
buffers often blew down. Blowdown was thought to damage fish habitat. 

Concern about impacts of logging on fish and wildlife led to the formation of the Alaska Working 
Group on Cooperative Forestry/Fisheries Research, composed of representatives from state and federal 
agencies, timber and fishfog industries, and environmental groups. The Working Group prioritized and 
facilitated research on logging issues. Subsequent research showed that 30-m-wide buffer strips of uncut 
trees along both stream banks were needed to protect fish habitat, particularly to provide long-term sources 
of large woody debris; Blowdown .in usual situations was found to enhance rearing habitat by providing 
large woody debris. Based 011 this research, the National Marine Fisheries Service, Alaska Region, issued 
a policy statement in 1988 calling for Illinimum 30-m buffer zones of uncut trees along each side of all 
anadromous fish streams and their tributaries to protect fish habitat. This policy became the focal point for 
debate as the U.S. Congress and the Alaska State Legislature considered reforming forest practices on 
federal, state, and private lands. 

The U.S. Congress passed the. Tongass Timber Reform Act (Public Law 101-626) in NoveJilber 1990, 
reforming logging practices on federal lands in the Tongass National Forest The ,'\ct amended the Alaska 
National Interest Lands· Conservation Act "to protect certain lands in the Tongass National Forest in 
perpetuity, to modify certain long-term timber contracts, to provide for protection of riparian habitat, and 
for other purposes." The Tongass Timber Reform Act requires buffer zones at least 100 feet (30 m) wide 
on each side of all Class I streams (i.e., those with anadromous fish) and on those Class II streams (i.e., 
those with resident fish only) that flow directly into a Class I stream. Timber harvest is prohibited within 
these buffer zones. No buffer zones are required along Class ill streams (i.e., those with no fish), but Best 
Management Practices (BMPs' regulations controlling the manner of harvest) must be followed to protect 
water quality and prevent downstream effects of sedimentation and excessive increases in temperature. 

The Alaska State Legislature amended the Alaska Forest Resources and Practices Act (AS 41.17) in 
May 1990 to reform fores~ practices on state and private lands: The new standards for riparian management 
differ between state-owned and private lands.· On state-owned lands, timber harvest is prohibited within 100 
feet of anadromous fish streams; timber may be harvested between 100 and 300 feet (30-90 m) from the 
stream, but harvest must be consistent with· maintaining fish and wildlife habitat. On private lands, 
standards differ according to stream type: (1) along a "Type A" stream (i.e., anadromous fish stream not 
incised in bedrock), no timber may be harvested within 66 feet (22 m) of the stream bank; (2) along a 
"Type B" stream (i.e., anadromous fish stream incised in bedrock), timber harvest within 100 feet of the 
stream or to the slope break (i.e., small tributary BMPs; and (3) along a "Type C" stream (i.e., small 
tributary without anadromous fish), timber harvest within 50 feet (15 m) of the stream or to the slope break 
must comply with BMPs. 

The Alaska Forest Resources and Practices Act allows variations from requirements in some cases 
involving small streams on private land. The Commissioner of the Department of Natural Resources (DNR) 
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must adopt regulations that specify standards for granting such variations. A landowner niay propose a 
variation to the state forester. If refused, the landowner may appeal . to the DNR Commi~sioner. In 
considering variation requests, DNR gives due deference to the Department of Environmental Conservation 
(DEC) concerning water quality and to the Department of Fish and Game (DFG) concerning fish and 
wildlife habitat DFG has due deference within riparian areas in decisions concerning timber harvest, 
variations to riparian standards, and road locations. Where DNR disagrees with DEC or DFG, DNR must 
prepare a written statement of reasons for disagreement. An officer of DEC or DFG may require 
reevaluation of the disagreement at a higher level, by the Governor if necessary, before a decision is made. 
The Alaska Forest Resources and Practices Act was adopted on an interim basis and will be reviewed by 
the Alaska State Legislature and amended as necessary after the 1992 field season. 

These new laws enacted in 1990 substantially improve the protection of salmonid habitat in Alaska. 
Further research is needed, however, to assess effectiveness ofBMPs in preventing downstream cumulative 
effects of logging along small tributaries and in preventing sedimentation from construction and use of 
logging roads. 
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Stream Channel Response to Land~lides in the Queen Charlotte Islands, 
B.C.: Changes Affecting Pink and Chum Salmon Habitat 

D. L. Hogan 
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Landslides entering stream channels can create serious, long term problems for certain physical 
components of pink and chum salmon habitat These impacts are evaluated in two moderately small 
watersheds on the Queen Charlotte Islands. Three main conclusions are reached. First, although 
landslides have delivered significant volumes of sediment and debris directly to the streams, the 
frequency of delivery is highly episodic. Over 85% of all landslide derived material was produced 
during major storms in 1891, 1917, 1935, and 1978; all but the latter pre-date local logging. 
Second, there is a direct link between landslides and channel morphology. A fundamental 
consequence of landslide inputs to stream channels is the formation of sediment wedges associated 
with debris jams. Specific changes occur upstream and downstream of the jams and these have · 
particular importance to fish spawning and incubation environments. The influence of the jam on 
the sire~ channel changes over time as the log jam deteriorates so the episodic nature of landslide 
activity is important for long periods of time between events. Severe morphological alterations 
persist during the first decade following landslide debris input. The morphological nature of the 
stream channels 30 years after disturbance begins to resemble undisturbed channels. Third, because 
logging steep hillslopes tends to accelerate landslide frequency, there is a corresponding increase 
in the number of recently formed log jams. Stream channels associated with these young jams are 
characterized by more variable sediment textures, less stable sediment storage zones, deep scour and 
fill and increased frequency, extent and duration of de-watered channel. Management of steep, 
unstable hillslopes must ensure that the shift in the landslide/log jam age distributions are minimized 
to ensure pink and chlim habitat integrity. 

The influence of landslides on stream environments has been a ·concern in the Queen Charlotte Islands 
for many years. Past studies have shown that increased sediment loads derived from hillslope processes 
lead to many morphological and fish habitat changes along the stream system. Morphological alterations 
include a general reduction in channel complexity with reduced depth, width and sediment texture 
variability, less stable channel bed and banks, diminished pool area and more pronounced riffles (Hogan 
1987). Fish rearing, incubation and spawning habitats are also impaired (Tripp and Poulin 1986 a, b and 
c). 

An important consideration not adequately resolved previously is the importance of time as an 
independent variable influencing channel conditions, both in terms of morphology and fish habitat. Studies 
in other geographic areas have tried to evaluate the channel response to landslide deposits entering the 
stream and to relate these to fish habitats. Sullivan et al. (1987) summarize many of the studies conducted 
in Northern California, Central Idaho and the Western Oregon Cascades (all rivers are relatively large 
compared to the Queen Charlotte Islands study streams). They show that in most cases the channel bed 
aggrades, bank stability is reduced as the channel widens and pools are in-tilled. In extreme cases, large 
sedimentation zones with extensive braiding occur, as documented in the Queen Charlotte Islands by Roberts 
and Church (1986). Associated habitat changes include increased proportions of fine grained sediment in 
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spawning areas, reduced rearing habitat, increased de-watering during low flow periods, reduced food 
sources with loss of tree canopies and changed water. temperature regimes. 

Sullivan et al. (1987) also reviewed channel re~overy rates and processes in four research areas of the 
United States. They show that the time reqllired fqr the stream to recover to pre-disturbance conditions 
varied from 5 to over 60 years. The recpvery time depends upon input sediment characteristics (location 
along the stream system, amount and particle size distribution) and the form and structure of the riparian 
zone. Therefore, streams respond in specific ways to both natural and logging related sediment inputs and 
tlie ·response time of the stream system can be relatively rapid or prolonged for decades. 

The temporal response of stream channels to landslides has important implications for fisheries 
management Stream channels in the Queen Charlotte Islands exhibi~ a wide range of morphological 
characteristics. The natural variability of these must be known when evaluating potential or actual impacts. 
Further, if landslides deliver large volunies of sediment to the stream, ·specific habitat changes will occur 
at the site. The sediment may then be moved downstream in a wave, or pulse, and t:lli~ can progressively 
impair habitat for various lengths of time. The duratiqn, and relative severity, that habitat is degraded is 
unknown. Finally, it is very' difficult to attempt habitat rehabilitation when little is known about how the 
channel adjusts over time. Channel stabilization and rehabilitation structures should be designed to perform 
well over the long term, but designs are usually based on the channel condiHon at one point in time. A 
better understanding of the spatial and temporal nature of a stream channel's response to altered· sediment 
supply characteristics is required for this application. · 

This paper presents preliminary results from the second phase of the Fish/Forestry Interaction Program 
(FFIP II). The material reported here deals with temporal and spatial changes in stream channels and 
subsequent implications to pink and chum salmon are considered. 

STUDY DESIGN AND ENVIRONMENTAL SETTING 

The FFIP II study design incorporates a paired watershed approach. This .involves comparison of 
drainage basins w~th similar biophysical characteristics (e.g., climate; geology, soils, vegetation and 
morphometry, etc.) but diffe~nt slope failure and logging histories, The approach is· detailed in. Hogan 
(1989) and enables the comparison of channels with disturbances ranging from the very recent to the very 
old (e.g., 150 years ago) in addition to those that have never been disturbed by:mass wasting or logging 
activities. 

Four general areas will be studied over the course of FFIP II (Figure 1). The importance·.of channel 
disturbances to ·pink and chum habitat will be illustrated here. by considering two watersheds in Rennell 
Sound, located on the west coast of the Queen Charlotte Islands. 

The general watershed characteristics of Riley and Gregory creeks are given in Table 1. The 
watersheds are within the Skidegate Plateau physiograpbic region and are comprised mainly of weathered 
volcanic rocks (Sutherland Brown 1968). The watersheds rece!ve in excess of 3600 mm of precipitation 
each year and the main tree cover is western hemlock and Sitka sprue~ .. Minimal Jogging has .occurred in 
Gregory Creek but a total of 4 km2 (14%) of the Riley Creek watershed was logged during the late 1970s. 
The Riley Creek basin has the highest landslide frequency, at 5.97 events per km2, in the Rennell Sound 
study area (Rood 1984). The second highest frequency in the area is 3.38 eyents per km2. Pink salmon 
are abundant; the 1988 escapement recoi:ds show in excess of 20,000 adult Pinks i;etuming to each stream. 
Chum returns are negligible. 

METHODS 

Both hillslope and stream channel surveys have been conducted in this project. The landslide inventory 
of both water~heds was based on a chronological sequence of air p.Qotographs (1937-1982). All landslides 
identified on the photographs were then visited in the field. An increment bore was used to obtain cores 
from trees growing on the landslide deposit. The time since the landslide occurred was determined from 
the tree ages. 
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Detailed· longitudinal profiles were surveyed over extensive ·stream channel lengths to document 
morphological conditions in channels with different ages 'of disturbance. The methods are detailed in Hogan 
(1989). Besides morphological information, particular attention was paid to large organic debris (LOD). 
Both individual pieces and accumulations of debris were surveyed. Debris accumulations, or log jams, are 
particularly important and were described iii additional detail. A jam is defined as· a.major accumulation 
of d~bris (either currently or over the last decades--that is, remnants are still evident) that alters(ed) sediment 
transport downstream. The classification (presented in full in Hogan 1989) is intended to describe the 
current function of tlie jam in terms of how it influences sediment transport and channel stability. Log jam 
age is estimated by coring nurse trees growing the debris or trees growing on ·associated channel bars. · 

Table L General watershed characteristics of the Riley .and Gregory Creeks. 

Notes: 

Drainage basin· area (km.2) 
Valley flat extent (km.2) 

Steepland extent (km.2) 

Relief (m)' 
Precipitation (mm/yr)a 
Logging extent(% basin area) 
Landslide frequency (no./km2)b 

a From Hogan and Schwab (1990) 
b From Rood (1984) 

Riley 
Creek 
28.3 
6.6 ' 
11.0 
840 

>3600 
14 

5.97 

RESULTS AND DISCUSSION 

Gregory 
Creek 
35.5 
4.1 
14.5 
840 

>3600 
2 

) 3.04 

. The time since occurrence, or age, of 162 landslides was determined in the two watersheds. The ages 
tend to. be grouped with many landslides having the same year of occurrence. This indicates that the 
frequency of landslide activity is highly episodic. Over the last century, more than 85% of all landslide 
derived sediment and debris entering stream systems occurred during just 4 major storms (Figure 2). These 
large storms occurred during 1891, 1917, 1935 and 1978; all but the most recent pre-date local logging. 

A fundamental consequence of landslide inputs to stream channels is the formation of sediment wedges 
associated with debris'jams. Specific stream channel changes occur upstream and downstream of the jams 
and these have particular importance to fish spawning and incubation'environmerits. ·The importance of this 
link between hillslope (mass wasting) and stream channel processes· is central to the following discussion 
of fish habitat changes over time. 

Log jams that formed as a result of landslides a century ago appear very different today than those 
formed recently. Newly formed log jams are clearly evident in the field and on low level air photographs. 
Old jams are usually much more difficult to detect; often only remnants remain embedded in the channel 
bed and banks. 

The age distribution of the log jams surveyed in the two watersheds reflects the pattern of historical 
landslide events (Figure 3). The over 50 year log jam category coincides with the 189i and 1917 events 
and the 30-50 year log jam category is associated with the 1935 event. The 2-10 year category corresponds 
to the 1978 stoilll. 

The age of the jam is the primary factor controlling channel morphology. Log jams play a key role 
in deteilllining channel character because they interrupt the downstream transfer of sediment; the 
morphology of an alluvial stream is determined by the movement and storage of sediment along the channel. 
However, because the debris breaks down over time (the debris pieces rot, are broken into smaller sizes and 
are moved by floods), the structure's functional role is altered as the jam ages. That is, as the log jam 
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becomes older, the debris gradually deteriorates, its structural integrity is diminished and it does not trap 
sed~ent as effectively as a young jam. 

The importance of log jruµ age on morphology has been discussed previously (Hogan 1989) and is 
summarized in Figure 4. Generally, it was shown that severe morphological alterations persist during the 
first decade following landslide damage. These changes include diminished pool extent, increased channel 
widths, and prevalence of braided channels. The channel begins to develop more normal characteristics 
during the second and third decades. The morphological nature of the stream channels 30 years after 
disturbance begins to resemble undisturbed channels. These have a complex morphology, typical 
pool-riffle-bar complexes and abundapt individual LOD pieces. The evolution of channel features is detailed 
in Figure 4 and only those characteristics important to Pink and Chum salmon habitat will be considered 
in the following. 

The most obvious influence of log jams is on stream channel gradient The iongitudinal profile for a 
continuous section of channel in Riley Creek (Figure 5) shows a series of extensive sediment accumulations 
upstream of young jams (zones lying above the smooth line), The recently formed jams are effective 
sediment traps causing channel aggradation. The sediment accumulations are much less extensive upstream 
of older jams because as the jam breaks down the channel undergoes downcutting and the sediment is 
re-mobilized. and-moved downstream. 

The spatial extent of log jrups is also evident in Figure 5b. They occur frequently and often several 
smaller jams in close proximity to one another have the same overall result as large jams and major 
sediment wedges. Another aspect of the longitudinal profiles are the smaller channel bed undulations. 
Previous studies in the Queen Charlotte Islands, and many others, show that these smaller scale pools and 
riffles are frequently associated with large organic debris. Hogan (1987) discussed LOD characteristics in 
these small coastal streams and concluded that LOD is a critical factor controlling channel morphology. 
LOD exerts considerable influence over the bed elevations shown in Figure 5b. 

There are two main _reasons why these changes to the longitudinal profile are important to pink and 
chum salmon. First. the large sediment accumulations de-water frequently during low flow conditions. The 
wedges tend to increase the extent. frequency and duration of dry stream-.bed compared to channels without 
log jams. Second, channel stability is reduced because disruption of the large wedges during floods results 
in deep channel scour and major redistribution of sediment Large storms usually occur during the winter 
months when egg incubation can be impaired due to scour and fill. 

The age of the log jam also influences sediment textural characteristics. In most cases where the 
channel walls are not confined by bedrock there is an increase in channel width associated with the newer 
jams. Coinciding with the new jam and wider channel is a reduction in both channel bed gradients and 
surface sediment sizes. In most instances the sediment is finer immediate! y upstream of the young jam and 
consideraoly coarser downstream. This sorting pattern is evident in Figure 6 between 3300 and 3400 m. 
The width and sediment sorting characteristics are not as evident in the older jams. For example, there is 
relatively little difference in sediment size around the moderately aged log jam located between 3150 and 
3200 m (Figure 6). 

A more thorough examination of sediment texture was undertaken in the two watersheds by Rice 
(1990). Surface sediment textures are compared in Figure 7. The rigorous sampling confirmed the trends 
shown in Figure 6. The surface sediment texture is significantly finer upstream of the young jam and 
coarser downstream (Figure 6a). There is no upstream/downstream difference between sediment sizes at 
the older log jams. There is some indication that the pattern is reversed near older jams with coarser 
sediment upstream (Figure 7b). 

Although log jam age influences surface sediment texture, there appears not to be a similar pattern in 
subsurface sediment (Figure 8). There is no significant difference between subsurface textures upstream 
and downstream of young jams. 
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Channel bed scour and fill in the vicinity of different aged log jams was also examined by Rice (1990). 
Using tracer stones and· scour chains, Rice recorded burial depths of 0.6 m upstream of new jams and 0.2 
m on the downstream side. In the older jams the tracers were moved downstream and scour and fill depths 
were mucb less than those experienced near the young jams. Log jams do, therefore, infiuerice scour and 
fill, but again jam age is the important factor. 

CONCLUSIONS AND MANAGEl\iIENT IMPLICATIONS 

Landslides entering stream channels can seriously damage the physical· habitat of pink and chum 
salmon. These impacts are spatially important and can persist for more than three decades. 

Many of the billslopes in the Queen Charlotte Islands are naturally unstable and extremely large, wide 
spread landslide episodes have occurred on at least four occasions during the last century. Many channel 
features are linked directly to these landslides. 

Other FFIP studies bave documented that logging steep and unstable billslopes can accelerate landslide 
frequency. For instance, Rood (1984) documented a 90-fold increase in landslide material entering Riley 
Creek from logged areas compared to forested land. The corresponding increase in the number of log jams 
associated with the 1978 storm is evident in Figure 3. As a result Riley Creek bas many more young, or 
recently formed, log jams compared to Gregory Creek. Stream channels associated with these young jams 
are characterized by more variable sediment textures, less stable sediment storage zones, deep scour and 
fill and increased frequency, extent and duration of de-watered channel. These characteristics will persist 
for at least one decade, but the negative impacts will be reduced over the following 10 to 20 years This 
assumes that landslides· do not re-enter the stream before the channel bas recovered fully. 

Management of steep, unstable terrain must consider the links between billslopes, stream channels and 
fisb habitat. Effort must be made to ensure that the shift in the landslide/log jam age distributions is 
minimized In recognition of this, the B. C. Forest Service bas introduced a number of policy and 
management practises aimed at mitigating the impacts of logging on sediment yield (see Cbatwin 1990, for 
a review these mitigative measures). The majority of these changes have been directed at trying to reduce 
the incidence of billslope mass-wasting. 
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RESULTS OF lSTH NORTHEAST PACIFIC 
PINK AND CHUM SALMON WORKSHOP QUESTIONNAIRE 

The following is a summary of the results of the questionnaires received from participants at the 1991 
Pink & Chum Workshop. A total of 49 questionnaires were returned from the 142 registrants. 

The participants felt that on a scale of I (too few/not enough) to IO (too many/too much) the number 
of speakers (5.7), the amount of time per speaker (5.4), and the amount of time per session (5.3) was about 
right, however, the amount of time for discussion was inadequate (4.2). On a scale of I (poor) to IO 
(excellent) the participants rated the accommodations (8.9), food (8.3); and the overall quality of the 
workshop (8.3) very highly. The overall personal gain for the participants was rated a very satisfactory 7.6. 

Of those stating a preference, Alaska (80%) was the preferred location for the next workshop to be held 
2 years (86%) from this one. The preferred workshop length was 2.5 (49%) to 3.0 (32%) days and 
preferred site was a destination resort (76%). Preferred timing is Feb-Mar (80%). 

The participants felt that the number of speakers was adequate (79% ), that there be no concurrent 
sessions (86%), but more time to be allotted for discussion (79%). This is probably reflected in the 
participants' wishes to extend the workshop to between 2.5-3.0 days compared to the 1991 length of 2.0 
days. The participants felt that the numbers of people present was not too many (93%) and that attendance 
not be restricted (93%). The participants were also generally in favour of having single topic small 
workshop sessions (70%). The participants were somewhat split on making the proceedings a fonnal 
publication with 40% for and 60% against 

Topics of interest for the next workshop on a scale of 1 to 5 were fisheries management with the 
highest (4.2) followed by biology (3.8), enhancement (3.5), case histories (3.1), and economics (2.9). 
Habitat, migration and homing, and bio-technology were also mentioned as possible topics. 
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