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Sockeye Salmon Overescapement 

Restoration Project 95258 
Annual Report 

Studv History: Restoration Project 95258 continues the studies initiated in 1992 with 
FisWShellfish 27 (same title), which continued until 1992. The studies continued in 1993 with 
Restoration Project 93002 and in 1994 Restoration Project 94258 (same title throughout). 

Abstract: We continue to examine the effects of large escapements of sockeye salmon into the 
Kenai River, and Red and Akalura Lakes (Kodiak Island). Seasonal variability of the dominant 
copepod, Cyclops columbianus, coupled with variation in adult escapement, provides a high 
degree of predictability of fall fry recruitment in Skilak and Kenai Lakes. Fall fry abundance 
provides a high degree of predictability of adult recruitment to Kenai River. Cropping by 
juvenile sockeye of a cohort of Cyclops is hypothesized to be an important factor affecting the 
recruitment of juvenile sockeye fiom the subsequent year class. The positive relationship of 
spring age-1 Cyclops biomass to fall fry recruitment and the negative relationship of spring 
Cyclops biomass to previous year's fall fry abundance gives a plausible basis to the one year lag 
in the apparent compensatory response of adult returns to high escapements in 1987-1989. We 
further hypothesize that large year classes of sockeye salmon fry reduce Cyclops recruitment by 
decreasing the age-1 cohort. Smolt studies on Akalura and Red Lakes indicate continued poor 
production. Failure to meet escapement goals on Akalura Lake is of particular concern, as 
reduced smolt production suggests a long term decline in productivity of this lake. 
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REPORT NOTE: This is a report of studies that 
are in progress. All data and analyses provided are 
incomplete and preliminary. This report, as well 
as the data and analyses contained in the report, 
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the incomplete and preliminary nature of the 
information. 
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EXECUTIVE SUMMARY 

This status report is the sixth in a series describing studies conducted on the production of 
sockeye salmon from selected major rearing lakes impacted by the Exxon Valdez oil spill. 

Kenai River Studies 

This year's investigation examined the limnological evidence for the relationship of zooplankton 
to the recruitment of fall sockeye salmon fry in Skilak and Kenai Lakes. Our analyses suggested 
that much of the variability in fall fry abundance can be attributed to spring biomass of the 
dominant copepod, Cyclops colt~mbianus. Assessment of length frequency distributions strongly 
indicates a two year life cycle of this zooplankton species. Survivors from the age-0 cohort in 
the spring strongly influence recruitment of the next generation of juvenile sockeye salmon. This 
creates an interaction between adjacent sockeye salmon year classes. Further, spring Cyclops 
survivors provide the reproductive potential for the next generation. Hence additional density 
dependent effects may be observed in the recruitment of Cyclops, providing for the potential of 
an additional two year lag in the response of the recruitment rate of salmon to top-down control 
from earlier cohorts of sockeye salmon juveniles. This feature of the life history of Cyclops 
coupled with the typical five year life history of sockeye salmon in the Kenai River glacial lakes 
may create a response in the population one to two years after the initial impact of large 
escapements on the zooplankton community. This should manifest itself in decreased production 
in the 1996 adult sockeye salmon return from the 199 1 brood year. The poor recruitment 
anticipated from the 1991 year-class has a positive value, however, on the 1997 adult return, 
which will be predominantly from the 1992 brood year. Three years of poor recruitment should 
result in minimal brood year interaction (1 99 1 and 1992) and the modest 1990 escapement 
should minimize impacts of large escapements on the recruitment of Cyclops in 1992. These 
combined effects should result in a relatively large return of adult sockeye salmon in 1997. This 
model suggests that production patterns of the 1987, 1992, and 1997 year classes are indicative 
of the development of cyclic dominance in Kenai River sockeye salmon. This study is probably 
unique in determining the probable biological basis of these cycles in glacial lakes. 

Predictions of adult sockeye salmon returns from fall fry have been quite reliable, although only 
six years of data are currently available. However, the 1987 brood year produced an above 
average return (based on a linear model) which suggests a depensatory relationship between fall 
fry and adults. This observation is counter to what we would predict from decreased size of fall 
fry and the limited data that we have on decreased fall to spring fry survival. Because the single 
data point for 1987 is driving this relationship, we require the 1996 and 1997 adult returns to 
determine if the relationship holds. Consequently, we recommend continued monitoring of fall 
and spring fry in Skilak and Kenai lakes through 1997 and continued monitoring of seasonal 
variation of copepods. 

These data have been used to assess the biological escapement goal for the Kenai River and were 
used in the Board of Fisheries process during January 1996. The key to restoration of Kenai 
River sockeye salmon involves understanding the recruitment process and density related affects 
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of sockeye salmon escapements on the ecosystem of the major rearing lakes. Determining the 
costs and benefits of large escapements is essential for managers and public policy makers to 
respond intelligently to fisheries closures caused by oil spills or other factors. Concluding these 
studies by resolving the importance of management actions in regulating sockeye salmon 
population cycles is an important legacy that the EVOS studies can contribute, not only to the 
Kenai River population, but by providing an understanding of the proper role of fisheries 
management in maintaining sustained yields in other sockeye salmon stocks throughout the 
Pacific Northwest. 

Kodiak Island Studies 

Smolt studies from Red Lake indicated poor sockeye salmon smolt production (341,490), about 
48% below the 1990 to 1994 average. Limnological data did not indicate the reason for the 
lowered smolt numbers. Adult return analysis suggested that smolt traps (mark-recapture 
estimates) provided a negative bias prior to 1992 and that run reconstruction may have problems 
with catch assignment. The 1996 run forecast is 722,000 fish. 

In 1995 smolt migration from Akalura Lake was an estimated 134,000. Smolt length and weight 
estimates are both below the values observed in 1994. Adult escapement in 1995 was 2,010 
(early and late runs combined), far below the escapement goal of 40,000 fish. The escapement 
failure was not a function of harvests, given run reconstruction estimates of the effects of harvest, 
although harvest rates were most likely similar to Upper Station Lake. Smolt production failure 
is the most likely cause, given the weak production from the 1990 and 1991 brood years. 

Frazer Lake, which is being used as a reference for these nearby systems, produced over 8 
million smolt in 1995, the second largest smolt count since 1991. 



INTRODUCTION 

Following the Exxon Valdez oil spill (EVOS) in 1989, the presence of oil in the waters of 
traditional fishing areas in the Gulf of Alaska resulted in the closure of many commercial 
fisheries. This closure resulted in escapement of large numbers of sockeye salmon 
(Oncorhynchtrs nerkn) into some systems. EVOS funded investigations of the impact of large 
escapements on future production were initiated in 1990. Specifically, these investigations 
assessed impacts on the production and ecology of major sockeye salmon rearing lakes on 
Kodiak Island and the Kenai Peninsula (Figures 1 and 2). 

In the Kodiak Island area, Red Lake sockeye salmon escapement was 768,000 in 1989, more 
than twice the management goal of 200,000 to 300,000. At Akalura Lake, the escapement was 
1 16,000, about twice the 40,000 to 60,000 goal. However, not all systems received higher-than- 
average escapements. For example, nearby Upper Station Lake had a 286,000 escapement, 
which is reasonably close to the 200,000 to 275,000 goal. 

The Kenai Peninsula in South-central Alaska contains several major glacial lakes that have 
produced large runs of sockeye salmon over the past decade. From 1987 to 1989, escapements 
of adults into the Kenai River system were approximateIy double those of previous years, and 
double the Alaska Department of Fish and Game's management goal of 550,000 (Figure 3). 
However, escapement into the Kasilof River from 1987 to 1989 averaged about 195,000, which 
is within the escapement goal range of 125,000 to 225,000 (Figure 4). 

The first three years of study (1 990 to 1992) were designed to characterize the population 
parameters of sockeye salmon smolts resulting from escapements before and during 1989, when 
oil on the fishing grounds curtailed fishing. Smolt sizes, ages, and numbers reflect the density- 
dependent effects of escapements consistent with established goals, and thus help to establish 
pre-impact conditions. The limnological assessment characterized the conditions during the 
initial impact of large numbers of rearing fish and the effects of large nutrient additions to the 
lakes from salmon carcasses. Because high densities of planktivorous fish can exert top-down 
control over lower trophic levels, measurable ecosystem changes within the affected lakes were 
expected to occur. For example, major forage items within the zooplankton community may be 
reduced or eliminated, prey item body-sizes may be reduced, and preferred food items may be 
replaced by forms resistant to predation. Kyle et al. (1988) found that large sockeye escapements 
into Frazer Lake on Kodiak Island resulted in subsequent reductions in smolt size that was 
correlated with a depressed zooplankton community. The resulting reduction in the number of 
migrating smolt may foretell a significant reduction in the commercial, sport, and subsistence 
harvests on affected stocks of salmon in Cook Inlet and on Kodiak Island. 

Investigations on the Kenai River system have examined in much more detail the effects of 
seasonal changes of the zooplankton population on the recruitment of fall fry into the system. 
These data have been interpreted with respect to trends observed in adult spawner-recruit data. 
We have used these new insights to develop a hypothesis describing the processes that regulate 



adult returns to the Kenai system. Understanding these processes is the key to restoration of 
Kenai River sockeye salmon populations and the future management of this system. 

OBJECTIVES 

The following objectives of this study were developed to assess impacts of large escapements on 
the production of sockeye salmon. The term "overescapement" has lead to misunderstandings of 
study objectives in the past. Overescapement has been defined as allowing an excess of fish to 
spawn in a river system, beyond the range or target value previously established by the 
management agency to provide for maximum sustained yield. Since failure of the management 
system to regulate escapements in 1989 was a consequence of the EVOS, these investigations 
were initiated to define what effect, either positive or negative, large escapements would have on 
subsequent production of sockeye salmon. The following objectives were defined in the initial 
stages of this project to address potential impacts of EVOS and to suggest restoration and harvest 
regulation strategies in the event of future fisheries closures. 

Study objectives: 

1. Measure critical biological attributes (number, age, and size) of juvenile sockeye salmon in 
nursery lakes on the Kenai Peninsula and Kodiak Island. 

2. Determine effects on smolt production and subsequent adult returns of large escapements 
resulting from fishery closures after the EVOS. These effects will be inferred by studying 
changes in the rearing capacity of selected nursery lakes which were either affected or unaffected 
by the oil spill. Data used for these studies include: 

(a) abundance, age, and growth of sockeye salmon juveniles and smolt; 
(b) nutrient budgets, plankton populations, and other physical and chemical parameters; and 
(c) sockeye salmon adult recruitment data. 

This report provides observations and some analytically derived conclusions as to changes and 
resulting impacts that have occurred in biological, physical, and chemical properties. We also 
provide analyses of some of these data with the intent to demonstrate our current understanding 
of ecosystem related processes that effect sockeye salmon production in the Kenai River. 



METHODS 

Adult Sockeye Salmon Assessment 

Escapements of sockeye salmon were estimated by weirs at Red, Upper Station, and Akalura 
lakes. Escapement into the Kenai and Kasilof rivers was estimated by sonar counters using fish 
wheels for capturing samples of the escapement for species apportionment, sex ratios, and size 
data (King and Tarbox 1991). Potential egg deposition (PED) was defined as 3500 times the 
estimated abundance of female spawners. Spawners in the Kenai River were estimated from the 
sonar counts minus the estimated sport fishing harvests above the counting sites. Kasilof River 
sport fishing harvests were considered negligible; therefore sonar counts are considered equal to 
spawners. Kenai River spawner estimates were further adjusted by removing escapement 
estimates from the Russian River and Hidden Lake (weir counts). Adult scales were collected 
for age analysis from the fishery and fish collection devices near the sites where escapements 
were enumerated. 

An analysis of Kenai River spawner-recruit (S-R) data was conducted to determine the status of 
adult production subsequent to the first overescapement event in 1987. The analysis consisted of 
an attempt to fit compensatory, depensatory, and density independent models to the S-R data 
using methods described in Hilborn and Walters (1992). This was followed by an assessment of 
recruitment rate (recruit-per-spawner) data using statistical process control methods (Grant and 
Leavenworth 1974). 

Juvenile Sockeye Salmon Assessment 

For each of the three lake studies on the Kenai Peninsula, and from three lakes on Kodiak Island, 
the abundance, size, and freshwater age of juveniles from the 1989 escapement were estimated 
using hydroacoustic surveys and tow net sampling. The tow net sampling was conducted to 
determine species composition and to collect specimens for size and age data. Fish lengths and 
weights were measured after preservation in 10% formalin. Occasionally, frozen or unpreserved 
fish were measured. 

Since 1992, hydroacoustic surveys were conducted only on the Kenai Peninsula lakes. Detailed 
survey methods are documented for the Kenai River lakes in Tarbox and King (1 992), for 
Tustumena Lake in Kyle (1 992), and for the Kodiak Island lakes in Honnold (1 993). Freshwater 
growth and age of juvenile sockeye salmon from all study systems were determined from scale 
and otolith measurements made either by direct visual analysis of scales or for otoliths with an 
optical pattern recognition system. 

Tow net sampling at alternative depth strata using a closing net system designed by Biosonics 
Inc. was deployed in the summer and fall of 1993 and throughout the season in 1994 and 1995. 
These data provided size and age data at different depths and areas and were used to provide 
stratified sampling estimates in addition to the usual surface tows. Fry were also collected in 
Skilak and Tustumena lakes from 1992 to 1995 and analyzed for lipid content; in the current 
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report we present analyses of lipid data obtained from August, 1993 to April, 1994. Lipid 
content analyses were conducted by the University of Alaska Palmer Laboratory using methods 
described by Randall (1 974). 

Sockeye Salmon Smolt Enumeration 

The total number (with 95% confidence intervals) of sockeye salmon smolt migrating from each 
of the lake systems in 1990 to 1995 was estimated by a mark-recapture technique (Rawson 
1984). Estimated size and age of sockeye salmon smolts was compared by brood year. Smolt 
were collected from traps of various designs. At weekly intervals, a sample of fish was marked 
with Bismark Brown dye and released upstream. Recovery rates of the dyed fish were used to 
estimate trap efficiency. The efficiency rate was then applied to estimate the total smolt 
migration. Methods deviated slightly each year but specific details of sampling are available in 
Barrett et al. (1 993a) for the Kodiak lakes, in King et al. (1 991, 1994a) for the Kenai River, and 
in Kyle (1 992) for the Kasilof River. King et al. (1994b) describe the procedures used to 
estimate smolt abundance in the years prior to 1993. Subsamples of smolts from Kodiak Island 
were stored frozen and sent to the University of Alaska in Fairbanks to determine the relative 
levels of marine versus terrestrial nitrogen from selected Kodiak Island systems. These samples 
were taken to determine the effects of carcass nutrient additions in maintaining the productivity 
of Red Lake. The Kenai River smolt program was discontinued in 1994 (King et al. 1996). 

Limnological Studies 

Limnological sampling has been conducted in Tustumena Lake at three stations since 1981. Two 
stations were sampled from Skilak and Kenai lakes from 1986 to 1989, and beginning in 1990 
three stations were used to collect limnological parameters. Zooplankton data were collected 
from Skilak Lake at five stations in 1990, 10 stations in 1991, and three stations in 1992 to 1995. 
Zooplankton samples from Kenai Lake were collected at three stations from 1990 to 1995. 
Limnological data were collected from three stations in Red Lake, two stations in Akalura Lake, 
and two stations in Upper Station Lake. Samples were collected at about three week intervals on 
each lake during May to October. Study site locations, sampling dates, physical, chemical and 
biological parameters, and data summaries are provided in Appendix A of Schmidt and Tarbox 
(1 993). Water nutrients and basic physical parameters, chlorophyll a, and zooplankton samples 
were analyzed at the State of Alaska's Limnology Laboratory located in Soldotna. Analytical 
procedures followed standardized laboratory and quality assurance methods (Koenings et al. 
1987). In cases where data from prior years were available, limnological parameters during 
residence of juveniles from the 1989 escapement were compared to parameters during prior 
years. 



To collect quantitative data representative of the vertical distribution of the zooplankton 
community, a closing zooplankton net was utilized. The net is constructed of 153-p Nitex mesh 
with a 0.5-m stainless steel ring at the mouth and a 200-ml collection bucket. Essentially, this 
netting procedure is identical to the methods used for collecting water column zooplankton 
samples used for biomass estimates. The net is vertically lowered to the desired depth as 
measured with a tow line marked in 1 -m increments. After vertically retrieving a 5 m or 10 m 
tow, the line is sharply pulled triggering the release of a closure mechanism at the opening of the 
net. Triggering this mechanism causes the net to fold over on itself stopping any further 
collection of zooplankton. Afier the collection bucket is thoroughly rinsed with distilled water, 
the release mechanism is reset and the net lowered to the depth at which collection had 
previously been halted and the process is repeated. 



RESULTS AND DISCUSSION 

Kenai River System Investigations 

Adult Returns and Escapement 

Adult returns during 1995 (primarily from brood-year 1990) were relatively low for the Kenai 
River system despite statewide record or near record harvests of sockeye salmon (Figure 5). 
Recruit-per-spawner trends from the Kenai River were evaluated to determine if the most recent 
runs reflected a statistically defined departure from the historic patterns (Figure 6). Recruitment 
rate from the 1988 to 1990 brood years were clearly anomalous, suggesting that a pattern of 
decreased production has been established. Despite this recent pattern, an investigation of the 
spawner-recruit relationship showed that a density independent model best describes the data and 
that recent trends do not substantially affect the relationship (Personal comm., S. Carlson and D. 
Schmidt 1995, Soldotna, AK). 

Fry and Smolt Investigations 

The smolt program was terminated in 1994 in the Kenai River and summaries of findings were 
provided in previous reports. We evaluated the relationship between fall fry abundance and 
PED of female spawners in the SkilakKenai lake system from 1985 to 1995 (Figure 7). Note 
that the relationships, which is a density independent (linear) model, although statistically 
significant (P = 0.03), is not particularly strong (r' = 0.48). 

In the Kasilof River, escapement and smolt production continued the pattern observed in 1994 
(Table 1). Age-1 smolt remained the dominant migrant from the Kasilof River (Table 2). The 
smolt lengths in 1995 remained approximately the same size as observed in 1994 (Table 3). 

Juvenile sockeye salmon production within Kenai and Skilak lakes as reflected by mainstem 
spawners and fall fry abundance is shown in Figure 8. 

Mean length and weight of fall fry from Skilak, Kenai, and Tustumena lakes are presented in 
Table 4. Fall fry in Skilak Lake and Kenai Lake are generally smaller than in Tustumena Lake. 
Figure 9 illustrates the relationship between mean fall fry weight and estimated mainstem 
spawner abundance and fall fry abundance for Skilak Lake. Figure 10 shows a comparison of 
percent lipid content of fry collected in Tustumena and Skilak lakes from August, 1993 to April, 
1994. Overall, Tustumena Lake fry contained significantly more fat than Skilak Lake fry (P  < 
0.001). Tustumena Lake fry also exhibited a consistent pattern of decreasing fat content with the 
most loss occurring over winter (November to April). Skilak Lake fry, on the other hand, 
exhibited little or no change in lipid content over time, a pattern that may be indicative of fall to 
winter and over-winter mortality. Figure 11 presents a comparison of the relationship between 
wet weight and percent fat of Tustumena Lake and Skilak Lake fry for the August, 1993 to April, 
1994 sampling periods. No significant relationship (P > 0.05) was found between wet weight 
and fat content for Tustumena Lake fry. However, Skilak Lake fry exhibited a significant 
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positive relationship which became less pronounced over time; this is suggestive of competitive 
interactions that became less important in winter and spring, possibly due to mortality. 

Limnological Studies 

Figure 12 illustrates the trend in biomass of the two dominant copepod species in Skilak Lake 
from 1986 to 1995. We observed an increase in relative copepod biomass (mg fry-') in 
Tustumena Lake in 1993 and 1994, exceeding Skilak Lake for the first time since 1986 (Table 5). 
which also corresponded to an increase in fall fry wet weight (Table 4). A comparison of 
Tustumena and Skilak lakes in the relationship between fall fry weight and relative copepod 
biomass is shown in Figure 13. Tustumena Lake exhibited a significantly steeper slope than 
Skilak Lake (P = 0.008) indicating a differential response to the availability of copepod prey 
between the two lakes. 

We have further examined the seasonal abundance of zooplankton in Skilak Lake. The lack of a 
significant trend (P > 0.05) in the copepod data (Figure 12), despite large variations in fall fry 
abundance (Figure 8), suggests that major changes have occurred in the recruitment of fry to the 
pelagic zone of the lake. Consequently, examination of the seasonal changes in abundance of 
zooplankton in these lakes may suggest some relationship to the observed variability in 
recruitment. 

Figure 14 illustrates the seasonal changes in mean length of Cyclops and Diaptomus during 1994 
in Skilak Lake. The change in mean length in July and the striking difference in the size of 
ovigerous Cyclops compared to the entire population suggests that multiple cohorts were present. 
Figure 15 illustrates the length frequency distribution of Cyclops observed throughout the 
summer in 1994, clearly indicating the presence of two age-class cohorts beginning in July. The 
mean length of ovigerous Cyclops essentially duplicates that of the larger cohort and that the 
May and June lengths indicates that only Cyclops held over from the previous fall (Figures 15 
and 16). These data clearly indicated that this species has a two year life cycle with no 
individuals reaching sexual maturity during the first summer and very few surviving to the third 
year. 

The temporal variation in Cyclops biomass was examined in more detail. Seasonal biomass was 
estimated as the mean of all dates sampled from Stations A and C, during May and June (spring), 
July and August (summer), and September and October (fall). These dates correspond to the 
relative changes in cohort dominance illustrated in Figure 15. Samples taken in November and 
December showed marked decrease in abundance and biomass indicating that the zooplankton 
were not available to the sampling gear. This decrease most likely reflects dispersion into deeper 
areas of the lake as a result of winter diapause. The seasonal biomass of Cyclops is quite variable 
(Figure 17), compared to the lack of variability illustrated by seasonal means (Figure 12). Two 
major factors may contribute to this variability. Spring abundance of Cyclops is a result of 
midsummer recruitment from the previous year and cropping (by fry) during late summer and 
fall. Fall biomass reasonably reflects spring biomass, suggesting that overwinter mortality is 
most likely minimal (Figure 18). 
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To examine the importance of seasonal variability of these prey items, we analyzed variation in 
fall fry abundance as a function of seasonal Cyclops abundance and brood year mainstem 
spawner abundance using stepwise multiple regression (Table 6, Figures 19 and 20). Besides 
mainstem spawners, Spring Cyclops biomass was a highly significant variable in the model. 
Including summer Cyclops biomass further improved the ability to predict fall fry abundance 
(Table 6). Because spring Cyclops abundance is affected by the previous year's fall sockeye 
salmon fry, we would expect an interaction between adjacent year classes to affect recruitment. 
This interaction also corresponds to the lag observed in the response of recent year's recruit per 
spawner values to high escapements in the late 1980's. 

Discussion 

The 1995 investigations have provided insight into the trophic interactions of glacial lake 
ecosystems. These studies were developed upon premises established by investigations on clear 
water systems (Kyle et al. 1988), particularly Frazer Lake on Kodiak Island. Large escapements 
provide top down controls on the zooplankton population, particularly the cladoceran 
component. This resulted in large decreases in juvenile salmon recruitment and was expressed 
by very low adult returns from the affected brood years. These effects have been observed to 
continue beyond the immediate year (Koenings and Kyle 1996) and is associated with a failure 
of the zooplankton population to recover. In the glacial systems on the Kenai River, previous 
evaluations (Schmidt and Tarbox 1993; 1995; 1996) have not suggested a limnological basis for 
the variation in fall fry abundance observed in the lake. Nutrients, temperature, turbidity, and 
mean annual zooplankton biomass have been examined as a potential cause, but only adult 
escapements provided a significant relationship with fall fry mean weight and abundance. 
Although we examined the response of zooplankton mean length to potential cropping effects 
early in these studies (Schmidt and Tarbox 1993), the apparent lack of response in seasonal 
changes in size suggested that cropping effects were either not related to size or were masked by 
growth. A re-evaluation of the length frequency data by season provides definitive evidence that 
the species of Cyclops in Kenai and Skilak lakes, Cyclops columbianus Lindberg, 1956 
(Personal Comm., Janet Reid, Smithsonian Institute, Washington DC) has a multiple year life 
cycle. (Note that this species is very closely related Cyclops scutifer (Reed 1963) whose life 
history has been defined as encompassing multiple years in certain environments (Elgmork, 
198 1 ;1985). This species has a fecundity of 20 to 40 eggs per female with little or no survival 
beyond the second year of life and sexual maturity being reached only during the second summer 
(Figures 15 and 16). Consequently, the reproductive capacity of this species is extremely limited 
and we would expect high predation rates to adversely affect future recruitment. Since 
recruitment does not occur until mid-July, juvenile sockeye salmon are dependent upon survivors 
from the previous year's cohort of Cyclops. The other common copepod, Diapromtls 
pribilofensis, Juday and Muttkowsky, (Personal Comm. T.E. Bowman, Smithsonian Institute, 
Washington, DC) has an annual life cycle with recruitment occurring somewhat earlier than 
Cyclops. Spring stomach samples from pre-smolt sockeye salmon (Schmidt and Tarbox 1995) 
indicated age-1 Cyclops were exclusively the preferred diet. Figure 17 illustrates the high degree 
of seasonal and interannual variability of Cyclops. This variability can be attributed to several 
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causes; spring abundance reflects cropping from the previous year's juvenile fall sockeye salmon 
while summer abundance reflects recruitment and the abundance of age-1 survivors from the 
previous year. The strong relationship between spring Cyclops biomass and the fall fry numbers 
(Table 6) suggests that recruitment of juvenile salmon occurs before the July Cyclops bloom. 
Since these are survivors of predation from the previous year's rearing juvenile sockeye salmon, 
a delay of one year in the density dependent response of large escapements can be explained. 
Further, since the reproductive component of the population are the age-l+ Cyclops that survive 
the previous summer and fall predation and the current year's spring predation, we expect a 
density dependent lag in the response of the Cyclops population which may affect the recruitment 
of juvenile sockeye salmon two years later. Unfortunately, the spatial segregation of cohorts of 
Cyclops, coupled with continued cropping during recruitment in July, has limited the use of our 
data in accurately measuring Cyclops recruitment. As this time series of juvenile sockeye 
salmon abundance and seasonal copepod abundance increases, we anticipate obtaining sufficient 
resolution to determine if Cyclops recruitment can be affected by the cropping of the previous 
year's sexually mature animals. More precise measurement of Cyclops cohort strength can be 
expected to be obtained by an increase in the number of sampling stations in the lake. 

Sockeye salmon run timing is usually thought to provide for optimal emergence timing of 
juveniles from their natal spawning areas. The observation that emergence timing precedes the 
main summer Cyclops bloom in Kenai and Skilak lakes, with apparently detrimental effects on 
recruitment, is an apparent contradiction to this conventional wisdom. Our earlier investigations 
(Schmidt and Tarbox 1995) provide some insight into this problem. We obtained ample 
evidence from age, weight, length, and lipid analysis, during the fall and spring, supporting the 
hypothesis that winter mortality was relatively high and related to size and condition in the fall. 
The combined effects of cold water temperatures and the relatively predation resistant copepod 
zooplankton community most likely provide sockeye salmon with a limited survival window. 
The die1 vertical migration behavior examined in earlier reports (Schmidt et al. 1994) is an 
example of this predator avoidance behavior which limits the emergence timing window for 
juvenile sockeye salmon. A prolonged feeding period, even with a decreased probability of 
sufficient food in the spring, may be preferable to recruitment during the July Cyclops bloom and 
lacking a sufficient growth window to reach a condition to successfully overwinter. This also 
suggests that. depending upon the spring availability of surviving Cyclops from the previous 
year, early emerging juveniles would have a distinct advantage and can most likely recruit and 
survive at high rates, even if they are abundant, thus creating very large returns and 
recruit-per-spawner values exhibited from 1987 and most likely from the 1992 brood years. 

The strong evidence for adjacent year interaction of juvenile sockeye salmon competing for a 
single cohort of Cyclops provides the basis for the one year lag observed in the 
recruit-per-spawner data for the Kenai River, following the 1987, 1988, and 1989 large 
escapements. Adult returns are reasonably predicted from fall fry abundance for those brood 
years that have adult return data (Figure 21). The 1987 brood year may be an anomaly but also 
may suggest that marine survival increases as a function of high abundance, indicating 
depensatory mortality. Density independent and compensatory fits to the data are possible only 
if 1987 is excluded, although data is limited at this time. This counters evidence we have on 
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overwintering mortality and fall fry condition (Schmidt and Tarbox 1995; 1996). An alternative 
hypothesis explaining this contradiction may be that initial hydroacoustic estimates of 1987 fall 
fry were biased low. If this were the case, the seasonal Cyclops-escapement model presented 
here would most likely have a decreased fit to the data. Alternatively, enhanced survival caused 
by high numbers of smolt may be much more important in increasing overall survival than the 
effects of food, competition, and small fall fry size on decreasing overwinter survival and the 
resulting small smolt size effects on subsequent marine survival. We have also observed a five 
year pattern developing in the Kenai River sockeye salmon returns (Figures 5 and 22), 
suggesting that this interactive effect may have regulated the strength of sockeye salmon runs 
throughout the recent history of the Kenai River, with 1977, 1982, 1987 and 1992 having a 
consistently strong recruitment. Based on the juvenile fall fry data from Skilak and Kenai lakes 
in 1993, we expect this trend to continue with a large run in 1997. This pattern of one or two 
year classes dominating returns is usually referred to as "cyclic dominance" and is a common 
feature of sockeye salmon systems in Alaska and Canada. This information was provided to the 
Alaska Board of Fisheries at their 1996 meeting to develop a management plan for the Kenai 
River. Further investigations on the Kenai system will be designed to further define escapement 
and juvenile predation on subsequent recruitment of Cyclops and to develop a method of 
incorporating zooplankton dynamics into a yield model so that alternative harvest strategies can 
be examined. The strength of the relationships described has had the fortunate benefit of limiting 
the utility of exploring alternative hypothesis, and can result in a much more focused study on 
the important variables affecting sockeye salmon recruitment. The ultimate legacy that can be 
provided by these studies is a predictive model that will allow future policy makers, when faced 
with fishery closures caused by oil spills or other actions, to have a reasonable estimate as to the 
costs associated with alternative harvest options. These studies also have the benefit of defining 
a baseline as to the causes of population variation when the lake rearing habitats and spawning 
areas of the Kenai River have been only marginally affected by habitat destruction. 

Kodiak Lake Investigations 

The following information was taken from Swanton et al. (1996), and is condensed for this 
report. The complete report is included in Appendix A. 

Adult and Juvenile Studies 

Red Lake 

During 1995,341,490 smolt (95% CI = 3 15,923 to 367,056) were estimated to have emigrated 
from Red Lake. The 1995 smolt migration was 221,200 less than in 1994 and about 48% less 
than the 1990-1 994 average. This is the second consecutive year that the migration from Red 
Lake has been comprised of over 90% age-2. smolt . The mean length and weight of age-1 ., -2., 
and -3. smolts increased in 1995 compared to 1994. Mean length and weight of age- I .  and -3. 
smolts in the 1995 migration are comparable to the average values measured since project 
inception. 
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The 1995 Red Lake smolt migration completes the 1991 BR. An estimated 0.8 million sockeye 
smolts were produced from the 0.37 million 199 1 escapement. This level of production is about 
half of what was estimated for the 1989 BR and nearly 4 times larger than for the 1990 BR. 
Smolt population estimates for the 1987 and 1988 brood years should be considered relative 
indices, as the population estimates for these years are marginal. The lack of confidence in these 
estimates is based upon age-2. smolt numbers which were adjusted using a 30% smolt to adult 
survival rate (Koenings et al. 1993) that was 4.5 times lower than the number of age-2. adult 
returns. We believe error in this estimate is centered around using a single smolt trap during 
1990 that experienced substantial avoidance by age-2. smolts. Although two traps were used 
during 199 1, trap avoidance still appeared to be a problem. Age- I.  and -2. smolt estimates after 
adjusting for marine survival were 2.0 and 4.3 times lower, respectively than the numbers of 
freshwater age-I. and -2. returning adults. During 1992, trap configuration was modified, a 
smolt weir operated, and resulting smolt population estimates evaluated (Banett et al. 1993b). 

It appears based upon sockeye smolt migrations during 1995, 1994, and 1993, that the adult 
return from the 1991 BR will be significantly better than anticipated from the 1990 BR. 
Assuming 30% ocean survival (mean length 108.6 mm) the 520,000 age-2. smolts from the 1991 
BR will resuIt in about 156,000 age-2.2 adults. The smolt sizes from the 1991 BR suggest that 
experiencing greater than 30% smolt-to-adult survival from these BR's is not anticipated. 

The diminished index of littoral zone rearing fry numbers observed in 1995 indicates that the 
1996 and 1997 smolt migrations may decline from the present level. However, the pattern of 
catches observed in 1995 suggests that fry may have moved offshore and become unavailable to 
the beach seine earlier than in previous years. We observed no apparent differences in the length 
of age-0. rearing fry between years or within a year; however, rearing fry generally begin pelagic 
rearing at 35-40 mm (Barrett 1989). Therefore, fry lengths are probably a biased index of littoral 
zone rearing conditions. In addition, this premise is supported by the relatively static fry length 
observed. 

An adult pre-season run forecast of 325,000 fish was derived for 1995. Most of the run (70%) 
was projected to be age to be 2 and 3 ocean fish. The actual run was an estimated 884,134 
sockeye salmon comprised of a 3 17,832 escapement and 566,302 commercial catch. The 
difference represents over 100% forecast error. It has become clear that the present run 
reconstruction methods for the Ayakulik system are problematic in terms of catch assignment 
from the Inner and Outer Ayakulik sections (ADF&G 1993). Preliminary assignment of the 
catches to stock of origin using scale patterns has shown that other stocks are contributing to the 
June sockeye salmon catches within these sections (ADF&G, unpublished data). This could be 
responsible for confounding both our smolt production estimates and also be partially 
responsible for the high forecast error. 

The 1996 pre-season run forecast is 722,000 fish, which if accurate, will allow a harvest of 
approximately 422,000. The 1996 run is projected to be about 36% 2.2 fish, 20% 1.2 fish, and 
19% 1.3 fish. 
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Akalura Lake 

The 1995 smolt migration was an estimated 134,117 smolts (95% CI 125,523 to 142,712) which 
is about 30% less than the 1994 smolt migration of 170,172. Age-2. smolts were the most 
abundant age class comprising 53% (1992 BR) of the total, followed by age-1. at 47% (1993 
BR), and age-3. at less than 1% (1991 BR). The 1995 smolt migration had the smallest age-3. 
contribution since 1990. Both age-1. and age-2. smolt were of smaller mean length and weight 
during 1995 than in 1994. The mean length and mean weight of all age classes of smolt from the 
1995 migration were larger than the 1990-1 994 averages. Age-1. smolts averaged about 6.5 mm 
larger and weighed 1 g more than age-1. smolts from 1990-1994, and age-2. smolts were 7.9 mm 
larger and weighed 1.4 g more than age-2. smolts from 1990-1 994. 

Tow net sampling was reinitiated at Akalura Lake in 1995 after a 3 year hiatus. Sockeye fry 
CPUE during 1995 (2.2 fiswmin.) was slightly higher than 1991 (2.1 fiswrnin.), but lower than 
observed in 1990 (3.4 fiswmin.). The stickleback CPUE observed during 1995 (14.8 fiswmin.) 
was greatly reduced from both 1991 (153.8 fiswmin.) and 1990 (60.7 fishlmin.). 

Based on 1990-1 995 smolt run estimates, the 1987, 1988 and 1989 BR's produced over twice the 
number of smolt as the 1990 and 1991 BR's. Overall, Akalura Lake has shown a steady decline 
in smolt production. However, the shift in age composition to fewer age-1. smolts and more 
age-3. smolts. which has been evident in past years, was less prevalent in the 1995 migration. 

In 1995, Akalura Lake received an escapement of 2,010 fish for both the early and late runs 
combined. This exceedingly low escapement was far below the minimum goal of 40,000. 
Preliminary run reconstruction numbers for 1994-1 995 indicate that the minimum escapement 
goal would not have been met given the complete absence of a commercial fishery in the Alitak 
Bay District for either year. This fishery is managed from late July throughout August for 
sockeye salmon returning to the Upper Station system and secondarily for coho salmon 
escapements into district streams. We believe that the escapements experienced at Akalura are in 
part a hnction of the commercial fishery. However, we do not believe that there is a major 
difference between the Akalura and Upper Station harvest rates. The poor escapements for the 
last two years are likely a function of the depressed sockeye smolt production from the 
associated broods. The 1996 sockeye run is not expected to meet minimum escapement 
requirements based upon smolt numbers produced from the 1990 and 1991 BR's and no 
commercial fishing time is expected within the Inner and Outer Akalura Sections (ADF&G 
1993) in 1996. 

Frazer Lake 

The total sockeye smolt migration was an estimated 8,386,087 (95% CI = 7,595,899 to 
9,176,275), which was the second largest observed run since 1991. Age-2. (98%) smolt 
dominated the 1995 migration as compared to age-1. (0.7%) smolt. In comparison, during 1991 
age- 1. (40%) and -2. (59%) smolts represented most of the estimate, whereas in 1993 the smolt 
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age composition was evenly divided between ages-2. and -3. In 1995, age-2. smolts averaged 
about 91.2 mm which was nearly 5 mm less than the 1990-1994 average of 96.1 mm. Age-2 
smolt during 1995 weighed an average of 5.6 g as compared to the 1990-1 994 average weight of 
7.3 g. The 1995 tow net survey catches showed markedly fewer rearing sockeye fry in 1995 than 
in surveys conducted during 1990-1 993. A total of two fry were caught during 1995 which may 
in-part have been due to poor survey conditions. Similar catches were observed during 1994 and 
1993 when catches were 2 and 16 respectively. The 1995 stickleback CPUE of 3.9 fish per min. 
was approximately two thirds of the 1990-1994 average of 6.1 stickleback per min. 

Based on the 1992-1 995 smolt estimates, the 1990 BR produced an estimated 5,753,179 smolts 
from an escapement of 226 thousand adults. This is significantly below the 13 million smolts 
produced from the 1989 BR but similar to the 1991 BR (4.7 million, incomplete). The 1988 
(incomplete), 1990, and 199 1 (incomplete) BR's have produced roughly 50% fewer srnolts than 
the 1989 BR, when the attendant escapement levels were about 20% less than in 1989. Overall, 
age-1 . smolt production has dramatically decreased (1989-93 BR's), whereas age-2. smolt 
numbers appear to be relatively stable or increasing (1988-1992). Age-3. abundance increased 
markedly (1 987-1 989), but the 1990 and 199 1 BR's indicate a declining trend. 

The 1996 pre-season Frazer Lake sockeye forecast is 1.48 million fish which is approximately 
50% larger than the actual 1994 run of 952 thousand. The 1996 run is projected to be comprised 
of 75% two ocean fish and about 25% three ocean fish. 

Limnological Studies 

The zooplankton biomass by taxa for the three lake systems is provided in Tables 6-8 and Figure 
23. As stated in Schmidt and Tarbox (1993), the preferred prey of sockeye fry (cladocerans) in 
Red Lake apparently demonstrated a density-dependent response to the large escapement of 
1989, as indicated by a 5- to 10-fold decrease in Bosmina and Daphnia in 1990 compared to 
1986 (Table 6). In 1991, the total biomass decreased further despite the lower escapement in 
1990 (371,000), but the majority of smolt produced from the 1989 BR held over an additional 
year and were rearing in the lake during 1991. In 1992, both Bosmina and Daphnia increased 
dramatically and the total biomass increased to about 2,500 mg m-'; the highest recorded to date. 
This increase was most likely the result of reduced predation pressure as the majority of smolts 

produced from the high escapement of 1989 left the lake, and the escapement in 1991 was 
375,000. Unexpectedly, the total biomass decreased in 1993 to about the 1990 level. The major 
drop in production was Cyclops. Although the 1993 zooplankton biomass was similar to the 
1990 level, there was a substantially higher number of cladocerans in 1993. The 1992 
escapement of 345,000 that produced the age-0 fry rearing in 1993 was similar to that in 1991, 
yet the zooplankton biomass in 1993 was about 2.5 times lower. An explanation for the lower 
biomass in 1993 is that a high proportion of the fry produced from the 1991 escapement may 
have held over for an additional year of rearing. In 1994, the total zooplankton biomass declined 
further, with the lowest values observed since 1980. More ominously, the cladoceran population 
declined in 1994 to the values observed in 1990. In 1995 a substantial increase with the highest 
values of the seven year record were measured for both cladocerans and copepods. We are 



planning on seasonal evaluation of the zooplankton, phytoplankton, and nutrient trends for the 
final report in 1997. Hopefully we can observe some explanatory pattern relating primary 
productivity and predation to these major changes in annual biomass of the zooplankton 
community. 

Akalura Lake did not show any trends in biomass or species composition related to the large 
1989 sockeye salmon escapement (Table 7). The species composition of this system is also quite 
different from that observed in Red Lake. The zooplankton community of Red Lake is more 
comparable to that of Frazer Lake (Table 8). Frazer Lake was treated with nutrients to increase 
the forage base during 1988-1992. In 1993 when no nutrients were added to Frazer Lake, the 
zooplankton biomass decreased (compared to 1992) despite similar escapements the last three 
years. The 1995 data indicated a continued decrease in zooplankton biomass and do not suggest 
a coupling with the positive trend observed in Red Lake, contrary to our earlier observations 
(Schmidt and Tarbox 1996). 

Limnological water quality parameters from the three Kodiak Island lakes in the oil spill studies 
were collected in 1995 (Tables 9-1 1). As in previous years, during 1995 no unusual values 
(outside the range for oligotrophic lakes in Alaska) for general water-quality parameters, 
nutrients, or chlorophyll n were detected. Specifically, no consistent trends in these parameters 
were apparent in Red and Akalura lakes that received high escapements in 1989 compared to 
nearby Upper Station and Frazer lakes that did not receive large escapements. Upper Station 
Lake was not sampled in 1995. 

Preliminary data from sediment core analysis of Akalura Lake (Figure 24) suggests that the 
downturn in escapement reflects recent history. The core indicates approximately 700 years of 
marine nitrogen deposition. The deposition rate of marine nitrogen parallels changes observed in 
escapements in nearby Frazer and Karluk lakes (Personal Comm. Bruce Finney, Univ. of Alaska, 
Fairbanks, AK). Assuming this is also true in Akalura Lake, the poor escapements strongly 
suggest a fishery related cause in the decline of the 6I5N signal over the most recent decades. 
Climatic factors or other natural processes are unlikely to be the primary cause for the decrease. 
Consequently, remedial action in correcting the decline is warranted. 
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Table 1. Kasilof River escapement and smolt production summary. Smolt numbers are 
given in thousands. 

Brood Spawner Age-1 Smolt Age-2 Smolt Total Smolt 
Year Escapement abundance Hatchery abundance .Hatchery Abundance 

" Because of sonar failure, escapement estimates were from stream surveys and 
spawning stream weir counts above Tustumena Lake. See Kyle (1992) for statistics 
of smolt abundance precision estimates. 



Table 2. Kasilof River smolt age class composition 
summary; n is the sample size. 

Smolt Com~osition (%) 
Year n Age-1 Age-2 



'Table 3. Mean and standard deviation (SD) estimates of fork 
length (in mm) of Kasilof River smolt; n is the sample size. 

Age- 1 Age-2 
Year n Mean SD n Mean SD 



Table 4. Summary of mean fork length and wet weight of fall fry collected in Kenai 
Peninsula. lakes. Missing values indicate no data available; n is the sample size and 
SD is the standard deviation. 

Age-0 Age- 1 
Length Weight Length Weight 

Lake Year n m) SD n (g) SD nmm) SD n (g) SD 

Skilak 1986 15 
1988 109 
1989 136 
1990 928 
1991 863 
1992 883 
1993 2755 
1994 687 

1995 ' 760 

Kenai 1986 227 
1989 38 
1990 1484 
1991 1364 
1992 1492 
1993 2969 
1994 861 

1995 ' 679 

I result:; are preliminary. 



Table 5. Comparison of copepod biomass (seasonal means) and fall density estimates of 
sockeye salmon fry in Tustumena and Skilak lakes, 1986 to 1995. Also given is copepod 
biomass per fall fry for each lake. 

Copepod Biomass (mg m-') Fall Fry ~ e n s i t y ~  Cope. Biom. per Fry 

Rearing Skilak Tustumena (no. m-') (mg fry-') 
Year Mean SE n Mean SE n Skilak Tustumena Skilak Tustumena 

" standard error of fall fry density estimates are < 25% of the mean in all cases. 



Table 6. Multiple regression statistics for predicting abundance of fall fry in Kenai and 
Skilak lakes from mainstem spawner abundance and Cyclops biomass. The model is 
In(R) = a + PS -F GSpC + ySuC, where R is recruited age-0 fall fry abundance from 
Skilak and Kenai lakes, S is mainstern spawner abundance', SpC is spring (May and 
June) mean Cyclops biomass, and SuC is summer (July and August) mean Cyclops 
biomass. Data was collected from 1986 to 1995 (lake rearing years). 

Repression Statistics 

Multiple R 0.97 
R' 0.94 
Adjusted R " 0.92 
Standard Error 0.17 
Observations 10 

ANOVA 
d f S S MS F P -Value 

Regression 3 .OOOO 3.0706 1.0235 34.3476 0.0004 
Residual 6.0000 0.1788 0.0298 
Total 9.0000 3.2494 

Coefficient Estimate Std. Error t -Stat P -VaIue Lower 95% Upper 95% 
Intercept a 7.54 12 0.2235 33.74 0.0000 6.9943 8.0881 
Variable S (P) 0.001 1 0.0002 6.52 0.0006 0.0007 0.0016 
Variable SpC (ti 0.0024 0.0003 8.03 0.0002 0.00 17 0.003 1 
Variable SuC (y 0.001 0 0.0002 3.94 0.0077 0.0004 0.00 15 

- -- -- -- pp -- - -- - - 

1 Sonar count less Hidden and Russian River escapements and sportfish harvest 



Table 7. Red Lake zooplankton data summary from stations 1 & 2 (averaged). Data were not collected from 1987 to 1989. 

Dicrptomus Cyclops llo.srnincr D~~phnict E~~i.sc.hz.rr.tr 'SOT A L 
Density Biomass Density Biomass Density Biomass Density Biomass Density Biomass Density Biomass 

YEAR (no m") (mg m-') (no m-') (mg m") (no m-') (mg m-') (no ma2) (mg m-') (no m-') (mg m-') (no m-') (mg ni') 

1995 125753 412 597951 1878 245401 412 125443 267 0 0 1094547 2968 
Mean 71645 293 304404 888 108052 186 54269 122 92 < I  538461 1490 

N 
m 



Table 8. Akalura Lake zooplankton data summary for all sampling stations, 1986 to 1995. Blank cells indicate data unavailable. 

Episch~rra E~rrytemoru Cyc10p.s Bosn~inn C'hvtto~.intre TOTAL 
Sample Density Biomass Size Density Biomass Size Density Biomass Size Density Biomass Size Density Biomass Size Density Biomass 

Year Dates (no m-') (mg m-') (mm) (no m-2) (mg m") (mm) (no m.2) (mg m - 3  (mm) (no mS2) (mg m-') (mm) (no m-') (mg m-') (mm) (no m-2) (mg m'2) 

1995 6 15010 51 0.91 45023 201 0.85 4895 5.3 0.61 124546 92 0.29 0 0.00 189474 350 
Mean 5 14203 61 0.95 46102 146 0.90 7237 8.3 0.60 61775 48 0.29 687 0.57 0.32 129775 264 

N 



'l'able 9. I'razer I.ahe zooplankton daia sulnrnary lion1 stations I and 3 (averaged) 

Dinptotnlrs Cyclops llostrrinn 1k1p/1)1i(1 TOSAL 
Ilrnsity 13iorni1ss Size Ilensily 13iom;lss Size Density 13iomass Size Ilensity 13iom;tss Size Ilcnsity Biomass 

Y13AR (no rn-') (no m-3) (mg tn-') (1nn1) (no m-') (no in") (mg tn-') (win) (no In-') (no tn-') (nig m-') (mm) (no In-') (110 m-') (mg n1-I) (mnl) (no 111.') (no m-') (mg m-') 



' l 'able 10. S u l ~ l t i l a r y  of genera l  wa te r  c h e m i s t r y  parameters, nu t r i en t  concentrat ions,  a n d  a lga l  p igmen ts  Ibr l i e d  l.ake, 1994 t o  1995  

- -- - - - -- - - p~ - 

Date Station Depth Sp. Cond. p l l  Alkal inity Turbidity Color Calc iun~ h lag~~es ius l  I ron  T'utal- P 'l'olal filter- Filterable 'l'etrl l i je l -  An~n~crr~ ia Ni l r ;~ le  + Hei~r l ive Chrbun ('hluru- Phuco- 
able - P reactive - P dahl -  N n i l r i te  - N silicon phyl l  U phytin 

( n ~ )  (un~hos cm") (U~l i ts)  (mg 1;') (WIJ) (PI units) (nlg I;') ( n ~ g  1;') (ug I;') (ug 1:') u I )  g 1 )  (ug 1.") (ug 1:') (ug 1:') (ug 1.") (ug 1:') (ug L-I) (ug L-I) 

05116194 I I 59 7 3  150 1 0  12 5.0 l .4 5.2 143 1 2 23 9 53 432 4.94 0.01 28 13 7 9.4 
05/16/')4 I 38 02 7 1 15 0 1.0 5 5 0 I 4  36 132 4 6  2 0 155 2 9  256  57 533 583  0 0 1  
05/l6/94 2 I 63 7 1  15.0 1 0  3 5 11 1 .4 1 .2 12') I I 27 4 41 308 5.05 0 0 1  34 106 4 2 
051 i6i9.I ? 38 6: ? 1 ! 5 . C ! ! .  2 5 0 1.4 46 14.1 4.7 1 7  187 2 3  24.5 47 435 5 0 8  0.01 

7 4.0 1 .0 120 1 8  ~. . 
06/14/94 I I 6 1 7 2 16.0 1.0 5 0 0.7 12 9 0  3 4 2.53 i 67  i uO O.i5 
06/14/94 1 38 62 6.9 16.0 1.9 3 5.0 0.7 212 420 13.4 10.5 226 27 1 5 3 241 449 5.71 0.44 
06/I4/94 2 I 61 7.1 16.0 2.0 3 5 0 0.7 I4  9'2 3.8 0.7 128 I I 3.4 188 220 0 0.27 
06/14/94 2 38 75 7.4 20.0 2.0 2 5.0 0.7 197 32.1 0 9 7.6 195 21.4 6 4 ?(I5 471 4.70 0.62 
07/I8/94 I I 62 6.7 16.0 0.4 3 4.9 1.5 20 l l 4  4 6  1.3 I40 I I 3.4 128 191 1.22 0.66 
07/18/94 1 38 63 6.6 16.0 1.8 4 4.9 1 5  512 76.2 22.6 20 2 356 7 9 7 0 436 228 0.40 0.56 
07/18/94 2 1 62 6.8 16.0 0.5 4 4.9 1.5 24 11.7 5.1 1 6  137 3.3 3 4 I42 209 0.96 0.82 
07/18/94 2 37 64 6.7 16.0 1.8 4 4.9 1.5 484 70.7 26.4 24. I 308 1092 '6.4 436 230 0 34 0.84 
08/18/94 1 I 64 6.7 16 0 0.5 4 5.8 l .2 3 20.6 6 3 2.5 246 5.7 3 4 299 399 5.84 0.69 
08llSN4 1 38 65 6 2 15.0 2.7 9 4.8 2.4 873 125.3 63.1 60 0 330 131 7 112.7 800 233 0.19 0.69 
08118194 2 I 63 6.7 16.0 0.5 3 5 8 1 2  3 10.5 6.9 2.2 213 3 4 3.4 9 0  282 4.37 0.37 
08/18194 2 37 70 6.3 160 3.4 5 4 8 2.4 1,288 1304 45 8 44 7 334 154 2 88.9 764 341 0.27 1.19 
09/22/95 1 I 65 6.8 15.0 0 8 4 5.9 l .2 22 17.2 9 5 4 6 20 1 10.2 8.7 I 231 3.52 1.22 

09/22/94 1 37 65 6.4 15.0 1.8 5 4.9 9 529 11 1 2 40.0 38.1 I 22 7 4 182 7 762 183 0.52 0.66 
09/22/95 2 I 63 6 9  150 0.8 4 4 ') 1.2 5.5 I68 l0.2 13 2 117 242 3.86 1.30 34 7 10.7 
09/22/94 2 37 65 6.3 14.5 2.0 4 5.9 1.2 648 147.9 44 8 44.8 176 9 1895 886 318 0.60 1.03 
IOl22194 I I 62 6.9 I 2  0 I I 5 5.0 0.7 13.8 154 164 4 9 9  62 258 4.04 0.44 74 34.8 16.8 
10122194 1 37 6 1 6 3 17.0 1.0 6 6.0 1.4 91 33.6 23 4 15.6 157 14 5 50.7 74 288 na 118 

10/22/94 2 I 62 6 1  170  1.1 6 6.0 1.4 77 342  18.1 14.6 150 18.2 53 1 68 280 8.33 0.86 
10/22/94 2 37 62 6.4 19.0 1.5 5 6.0 l .4 144 39.4 17.7 14.9 171 6 51.5 56 2 3  8 75 0.81 

Mean 64 15.8 I 4  4.5 5.2 1.33 225 432  173 14. I 194 28 3 39.3 272 308 3.33 0.60 

05/16/95 1 I 62 6.9 15.7 0.8 5 4.8 1.3 20 10.1 3.9 0.8 I06  3 4 I 4  70 239 3.46 0.97 
05/16/95 1 37 63 6.8 15.2 1.5 11 4.8 1.3 32 14.7 7.8 3.8 112 16.0 6 0  76 270 2.78 0.95 

05/16/95 2 I 62 6.9 15.4 0.9 I 2  4.8 1.3 20 9 8  4 2 1 0  125 6.5 3 0 70 206 2.82 0.80 
05/16/95 2 37 63 6.8 15.2 0 9  9 4.8 1 3  31 12.7 7.1 3 2 I24 11.8 0 6  64 248 2.99 0.92 

06/22/95 1 I 69 7.4 9 .  0 8  2 8.0 1 .2 2.4 136 -5.7 1.4 6 1  292 2.25 0.68 44 10.8 6.3 
06/22/95 1 37 70 7.0 20.1 1.0 4 6.0 1 .2 190 27.2 16.7 12.8 227 11 1.3 7.4 246 224 0.95 1.04 
06/22/95 2 I 62 7.1 16.2 1.5 10 5 0 1.2 66 10.1 6.6 2.0 116 -6 2 1.4 62 278 2.21 0.56 
06/22/95 2 39 63 6.7 17.2 1.0 4 5.0 1.2 152 252 15.8 12.9 219 105.5 7 4  240 204 1.18 1.22 
07/27/95 1 I 6 1 7.0 15.9 1.4 3 4.4 1.6 42 9.4 4.2 0.8 174 -0.5 5.9 418 259 1.91 0.54 
07/27/95 1 37 63 6.4 16.0 1.5 2 4.4 2.4 392 65.5 29.5 23.2 265 147.7 100.7 708 281 0.37 1.23 
07/27/95 2 1 61 7.1 16.0 0.8 3 4.4 2 4 18 8.1 3.4 0.5 128 7.8 1.4 329 200 1.62 0.60 
07/27/95 2 37 63 6.3 15.7 1.9 4 5.3 2.4 492 104.6 33.0 29.7 358 185.6 112.7 774 287 0.40 1.31 
08/13/95 2 1 na na aa sa 2 na na 335 49.0 8.7 3.5 378 22.4 81.1 362 11a na I I~ 

08/13/95 2 38 63 6.6 16.0 2.7 2 4.4 0.6 126 34.9 18.2 15.0 I20 4 7 91 7 389 176 1.67 0 . 0  
01)/13/95 1 I 61 7.0 16.2 0.6 3 4 7 1 3  5 8.2 4 7 1.1 132 -2 5 1 .4 IS') 228 4.48 1.01 
09/13/95 1 37 62 6.2 15.3 1.7 4 4.7 1.3 526 160.6 75.5 70.9 126 27.6 210 6 1120 337 0.35 1 34 
09/13/95 2 1 60 7.0 16.2 0.5 3 4.7 1.3 7 6.5 4.0 1.8 123 -1.0 2 ') 39 322 4.56 1.14 
09/13/95 2 37 62 6.2 15 7 3.0 3 4.7 2.3 1,250 334.0 122.0 115.1 185 73.4 I80 5 I294 282 0.35 1.88 
10/03/95 1 I 43 6.9 16.5 0 5 5 4.7 1.3 36 15.5 0.3 6.7 151 - 2 0  29.9 354 231 5.51 1.23 
10/03/95 1 38 62 6.2 15.1 2 6 3 4.7 1.9 846 266.7 82.5 77 0 128 20.3 218.1 I440 224 0.28 1.24 
10/03/95 2 I 61 6.9 16.1 0.9 2 5.7 0.7 6.3 147 1 6  3 9 0  366 220 5.30 1.21 23 14.0 9.8 
10/03/95 2 36 62 6.3 15.3 2.5 4 4.7 1.9 778 207.0 88.0 80.8 161 13.6 224.1 1318 184 0.29 1.22 

Mean 62 6.7 16.2 1.4 4.5 5.0 1.5 247 63 8 25.5 21.4 170 33.7 60.8 453 247 2.18 I 0 5  

11s indicatrs not available. 





l'ahle 12. Sun~mary of general water chemistry parameters, nutrient concentrations, and algal pigments for I:razer Lake, 1994 to 1995 

Date Station I)epth SI). C'ond. plI Alkalinity 'l'urbidity Culur Calciun~ hlagr~csiun~ Iron '1'ut;ll- I' l'otal lilter- Filterable l'otal Kjel- A ~ I I I I I I I I ~ ~ I  Nitrate + Ileilctive Carbun Chluru- Phneu- 
able - P reactive - P dahl - N  itri rite - N s i l i c u ~ ~  phyn 0 phytin 

(m) (umhos cm-I) (Units) (mg L.') (NTU) (Pt units) (mg I,.') (mg L-I) (ug I,.') (ug L.') (ug I,.') (ug L") u I )  u I )  (ug 1;') (ug 1:') (ug 1;') (ug L.') (ug c') 

06/02/94 1 I 55 7.3 15.0 1.3 6 4.8 1.1 9 6.0 2.0 1.7 100 2.2 75.0 1,841 149 0.58 0.13 
06/02/94 1 23 56 7.2 14.0 0.5 8 4.8 0.2 8 3.7 2.6 I .<I 92 4.4 85.0 1.')00 124 0.96 0.08 
06/02/94 3 1 55 7.1 14.0 0.8 8 4.8 1.1 12 11.0 3.5 2.4 139 4 4 7') 2 1,876 100 0.66 0.20 
06/02/94 3 50 54 7.0 13.0 0.5 4 4.8 1.1 .+ 3.2  2. i  i .6 o ,  9.8 OO.? !:>?.? !!6 " 7 5  0 17 "7 

07/19/94 I 1 56 6.5 13.0 0.4 5 4.9 1.3 13 9.8 1.8 1.5 103 8.8 53.6 1,901 165 0.52 0.16 
07/19/94 1 23 5 5 6.6 14.0 0.5 5 4.9 1.3 14 3.3 I 9 1.3 90 5.5 56.4 1,913 I71 0.52 0.21 
07/19/94 3 1 55 6.6 13.0 0.9 4 4.9 1.3 36 3.9 1.8 1.2 95 3.3 47.9 1,931 124 0.61 0.17 
07/19/94 3 50 54 6.5 13.0 0.4 4 4.9 1.3 10 5.2 2.2 1.8 97 16.4 75.0 2,004 80 0.36 0.24 
i I I 54 7.5 15.0 0.4 6 4.7 1.4 3 3.6 1.7 1.2 9 1  7.7 42.1 1,924 127 0.79 0.17 
08/25/94 1 24 52 7.0 14.0 0.3 4 4.7 1.4 3 3.6 1.7 I .2 101 22.9 67.8 2.015 138 0.42 0.i4 
08/30/94 3 1 54 6.8 13.0 0.4 6 4.8 1.3 3 5.8 2.5 1.9 I I? 5.5 30.7 1.963 132 0.76 0.17 
08/30/94 3 50 54 6.5 12.5 0.4 4 4.8 1.3 6 3.4 1.2 1 .O 101 33.8 80.7 2,143 36 0.18 0.09 
10111194 1 I 57 6.7 13.0 0.3 4 5.0 1.3 10 4.8 1.6 1 .O 86 1 . 1  73.5 1,932 102 0.71 0.08 
1011 1/94 1 23 56 6.6 12.0 0.4 3 3.0 1.3 I I 4.7 1.8 1.2 81 1.1 76.4 2,014 134 0.62 0.10 
10/11/94 3 1 56 6.7 12.5 0.4 4 5 .0 1.3 I I  4.9 1.6 I .0 89 1.1 70.7 2.059 102 0.78 0.13 
10/11/94 3 43 55 6.6 12.0 0.4 3 5.0 1.3 I2 13.5 1.5 1 .0 106 4.4 70.7 1,983 70 0.56 0.13 

Mean 55 13.3 0.5 4.9 4.9 I .2 10 5.7 2.0 1.4 98 8.3 67.2 1958 123 0.61 0.15 

09/27/95 3 57 46 6.7 13.6 0.7 10 4.3 I .2 31 4.8 2.1 1.8 73 16.0 113.7 2,385 37 0.67 0.36 
Mean 51 6.6 13.0 1.1 6.9 4.5 0 21.1 4.8 2.0 1.5 88 6.8 85.4 2267 118 1.60 0.51 

na indicates not available. 
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Figure 1. Location of study lakes within the Kenai River drainage, Kenai Peninsula, Alaska. 



Figure 2. Location of Red, Akalura, and Upper Station lakes on the southern end of Kodiak Island, Alaska. 
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Figure 3. Summary of sockeye salmon escapements and historical escapement goal ranges for the Kenai River. 
Data represent total cumulative daily apportioned sonar counts at milc 19 of the Kenai I<iver.'l'op ol'bars 
represents the maximum escapement goal and the bottom of bars represents the minimuill escapement goal. 
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Figure 4. Sumnlary of sockeye salmon escapements and historical escapement goal ranges for the Kasilof River. 
Escapement data represent total culllulative daily apportioned sonar counts at mile 1 1 of the Kasilol'River.?'op of 
bars represents the maximum escapement goal and the bottom of bars represents the minimum escapement goal. 
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Figure 5. Historical pattern of escapements, total adult return, and brood-year recruitment of sockeye salmon into 
the Kenai River system. 
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Figure 6. Inter-annual pattern in In recruits-per-spawner of sockeye salmon in the Kenai River. Statistical 
process control nlethods were used to analyze the data. The mean, lower warning limit (- 1 Ss),  and lower 
control limit (-2.0s) were established using pre-1987 data as the reference series. 
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Figure 7. Relationship between the number of sockeye salmon l'all fry in Kenai and Skilak lakes and 
mainstem potential egg deposition. Vertical bars are standard errors of estimated fry abundance. 
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Figure 8. Interannual variation of mainstem Kenai River sockeye salmon spawners and fall fry estimates fro111 
Kenai and Skilak lakes combined. Mainstem spawner abundance is estimated annually from apportioned sonar 
counts minus sport fish harvests and escapement estimates for Iiussian River and I-Iidden Lake. Fall fry estimates 
are from September sonar surveys of Kenai and Skilak lakes. 
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Figure 9. Relationship between the average weight of age-0 fall fry in Skilak Lake and (A) abundance of Kenai River sockeye 
salmon mainstem spawners and (B) Skilak Lake fa11 fry abundance. Data points are labeled by brood year (e.g., 1993 indicates 
weight of fall fry in 1994). 
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Figure 10. Comparison of the temporal pattern of percent crude fat in sockeye salmon fry between 
Skilak and Tustumena lakes. Analysis of the data using two-way ANOVA indicated a signiiicant 
(P < 0.001) interaction between lake and date and that Skilak Lake fry consistently contained less 
fat that Tustumena Lake fry. Vertical bars are standard errors of the least squares means. 
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Figure 11. Con~parison of slopes from the relationship between wet weight and percent crude fat 
in sockeye salmon fry collected from Skilak and Tustumena lakes; 'a' indicates August 1993, 'b' 
is September 1993, 'c' is November 1993, and 'd' is April 1994. Data for each lake were analyzed 
using analysis of covariance. The relationship was not significant (P > 0.05) for Tustumena Lake 
fry. However, Skilak lake fry exhibited a significant temporal change in the slope ( P  < 0.001). 
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I:igi~rc 12. II~~C~-;IIIIILI;I~ v;lri;~tioll ~ I ' ~ i i ; ~ ~ r o ~ o o p l ; t ~ ~ k t ~ ~ ~ ~  SC;ISOI~;I~ IIICIIII I>~OIII;ISS (111g 111~~) i l l  Skili~k I ,itkc. 
Vertical bars indicate one standard error arnong sampling stations for each taxa. 
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Figure 13. Comparison of the relationship of relative copepod bionlass (mg fry-') and fall fry wet weight (g) 
between Skilak and Tustumena lakes. Analysis of covariance indicated a significant (P = 0.008) difference 
between the slopes 
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Figure 14. Plot of seasonal changes in mean length of Cyclops spp, and Diupromus spp., including ovigerous 
individuals. The data were collected in 1994. 
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Figure 15. Conlparison of monthly length freqi~ency distributions oiC,)clop.s spp. collected in 1994. Bimodality in the distributions 
becomes apparent in July, indicating separate age-class cohorts. 
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Figure 17. Inter-annual variation in Cyclops spp. biomass (mg m-') for spring (May to June), summer (July to August), 
and fall (September to November) sampling periods in Skilak Lake, 1986 to 1994. Analysis of the data using a split-block 
design indicated a significant (P < 0.05) interaction between season and year. 
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Figure 18. Comparison of fall (September to October) and subsequent spring (May to June) biomass ol'()lclo/~.s spp. 
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Figure 19. Predicted versus observed values from a multiple regression analysis of the model 
In fall fry = a + p(mainstem spawners) + G(spring Cyclops biomass) + y (summer Cyclops biomass). 
Details of the analysis are given in Table 6 
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Figure 20. Temporal pattern in predicted and observed abundance of fall fry from a multiple regression analysis 
of the model In fall fry = a + p(n1ainstern spawners) + &(spring Cyclops biomass) + y (summer C')clop.s biomass). 
Details of the analysis are given in Table 6. 
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Figure 21. Relationship between fall fry and year-class adult recruitment for the KenaiISkilak lakes system. 
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Figure 22. Temporal pattern of Kenai River Mainstein and Russian River spawner abundance. The ratio of Russian 
River to Mainstem spawners indicates a five year cyclic dominance pattern of mainstem run streiigti'l. 
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Figure 23. Inter-annual variation in zooplankton biomass fron~ Kodiak Island sti~dy area lakes. 
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Figure 24. 700 year history of sedinient marine nitrogen concentrations in Akali~ra Lake. 
The recent decline reflects the history of commercial fishing and decreased escapements. 



APPENDIX A: 

Sockeye Smolt Population Estimates, Outmigration Timing, 

and Size at Age Characteristics for 

Red, Akalura, and Frazer Lakes, 1995 
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