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A bstract

The total revenue of the Bristol Bay, Alaska sockeye salmon, Oncorhynchus 

nerka, fishery has continued to decline despite strong run sizes. This decline is primarily 

attributed to increases in production of farmed Chilean rainbow trout O. mykiss and coho 

salmon, O. kisutch. Although wild salmon managers have less control over production 

than salmon farmers, there may be some opportunity to regain value to the fishery by 

altering management strategies. To explore this potential, we first simulated three 

management strategies for sockeye salmon: a fixed escapement range strategy, a fixed 

harvest strategy and a fixed harvest rate strategy. Yields from these simulations were then 

combined with a forecast of farmed Chilean trout and salmon production and a model of 

international trade flows for Alaskan sockeye and Chilean coho salmon and rainbow trout 

to generate forecasts of exvessel price and total revenue for 2010. All three management 

strategies were able to achieve a run size equilibrium indicating biological sustainability. 

The highest median yield resulted from the fixed escapement strategy and the lowest 

median yield was generated by the fixed harvest strategy. Exvessel prices and total 

revenue were highest under the fixed harvest strategy. These results demonstrate a switch 

to an inelastic market environment and reveal the need to modify current management 

strategies to improve the economic health of the fishery.
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General Introduction

The world market for high-value salmon, sockeye, Oncorhynchus nerka, coho, O. 

kisutch and Chinook, O. tshawytscha, has changed dramatically over the last 20 years. 

Wild production represented almost 100% of production in the early 1970s but as of 2005 

only represented 36% of total production. Increases in production of Chilean farmed 

salmon from 42 million pounds in 1989 to almost 500 million pounds in 2005 resulted in 

a major change in the composition of the worldwide high-value salmon production. Not 

only has wild salmon lost its prominence as a component of world production, but 

Alaska’s prominence as a source of wild salmon has increased due in part to run failures 

outside of Alaska and varying effects of climate fluctuations. Alaska produced only 46% 

of total high-value wild production in 1970, but in recent years has produced almost 80%.

The Bristol Bay sockeye salmon fishery is the most productive high-value salmon 

fishery in Alaska. In 2004 sockeye salmon represented 83% of total landed pounds of 

high-value Alaskan salmon and 75% of total estimated exvessel value. In the same year 

Bristol Bay produced almost 60% of Alaska’s sockeye landings and almost half of 

Alaska’s high-value salmon landings. The fishery has been successfully managed for 

biological sustainability since before statehood. Despite this, there have recently been 

economic failures in the fishery. In 2001 the exvessel price (2004 base year) of Bristol 

Bay sockeye salmon declined from $2.37 per pound in 1988 to $0.57. This decline in 

price is mirrored by a similar decline in total revenue (value of total landings) from 

almost $450 million to $98 million over the same time period. The economic failure of 

the fishery led almost 40% of Bristol Bay gillnet fishermen to forego use of their permits 

during the 2002 season.

The primary driver of this decline in value of the fishery is change in the Japanese 

red-fleshed salmonid market. Japan is the largest market for Alaskan sockeye salmon. 

Between 2000 and 2004, 65% of all US fresh/frozen sockeye salmon were exported to 

Japan. Unfortunately, the Japanese market, once consisting almost exclusively of Alaskan 

sockeye salmon is now dominated by Chilean coho salmon and rainbow trout O. mykiss, 

which together made up 77% of the market in 2005. In addition to these three products,
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Norwegian rainbow trout is also present in the Japanese market, though in 2005 it 

represented only 6% of the market. A better understanding of this change in market 

environment could be valuable for better decision-making amongst fishery participants.

Chapter 1 explores the potential for adjustment to the current management 

strategy to improve the economic sustainability of the Bristol Bay sockeye salmon 

fishery. After the economic disaster of 2001 and 2002, organizations such as the 

Commercial Fisheries Entry Commission, Bristol Bay Economic Development 

Corporation and the Marine Advisory Program of the University of Alaska Fairbanks 

responded to this decline in total revenue with a variety of proposals to improve the 

economic health of the fishery. Unfortunately the majority of these proposals were not 

implemented because they required large capital investments, changes to the state 

constitution and/or substantial reductions in the number of active fishermen. In an effort 

to find a more practical solution to the economic situation we simulated three 

management strategies to find opportunities for fisherman and processors to obtain more 

control over the value of the fishery.

The three strategies differed in the distribution of run size between escapement 

and harvest. The first strategy, a fixed escapement strategy was designed to mirror the 

current management strategy implemented in Bristol Bay. Under this strategy as long as 

the midpoint escapement goal was achieved, all other fish were allotted to harvest. A 

fixed harvest strategy allocated variability to escapement. This strategy would allow 

managers to set a harvest cap for the season. Finally, a fixed harvest rate strategy was 

designed as a compromise between the fixed escapement and fixed harvest strategies 

because it did not put a fixed cap on either escapement or harvest. Each of these 

strategies was simulated for each of the nine drainages across Bristol Bay to generate 

total annual landings.

In order simulate these management strategies, a biological model of the recruits 

per spawners was developed. A host of alternative models were constructed including 

state space time series methods of both the residuals of the Ricker models and of the 

anomalies of the annual recruitment by drainage. Several environmental variables were
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also included in the analysis. Nevertheless, these more elaborate models did not provide 

statistically significant improvements relative to the performance of traditional Ricker 

spawner-recruit models. Therefore, Ricker spawner-recruit models were selected to 

represent the biological system. A complete discussion of the models explored and 

rejected is included in the Appendix.

In Chapter 2 the simulated landings from the alternative management strategy 

model (Chapter 1) were combined with forecasts of Chilean farmed coho salmon and 

rainbow trout to project exvessel prices and total revenues for the fishery. An 

international market model was used to create forecasts of exvessel prices and total 

revenues for the fishery. The production model incorporated a forecast of the price of the 

two key inputs, fishmeal and soy meal, and a time component. This forecast was 

designated as a production scenario for the year 2010. To contrast the change in market 

environment, two other scenarios were simulated, one with production set to 1990 levels 

and the other with production set to 2005 levels. The production scenarios demonstrate 

that market conditions determine the most economically efficient management strategy.
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C hapter 1: A lternative m anagem ent strategies for Bristol Bay sockeye salmon to 

improve economic stability1

A bstract

Stimulated by recent declines in the exvessel value of Bristol Bay sockeye 

salmon, Oncorhynchus nerka, we determined that the incorporation of economic 

objectives into a salmon management plan could add to management flexibility without 

compromising biological sustainability. In addition to modeling the current fixed 

escapement range strategy, we also modeled a fixed harvest strategy and a fixed harvest 

rate strategy. All three management strategies were able to achieve run size equilibria and 

meet lower bound escapement goals. At a bay-wide scale, the management strategies 

with economic objectives did not yield practically different harvest or run sizes from 

those produced by the fixed escapement strategy.

Introduction

Alaskan salmon fisheries have been managed under a system of region- and gear- 

specific limited entry permits since the mid-1970s (Adasiak 1979, Rettig 1984, Rogers 

1979). The Bristol Bay sockeye salmon fishery is the largest high value salmon fishery in 

North America. High value salmon fisheries are those for Chinook, Oncorhynchus 

tshawytscha, sockeye, O. nerka and coho, O. kisutch, salmon. The Alaska Department of 

Fish and Game (ADF&G) manages the fishery to achieve escapement within a range with 

midpoint goals which are designed to achieve maximum sustainable yield (MSY) (AAC 

39.222) for each of the nine major drainages divided into five management districts 

(Figure 1.1) (Baker et al. 2006, Minard and Meacham 1987). When run strength is 

inadequate to meet the escapement goal, managers curtail harvests and when run strength

1 Steiner, E.M., K.R. Criddle, M.D. Adkison. 2008. Alternative management strategies for Bristol Bay 
sockeye salmon to improve economic stability. Prepared for submission to the Canadian Journal of 
Fisheries and Aquatic Sciences.
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exceeds the escapement goal, the entire surplus is allocated to harvest (Eggers 1992, 

Hilborn 2006).

S y  I

T v j
• % \  1 I Jl J  I

\  T - i  N aknek-K vichaJ/
Iogiak District V__/  1 District j

N ushagak District

Hgegik D istrict/

U gashik District /  S

Figure 1.1. Fishing districts of Bristol Bay, AK. 

Source: 5 AAC 06.200. (a) -  (e)

Despite the biological success of a management system based on MSY, the 

Bristol Bay sockeye salmon fishery has not been protected from economic failure. The 

fishery dropped in total real exvessel value (the product of annual landings and the 

inflation-adjusted prices paid to fishermen for landings) from $210 million in 1990 to 

only $32 million in 2002 which resulted partially from a decrease in landings but 

primarily from a decline in average exvessel prices (Clark et al. 2006) (Figure 1.2). 

Changes in the estimated price of Bristol Bay salmon limited entry permits also 

demonstrate a decline in perception of the value of the fishery. Bristol Bay set net permits 

experienced a more than five fold decline in value between 1990 and 2002 and drift net 

permits experienced more than a ten fold decline in the same period (Tide 2008).
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Figure 1.2. Exvessel price and landings of sockeye salmon, Oncorhynchus nerka, and 

production of Chilean farmed coho salmon, O. kisutch, and rainbow trout, O. mykiss. The 

exvessel price (bold line) is in real $US (2004), landings of Alaskan sockeye salmon, O. 

nerka (solid line), total production of Chilean farmed coho salmon (dashed line) and 

Chilean farmed rainbow trout (dotted line) between 1985 and 2004 are shown in millions 

of pounds.

This economic failure and similar failures across the state of Alaska have been 

attributed to marketplace competition induced by increased exports of Chilean farmed 

salmon (Asche 1997, Asche et al. 1998, Asche et al. 1999, Asche and Tveteras 2004, 

Gilbertsen 2003, Herrmann 1992, 1993, 1994, Knapp et al. 2007, Link et al. 2003). 

Although large numbers of pink, O. gorbusha, and chum, O. keta, salmon, from Alaska 

and Japan, of wild and hatchery origin, these species do not compete in the same market 

niche as sockeye salmon (Holzinger 2007, Knapp 2004). Historically, the high exvessel 

price of Alaskan salmon enabled the temporally compressed, high-volume, and highly 

variable fishery to be economically viable. Currently, the fishery is much less lucrative
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due to the decline in exvessel value coupled with severe overcapitalization (Hilborn 

2006, Link et al. 2003, Schelle et al. 2004).

The effect of farmed salmon in the global salmon market is compounded by the 

effects of a derby environment, excess permit numbers, a highly time-condensed fishery, 

poor product handling, strict gear and vessel limitations, and high transportation costs due 

to the remoteness of the fishery. Together, these factors have resulted in economic failure 

in this otherwise well-managed fishery (Link et al. 2003, Schelle et al. 2004). In addition, 

the high variability and unpredictability of run strength often leads to a mismatch 

between processing capacity and the number of fish available for harvest (Adkison and 

Peterman 2000). This mismatch has become increasingly problematic with the decrease 

in exvessel price. Following the economic disaster of 2002 various proposals were 

presented, including reduction of the number of permits, expansion of infrastructure, 

product quality improvements, cooperatives, quota management systems, and changes in 

gear and vessel limitations (Link et al. 2003, Schelle et al. 2004). Fishery participants 

have taken steps to improve product quality, but recommended investments in 

infrastructure and reforms of state and federal laws and management policies have not 

been undertaken. The lack of progress in large-scale management reform provides 

motivation to find a solution that could be more easily incorporated into the current 

management scheme.

Bue et al. (2008), Crutchfield and Pontecorvo (1969) and Hilborn (2006), among 

others, have suggested that deviations from the MSY management strategy could 

improve the economic viability of the fishery. In an attempt to find a practical solution 

with straightforward implementation, this study contrasted the current management 

strategy with two alternatives that could be adopted without large-scale changes to state 

or federal regulations. The strategies differ from each other in how they distribute the 

inherent variability of run strength between harvest and escapement. Bue et al. (2008) 

demonstrated that economic profitability could be improved in the Egegik district by 

allowing for some harvesting to occur at run sizes too small to fully satisfy escapement 

goals. We focus on finding tools to reduce the mismatch between processing capacity and
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the magnitude of harvests. In addition, reduction of the variability in yield could retard 

the ramping up of fishing capacity characteristic of a high variability fishery (Caddy and 

Gulland 1983, Hjerne and Hansson 2001, Ludwig et al. 1993).

The reference strategy simulated the current fixed escapement goal range 

management scheme and was designated the fixed escapement strategy (FES). This 

strategy placed the strongest emphasis on biological sustainability. The other two 

strategies, a fixed harvest strategy (FES) and a fixed harvest rate strategy (FHRS) closely 

correspond with proposals presented by Bue et al. (2008). The FHS prioritized the 

economics of the fishery because the needs of the processors were given priority when 

run sizes exceeded minimum escapement goals. The FHRS did not set a fixed cap on 

either escapement or harvest. In all management simulations it was assumed that the 

management goals are achieved perfectly in the simulations used to contrast the 

performance of the three strategies, which historically is rarely the case (Holt and 

Peterman 2006).

Methods

Bristol Bay Run Size Model Specification

Recruit-per-spawner and age class proportion data were obtained from the Bristol 

Bay brood tables for 1979 through 1998 obtained from ADF&G. Data prior to 1979 were 

not used because the method of escapement accounting in the Nushagak was changed 

from partial tower counts at an upriver location to a main stem sonar counter in 1978, 

which resulted in incompatible time series (Clark et al. 2006). Historical catch data from 

the same time period was obtained from ADF&G and incorporated into the model 

simulations.

There were two components to the biological model of Bristol Bay sockeye 

salmon. First, in order to model the alternative management strategies it was necessary to 

characterize the biological relationship between escapement and annual run size. This
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generated a number of returns per spawning cohort. The second step was to redistribute 

these returns to year of return to produce an annual run size. Four recruitment models 

were estimated for each drainage. In each model, it was assumed that recruitment was a 

stochastic process.

The first two models (1.1) and (1.2) characterized recruitment as a purely random 

process with or without serial correlation. The third (1.3) and fourth (1.4) models 

assumed that recruitment can be characterized, in part, by a Ricker recruitment 

relationship with either serially uncorrelated (1.3) or serially correlated (1.4) residuals. 

Thus equations 1.1 and 1.3 are degenerate cases of equations 1.2 and 1.4, respectively. 

Recruitment was assumed to follow a log-normally distributed process in each model— 

the models differed in their characterization of the number of recruits, R and the serial 

correlation in the disturbances, s t :

(1.1) R  = R + s t with p ( s t ,s t-l ) = 0 for all l > 0

(1.2) R  = R + s t with p ( s t ,s t-l ) *  0 for some l > 0

(1.3) R  = St_k exp( a ~ P S t_k) + s t with p ( s t , s t-l ) = 0 for all l > 0

(1.4) R  = St_k exp (a ~ fiSt_k) + s t with p ( s t , s t-1) * 0 for some l > 0 ,

where, in the first two equations, the number of recruits for each drainage Rt was 

represented as the mean of past observed returns, R . In the first equation, the process and 

estimation error was modeled as pure noise s t while in the second equation it was 

modeled with serial correlation. In the third and fourth equations a  is a parameter 

representing productivity, R is a parameter related to density dependence, and St-k is the 

number of spawners that returned in year t-k, where k is the lag between spawning and
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recruitment. Once again the error was represented in equation three without serial 

correlation and in equation four with serial correlation. Estimates of the R parameters 

were constrained to be nonnegative to ensure that the description of density dependence 

was biologically plausible (Ricker 1954).

Previous studies of Bristol Bay sockeye salmon have reported serial correlation in 

the residuals of estimated recruitment relationships for sockeye salmon (Adkison et al. 

1996, Collie and Walters 1987, Korman et al. 1995, Peterman et al. 1998). To account for 

this possibility, a multivariate state space time series procedure (Aoki and Havenner 

1991) was used to model serial correlation of the anomalies of past observations of 

recruitment (1.2) and to model the residuals of the estimated Ricker recruitment models

(1.4). The serial correlation was modeled both in univariate models (returns to individual 

drainages) and multivariate models (simultaneous fitting of combinations of returns to 

individual drainages). The last five observations of each time series were excluded from 

the initial fitting of the model and reserved for ex-post validation. The ability of the 

model to predict the excluded points was used to judge whether the apparent serial 

correlations represented real dynamic processes or whether they were merely spurious.

The univariate and multivariate state space-based forecasts of the anomaly (1.2) 

and residual time series (1.4) were able to improve on the forecasts of equations 1.1 and 

1.3, over the set of observations used for coefficient estimation. Unfortunately, 

performance of equations 1.2 and 1.4 deteriorated substantially over the ex-post 

observations indicating that the estimated serial correlations did not represent true 

dynamic features of recruitment. These models were therefore dropped from further 

consideration because the added complexity of equations 1.2 and 1.4 did not conserve 

statistical improvements in model fit in the ex-post tests.

The model performance of the two remaining models (1.1 and 1.3) was compared 

with the Akaike Information Criterion for small sample sizes (AICc) (Burnham and 

Anderson 1998). Because the AICc for equation 1.3 was lower than that of equation 1.1 

in all drainages (Table 1.1), equation 1.3 was chosen to represent the spawner- 

recruitment relationship in the model. The bias introduced by the exponentiation of
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coefficients from equation 1.3 estimated in log space was corrected using (Kennedy 

1983):

(1.5) R  = exp
( ( 1 l  Y 1 ( 1 l

a  (1 s . ) 1 1 ( 1  S) |  I
vv°y y Yo y

S t-k exp (a + / + )

where Rt is the number of returns for a particular escapement St-k, a 2 is the variance of the 

residuals, S is a vector of observed escapement and s0 is the observed escapement for the 

particular estimate. Equation 1.5 was used as a basis for simulations to evaluate the three 

proposed management strategies.

Table 1.1 AICc values for the two models that did not include serial correlation.

Drainage

Model

(11)

Model

(13)

Alagnak 32.87 24.65

Egegik 40.38 38.78

Igushik 58.25 42.90

Kvichak 50.73 50.39

Naknek 34.87 32.59

Nushagak 39.32 18.69

Togiak 44.44 36.55

Ugashik 51.68 46.10

Wood 36.28 28.66

Simulations

Figure 1.3 is a schematic depiction of the management simulations. The 

simulations were initialized by randomly drawing from past observed escapement sizes to 

generate a return size (the number of fish that return from a given cohort) which was
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redistributed to the year of return by applying age class proportions drawn from a 

Dirichlet distribution fit to the observed age class proportions with a maximum likelihood 

procedure (Bue et al. 2008, Evans et al. 2000). The package compositions in R 1 was used 

to generate random draws from the Dirichlet distribution (van den Boogaart and 

Tolosana-Delgado 2008). This process was iterated until the redistributed return sizes 

produced a complete run size (the number of fish that return in a given year).

Figure 1.3. Flow chart for model simulation.

1 R version 2.7.0 (2008-04-22). Copyright (C) 2008 The R Foundation for Statistical Computing.
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For each simulation, once a complete run size was generated, one of the three 

management strategies, FES, FHS, or FHRS was applied to generate an escapement and a 

harvest (Figure 1.4). A value for ln(R/S) was then generated by inputting the escapement 

into equation 5. A random value was drawn from a normal distribution with the generated 

ln^R/S) as the conditional mean and the standard deviation of observed ln^R/S) as a 

characterization of dispersion for the random perturbation. Finally, this return size was 

redistributed to run size with random age class proportions drawn from the Dirichlet 

distribution. The entire process was iterated over 100 year trajectories 1000 times (Figure

1.3). The first twenty-five years of each iteration were dropped from the analysis to 

provide the simulation the opportunity to fully initialize.
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Figure 1.4. Graphical characterization of the three management strategies, fixed 

escapement strategy (FES), fixed harvest strategy (FHS) and fixed harvest rate strategy 

(FHRS). Escapement (solid lines) and harvest (dashed lines) are plotted as functions of 

run size for each management strategy and in relation to minimum (Smin), midpoint (Smid), 

and maximum (Smax) escapement goals and a harvest goal (H*).
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The first strategy, the FES, allocated all variability in run size in excess of the 

escapement goal to harvest. This goal gave deference to biological objectives and 

approximated current ADF&G management practices. Under this strategy, harvest Ht was 

not allowed if the simulated run size Rt was less than the midpoint escapement goal Smid. 

If the midpoint escapement goal was achieved, then the surplus run size was evenly 

distributed between escapement and harvest until the escapement reached the maximum 

escapement goal Smax after which all additional fish were allowed to be harvested. This 

management strategy is depicted in Figure 1.4 and as:

Ht =

0 if Rt < Smid

1  (Rt -  Smid ) if  Smid < Rt < Smax + 1  R  -  Smid )
2

R, -  Sm ax if  R, > Sm ax + |  R  -  Sm U  )

The second strategy, the FHS, allocated all variability in run size to escapement. 

This goal prioritized economic objectives as long as the simulated run size exceeded the 

minimum escapement goal Smin. Excess fish were allocated to harvest until the harvest 

goal H* was achieved after which all surplus fish were further allocated to escapement. 

This management strategy is depicted in Figure 1.4 and as:

H t =

0 if Rt < Smin

R  -  Smm if Smin < Rt < Smm + H  *
H * if R  > Smin + H *

The third strategy, the FHRS, distributed the variability in simulated run size 

between the escapement and harvest. This goal was a compromise between both the FES 

and the FHS where no hard caps were applied to either escapement or harvest. Under this 

strategy as long as the minimum escapement was achieved then a fixed rate of harvest
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was applied to all surplus fish. A harvest rate of 0.7 was chosen according to the analysis 

performed by Bue et al. (2008). This management strategy is depicted in Figure 1.4 and 

as

The escapement goals used in the simulations were determined by the current 

goals established by ADF&G (Table 1.2). A cyclic trend in production has been 

identified in the Kvichak, which warrants the use of two different escapement goal 

ranges. This trend was not modeled in the simulations and therefore the broader of the 

two goal ranges was used. See Baker et al. (2006) for a full discussion and description of 

current escapement goals. The choice of management strategy determined whether the 

simulation used the lower, midpoint or upper escapement goals.
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Table 1.2. Escapement and harvest goals (millions of fish) for Bristol Bay sockeye 

salmon.

Escapement Goals Harvest Goals

standard

District Drainage Lower midpoint upper mean deviation

Egegik Egegik 0.80 1.10 1.40 7.22 4.53

Ugashik Ugashik 0.50 0.85 1.20 2.50 1.54

Togiak Togiak 0.10 0.15 0.30 0.49 0.22

Naknek 0.80 1.10 1.40

Naknek-Kvichak Kvichak 2.00 6.00 10.00 8.84 5.68

Alagnak 0.17 0.19 0.20

Nushagak 0.34 0.55 0.76

Nushagak Igushik 0.15 0.23 0.30 4.63 2.35

Wood 0.70 1.10 1.50

Source: Lloyd et al. 2007. Alaska Department of Fish and Game, News Release

Harvest goals were designed to represent decisions made by processors based on 

information, such as prices of fuel and labor or market conditions. Since this information 

is independent of the biological system, harvest goals were incorporated into the models 

by random draws from historical harvests (Table 1.2). Although the harvest goals were 

arbitrary, they nonetheless represented the suite of potential decisions available to fishery 

participants. The harvest goal was kept constant over each 100-year iteration, but was 

allowed to vary between iterations. In the Egegik, Ugashik and Togiak districts the 

randomly selected historical harvest level was directly applied to the model. The 

Nushagak and Naknek-Kvichak districts report catches pooled across districts; therefore, 

the catch for the district was randomly selected from the historical catch record and then 

allocated across the drainages by taking random draws from a Dirichlet distribution fit to 

proportions of total escapement.
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Results

Run Size Model

Forecasts based on estimates of the coefficients of Ricker recruitment model 

accounted for 7-52% of observed variability of the logarithm of recruits per spawner 

(Table 1.3). The Kvichak was the only drainage where it was necessary to constrain 

estimates of the / /  parameter; the constrained estimate was zero. Serial correlation was 

detected but the models used to fit the serially correlated residuals failed to accurately 

forecast serially correlated residuals over the ex-post observations. This corresponds with 

previous findings that incorporating the detected autocorrelation into the model did not 

improve model fit (Adkison et al. 1996, Collie and Walters 1987).

Table 1.3. Coefficient of determination (R2) and parameter estimates of a  and /  for 

each of the nine drainages in log-space.

Drainage R2 Standard

deviation

a 3

estimate p-value estimate p-value

Alagnak 0.32 0.43 1.84 < 0.001 -1.58 0.007

Egegik 0.07 0.61 2.35 < 0.001 -0.33 0.235

Igushik 0.52 0.67 1.66 < 0.001 -1.69 0.000

Kvichak 0.33 0.81 0.33 0.290 0.00 1.000

Naknek 0.10 0.52 1.43 < 0.001 -0.26 0.157

Nushagak 0.63 0.38 1.44 < 0.001 -0.76 0.000

Togiak 0.31 0.58 1.88 < 0.001 -4.20 0.008

Ugashik 0.23 0.72 1.88 < 0.001 -0.54 0.027

Wood 0.30 0.48 1.74 < 0.001 -0.62 0.010

The model performance was similar to those reported in previous studies with 

high variability in the recruit per spawner relationship at lower levels of escapement and 

little information at high levels of escapement (Gibson and Myers 2004, Martell et al.
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2008) (Figure 1.5). Although the bias correction did not have a marked effect on the level 

of escapement that generated the highest brood year return it reduced the apparent effect 

of density dependence and generally increased predictions of run size at higher 

escapement levels in most drainages (Figure 1.5).
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Figure 1.5. Brood year return versus escapement for the nine drainages. Observed returns 

are represented by open circles, unadjusted fits of returns are represented as solid lines, 

and bias corrected fits of returns are represented by dashed lines. Note that the scale for 

both escapement and brood year returns vary across drainages.
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Simulations

All management strategies appeared to be biologically sustainable because no 

strategy drove a population to extinction or into uncontrolled population growth. One 

measure of biological sustainability of a management strategy is the ability to maintain 

run size equilibria (Figure 1.6). The management strategies varied in their effect on run 

size across drainages. The FHRS produced the highest average run sizes in the Alagnak, 

Egegik, Igushik and Nushagak drainages. The highest run sizes in the Ugashik, Kvichak 

and Naknek drainages were generated by the FHS. Finally, the FES produced the highest 

run size in the Togiak and the Wood. The effect of the management strategy on run size 

was determined by the magnitude of the harvests in relation to the escapement goals for 

each drainage.
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Figure 1.6. Mean run size in millions of fish returning to each drainage over time for each 

of the three management strategies. The fixed escapement strategy (FES) is represented 

as a solid line, the fixed harvest strategy (FHS) is represented as a dashed line and the 

fixed harvest rate strategy (FHRS) is represented as a dotted line.

Trends in mean harvests were consistent across all districts with the exception of 

the Naknek-Kvichak district (Figure 1.7). The FES produced the highest and the FHS 

produced the lowest mean harvest. The only exception to this rule was that in the 

Naknek-Kvichak district the FHRS produced the highest harvest whereas in all other 

districts it produced a harvest level intermediate between those generated by the FHS and 

FES. The FES produced the highest harvest because all surplus fish beyond the
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escapement goal were allocated to harvest whereas the FHS set an upper bound on 

harvests and the FHRS set a fixed proportion on harvests.

Year

Figure 1.7. Mean harvest in millions of fish to each district over time for each of the three 

management strategies. The fixed escapement strategy (FES) is represented as a solid 

line, the fixed harvest strategy (FHS) is represented as a dashed line and the fixed harvest 

rate strategy (FHRS) is represented as a dotted line.

The trends of escapement were more consistent across drainages than the trends 

of harvests (Figure 1.8). The FES maintained constant escapement levels and the lowest 

escapement levels in each drainage. The FHRS produced escapement levels intermediate 

between the FES and FHS and the FHS produced the highest escapement levels across all 

drainages. The one exception to this rule was in the Kvichak where the FES actually 

produced a higher escapement than the FHRS. In the Togiak, although the mean 

escapements under the FHRS were higher than the FES, they were very similar. In the 

Alagnak the FHRS was much closer to the escapement generated by the FHS than in any 

other drainage.
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Figure 1.8. Mean escapement in millions of fish to each drainage over time for each of 

the three management strategies. The fixed escapement strategy (FES) is represented as a 

solid line, the fixed harvest strategy (FHS) is represented as a dashed line and the fixed 

harvest rate strategy (FHRS) is represented as a dotted line.

At a bay-wide scale, the FES generated the highest variability in harvest and 

intermediate levels of variability in run size. As would be expected with a fixed 

escapement policy, the FES yielded the lowest variability in escapement. The FHS also 

performed as expected with the lowest variability in harvest (Figure 1.9). The FHRS 

produced the lowest variability in run size and intermediate harvest and escapement 

levels. The apparently large number of simulated values outside of the whiskers was 

driven by the large sample size (n = 75,000); less than four percent of the simulated



23

values actually fell outside of the whiskers. The FHS generated lower harvest levels 

overall which was driven by the randomly generated harvest goals.

Figure 1.9. Distribution of run size, escapement and harvest for Bristol Bay as a whole 

(n = 56,250) and for the three management strategies, fixed escapement strategy (FES), 

fixed harvest strategy (FHS) and fixed harvest rate strategy (FHRS) in millions of fish. 

The violin plots represent the kernel density estimates.

Discussion

All three management strategies were able to maintain run size equilibria with the 

exception of the Kvichak under the FHS. This most likely resulted from errors in the 

estimated density parameter of the recruit per spawner relationship rather than a failure of 

the FHS (Fair 2003). The FHRS produced the lowest variability in run size while the FHS 

produced the highest variability. None of the strategies resulted in a year with a run size 

of zero and therefore there were no extinction events.
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The FHS reduced the variability in yield and long term average yield as compared 

to the other strategies. This is consistent with previous research on non-salmonid species 

such as herring, mollusks, mackerel, menhaden and whiting (Hall et al. 1988, Murawski 

and Idoine 1989, Overholtz 1993, Ruppert et al. 1985, Swartzman et al. 1983). Salmon 

differ from these species because fish die after spawning and cannot be “saved” for 

harvest in future years. Nevertheless, there can be advantages to allowing more fish to 

escape in terms of both increasing the spawning biomass and improved nutrient loading 

from carcasses (Schmidt et al. 1998).

The FHRS produced the lowest run size and intermediate levels of escapement 

compared to the other two strategies. The strategy was produce a slight reduction in the 

variability in yield from that seen under the FES without generating the same reduction in 

average yield produced by the FHS. Although the shift in distribution of variability has 

the potential to propagate future variability in the system, in this simulation there was no 

indication that the any of the management strategies led to increased variability. 

Moreover, the redistribution of variability from harvest to escapement may actually do a 

better job of mimicking natural variability in escapement in unexploited river systems 

(Schindler et al. 2006, Walters and Parma 1996). Finally, there were no practical 

differences seen in average run sizes, escapement or harvests at a bay-wide scale.

The choice of an appropriate management strategy for Bristol Bay relies on the 

objectives set forth by the Alaska Board of Fisheries. Currently, there are no clear 

economic objectives in the codes and statutes that govern the fishery (5 AAC 06.355 and 

AS 16.43.010). The FHRS could be valuable if the only management goal is to decrease 

variability in yield while maintaining the highest yield possible. In addition, it has been 

shown to be a more robust policy to cope with changing climates (Walters and Parma 

1996). It does not, however, provide the opportunities produced by the FHS. Economic 

advantages to the FHS could outweigh the loss of long term yield (Hjerne and Hansson 

2001). For example, it could provide the opportunity to select the level of harvest 

appropriate to market conditions and to better match the harvesting and processing 

capacity to the expected catch. The decreased yield generated by the FHS could also
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provide a stimulus for fishermen and processors to focus on quality improvements such 

as better handling of catch and value-added products. Hilborn (2006) recommended 

creation of a government body or advisory panel composed of industry participants as a 

starting point for development of economic objectives.

Despite the possible adjustments to the current management scheme, there are 

many other factors that will continue to threaten the economic sustainability of the 

fishery. The overcapitalization and overcapacity of the fishery reduce profitability 

(Schelle et al. 2004). Gear and vessel size limitations also reduce economic efficiency of 

the fishery (Link et al. 2003). Unfortunately, overcoming these restrictions could require 

legislative action or amendment to the State constitution. Another threat to the fishery is 

the number of latent permits. In 2002, at the lowest historical exvessel value of Bristol 

Bay sockeye salmon, 37% of drift net permits were not fished (Schelle et al. 2004). Since 

then, as the exvessel price of sockeye salmon has gradually increased, fewer permits have 

remained idle; in 2005, almost 80% of drift net permits were utilized (Moreland 2006). 

Further price increases could lead to the reactivation of additional latent permits with the 

effect of ramping up fishing effort (Caddy and Gulland 1983, Hjerne and Hansson 2001, 

Ludwig et al. 1993). The increases in fishing effort could counteract any gains from 

implementation of new management strategies. With competing aquaculture products 

greatly exceeding Bristol Bay sockeye production, it is unlikely that salmon prices will 

return to the high levels characteristic of the 1980s. Thus, it is unlikely that the Bristol 

Bay fishery can now or will ever again be able to support as many vessels and processing 

plants as it supported in the 1980s.

Now that we have demonstrated the biological response to incorporation of 

arbitrary harvest goal objectives into the management plan, it will be important to 

quantify the economic effects of these objectives. A combination of this analysis with the 

salmon market model described in Holzinger (2007) follows in chapter 2. In future 

investigations, it would be valuable to simulate daily in-season processor and manager 

decision-making. In addition, a true economic study of the relationship between harvest 

levels and the marginal costs and benefits of production would be extremely valuable.
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Data about costs of production, which are difficult to obtain, would be required to

properly perform this economic analysis (Link et al. 2003).
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C hapter 2: Exploring the effect of Chilean production of farm ed salmon and trou t 

and on the value of Alaskan sockeye salm on1

A bstract

Exvessel prices for Alaskan sockeye salmon, Oncorhynchus nerka, have declined 

dramatically since the late 1980’s as a consequence of increases in Japanese imports of 

marine-reared coho salmon, O. kisutch, from Chile and marine-reared rainbow trout, O. 

mykiss, from Chile and Norway. Simulation models were used to explore the exvessel 

price and total revenue effects of three alternative management strategies for Alaskan 

sockeye salmon under three alternative production scenarios for Chilean farmed coho 

salmon and rainbow trout. Sockeye production was treated as a random variable derived 

from historic observations as modified by simulations of fixed escapement, fixed harvest 

and fixed harvest rate strategies. The Chilean production scenarios include baseline 

models for 1990 and 2005 and a projection for 2010. The 1990 baseline represents 

market conditions with low levels of salmon aquaculture. The 2005 baseline represents 

the most current conditions for which a complete representation of international trade 

flows is available. The projection for 2010 was based on a regression of fractional 

differences of forecasts of the prices of the primary inputs of production, soy meal and 

fishmeal, and a time component. Exvessel price impacts were derived from a model of 

international salmon markets. The 2005 baseline scenario yielded a median exvessel price 

for sockeye salmon of $0.91 ( a  = 0.28) per pound and total exvessel revenues of $188 

million. Consistent with historical records, the 1990 baseline scenario was characterized 

by a substantially higher median exvessel price of $2.14 ( a  = 0.18) per pound and total 

exvessel revenues of $525 million. In contrast, the 2010 production scenario resulted in a 

median exvessel price of only $0.59 ( a  = 0.33) per pound and total exvessel revenues of 

$140 million. The magnitude of the influence of the management strategies on exvessel 

prices was smaller than that of the production scenarios. Under the 2005 baseline

1 Steiner, E.M. and K.R. Criddle. Exploring the effect of Chilean production of farmed salmon and trout 
and on the value of Alaskan sockeye salmon. Prepared for submission to the North American Journal of 
Fisheries Management.



33

scenario, the fixed escapement strategy generated a median exvessel price of $0.75 

( a  = 0.77 ) per pound and total exvessel revenues of $205 million, the fixed harvest 

strategy was $1.09 ( a  = 0.61 ) per pound and total exvessel revenues of $198 million, and 

the fixed harvest rate strategy was $0.91 ( a  = 0.70) per pound and total exvessel 

revenues of $205 million. The three management strategies had similar effects under the 

1990 and 2010 scenarios.

Introduction

By 2002, the inflation-adjusted exvessel price of Alaskan sockeye salmon, 

Oncorhynchus nerka, had declined to less than one quarter of the exvessel price in 1988 

(Figure 2.1) (Clark et al. 2006). This decline in exvessel price was accompanied by a 

nine-fold decrease in the average market price of Bristol Bay drift gillnet permits (Schelle 

et al. 2004). Despite strong salmon runs, low exvessel prices led to the decision by almost 

40% of Bristol Bay drift gillnet fishing permit holders to forego fishing in 2002 and 

resulted in the closure of some processing plants (Bue et al. 2008, Schelle et al. 2004); 

the Bristol Bay drift gillnet fishery for sockeye, as a whole, operated at a net loss from 

2000 through 2003 (Schelle et al. 2004). Although various factors influence exvessel 

prices, there is consensus that increased production of marine-reared coho salmon O. 

kisutch, and rainbow trout O. mykiss was the primary cause of the recent decline (Asche 

et al. 1998, Asche et al. 1999, Asche et al. 2005, Asche and Tveteras 2004, Herrmann 

1993, 1994).
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Figure 2.1. Exvessel price per pound (bold line) and landings of sockeye salmon (dashed 

line), Oncorhynchus nerka, in round weight in millions of pounds. Exvessel prices have 

been adjusted to a 2004 base year.

Source: (Clark et al. 2006)

Farmed coho salmon and rainbow trout production increased from less than 2 

million pounds in the late 1970s, to 100 million pounds in the late 1980s, and to 700 

million pounds in recent years (FAO 2007). Over this same period, overall landings of 

salmon from capture fisheries of the five Pacific salmon species and Atlantic salmon 

Salmo salar have fluctuated between 0.76 and 2.3 billion pounds and averaged about 763 

million pounds. Landings of premium salmonids (Atlantic salmon, sockeye salmon, 

Chinook salmon O. tshawytscha and coho salmon) have averaged 27% of annual total 

landings (FAO 2007). Although salmon aquaculture takes place in many temperate 

regions, Norway and Chile have emerged as the dominant producers, each accounting for 

over one-third of the world total. While Atlantic salmon is the largest volume product for 

both Chile and Norway, Chile is the world leader in production of marine-reared coho 

and trout. Chilean coho production increased from less than 9 million lbs in 1988 to more
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than 200 million lbs in 2005. Over the same period, Chilean rainbow trout production 

increased from almost no production to over 240 million lbs (FAO 2007). Since 1995, 

Chile has produced between 60% and 75% of the annual world aquaculture supply of 

coho and rainbow trout. Over the same period, Alaska has been the leading capture 

fishery source of sockeye, coho, and Chinook salmon. Since 1979, Alaska has produced 

between 53% and 87% of the world capture fishery supply of sockeye, coho, and 

Chinook salmon. Together, over the past decade, Alaska and Chile have produced an 

average of 72% of the world supply of sockeye, coho, Chinook, and pen reared rainbow 

trout (Figure 2.2).

1970 1974 1978 1982 1986 1990 1994 1998 2002

Year

Figure 2.2. World production of premium salmonids (round weight in billions of pounds), 

1970-2005: Alaska landings of sockeye Oncorhynchus nerka, coho O. kisutch, and 

Chinook O. tshawytscha (black); rest-of-world landings of sockeye, coho, and Chinook 

(white); rest-of-world aquaculture production of coho, Chinook, and marine-reared 

rainbow trout O. mykiss (light grey); and Chilean aquaculture production of coho, 

Chinook, and marine-reared rainbow trout (dark grey). Sources: ADF&G (2006), FAO 

(2007)
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Japan is the primary market for Alaskan fresh/frozen sockeye salmon, marine

reared coho and rainbow trout from Chile and an important market for marine-reared 

rainbow trout from Norway (Asche et al. 1998, Asche et al. 2005, Holzinger 2007, Knapp 

2004, Knapp et al. 2007). In the late 1980s Japanese imports of red-fleshed salmonids 

consisted almost exclusively of Alaskan sockeye salmon (Figure 2.3). But by 2005, 

Alaskan sockeye represented less than one-fifth of Japanese imports of red-fleshed 

salmon. The decline in market share has resulted not only from increases in imports of 

farmed salmon and trout but also from absolute decreases in the quantity of Alaskan 

sockeye salmon imported by Japan. The fraction of total Alaskan sockeye salmon 

landings exported to Japan decreased from 70% in 1989 to less than 30% in 2005.

500 -I
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Figure 2.3. Japanese imports of red-fleshed salmonids: Alaskan sockeye salmon 

Oncorhynchus nerka (black), farmed Norwegian rainbow trout O. mykiss (white),

Chilean coho salmon O. kisutch (light gray) and Chilean rainbow trout (dark gray) of 

product weight in millions of pounds from 1988 to 2005. Sources: Personal 

communication from the National Marine Fisheries Service, Fisheries Statistics Division,
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Silver Spring, MD; Skolbekken (2008); personal communication: A. Gertosio Ramirez, 

Chilean Undersecretary of Fisheries.

Although Alaskan sockeye salmon and Chilean coho salmon and rainbow trout 

are close substitutes in world markets (Asche et al. 2005), the structure of aquaculture 

and fishery production systems is very different. Alaska’s fisheries for sockeye rely 

almost entirely on escapement-generated spawning in native streams and lakes coupled 

with growth based on natural supplies of feed in spawning streams and in the open ocean. 

Releases of hatchery-reared sockeye fry represent a very small percent of total sockeye 

harvests in Alaska. For example, hatchery releases yielded less than 3 million returns 

(White 2008) while statewide catches alone totaled more than 213 million sockeye landed 

in Alaska in 2007 (ADF&G 2008). Whether spawned in native streams and lakes or 

reared in a hatchery, survival and growth of Alaska’s sockeye fry are determined by 

factors outside of management control. In contrast, feed on demand, shelter from 

predation, and treatment of diseases and parasites provided by confined aquaculture 

greatly increases survival and accelerates growth despite the effect of environmental 

factors such as water temperatures, natural disasters and disease outbreaks.

Historically, increases in aquaculture production have been driven by decreases in 

cost of production related to technological innovation (Anderson 2002). Moreover, until 

recently there was little constraint to the expansion of salmon farms throughout the 

southern coastline of Chile. Because much of the production capacity in Chilean farms is 

owned by Norwegian companies, there has been a steady exchange of new technologies, 

farming techniques and, at times, disease (Asche et al. 2003). Chile and Norway follow 

similar production trends due, in part, to this exchange of information and to their 

common reliance on export sales. Chilean production is the focus of this study because it 

has the greatest potential for expansion (Asche et al. 1999, Bj0rndal and Aarland 1999) 

and because it is the largest source of coho salmon and rainbow trout that compete 

directly in primary markets for Alaskan sockeye salmon Holzinger (2007).
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While the costs of labor and other non-feed inputs are important and likely varied 

over time, feed is the largest component of production costs (Asche 1997). Bj0rndal 

(2002) reported that feed costs in 1997 ranged from 44% to 51% of total costs of 

production. Reduction in capital and labor requirements has made the industry more 

susceptible to changes in feed prices and therefore changes in the prices of raw inputs 

into fish feed (Guttormsen 2002). Salmon feeds are primarily a blend of fishmeal, soy 

meal, and fish oil, with smaller amounts of a variety of other animal and vegetable 

proteins, oils, and pigments. Consequently, the costs of production for marine-reared 

salmon and trout should be correlated with the prices of primary feed inputs. Because 

production costs drive the price of salmon (Asche 1997), changes in fishmeal and soy 

meal prices can be expected to be suggestive of changes in the quantity of salmon 

produced from aquaculture.

Information about future production levels of Chilean farmed salmon and trout 

and their potential effects on future exvessel prices and revenues could help fishermen, 

processors and managers devise strategies to maximize the net value of harvests. The 

extremely low exvessel prices of 2002 triggered many proposals for improving Alaska’s 

salmon fisheries, especially the Bristol Bay sockeye salmon fishery, the largest high- 

value wild salmon fishery in the world (Bue et al. 2008, Link et al. 2003, Schelle et al. 

2004). However, many of these proposals required changes to the state constitution or 

large capital investment, which largely explains why the proposals were not adopted. It is 

unlikely that Alaskan salmon harvests will ever again dominate the world market. 

Nevertheless, and despite changes in global salmon markets, minor changes to Alaska’s 

current management strategy for sockeye salmon could help buffer the effects that steady 

increases in the production of farmed salmon have had on exvessel price and revenue for 

Alaskan sockeye salmon.

Three management strategies for Alaskan sockeye salmon fisheries and three 

production scenarios for Chilean farmed coho salmon and rainbow trout were simulated 

to explore the potential ability of Alaskan fishery managers to buffer the effects of 

increased farmed salmon production. The management strategies were the status quo



39

fixed escapement strategy (FES), a fixed harvest strategy (FHS) and a fixed harvest rate 

strategy (FHRS). Chapter 1 demonstrated that, relative to the status quo, the FHS and 

FHRS management strategies provide additional flexibility in setting harvest levels 

without compromising biological sustainability. For each of the three management 

strategies, three production scenarios for Chilean production of coho salmon and rainbow 

trout were also simulated. The first two scenarios were based on coho salmon and 

rainbow trout production levels observed in 1990 and 2005. The third scenario was based 

on a projection of Chilean coho and trout production for 2010 founded on an estimated 

relationship between production and the price of inputs.

The objective of this study was to the determine the response of exvessel price 

and total revenue to three alternative management strategies for Alaskan sockeye salmon 

under three production scenarios for Chilean farmed salmon and trout. Estimates and 

projections of Alaskan sockeye salmon exvessel prices and revenues were generated 

using a model of international trade flows in import and export markets developed by 

Holzinger (2007). The international market model (IMM) was not designed to account 

for fundamental changes in market structure. For this reason, the exvessel price 

projections for 2010 should not be misconstrued as price forecasts. Instead, the 

projections illustrate the forces that have led to and can be expected to continue to lead to 

the development of new markets, new product forms, and/or new marketing strategies. 

Moreover, when exvessel prices drop below a reservation threshold, as they did in 2002, 

it should be anticipated that high marginal cost harvesters will refrain from fishing, as 

they did in 2002, and that there will be increased incentive to restructure fishing practices 

to reduce harvesting and processing costs.

Model Specification and Coefficient Estimation

Inputs to the IMM included total landings of Alaskan sockeye salmon, total 

Norwegian exports of marine-reared rainbow trout, and total Chilean exports of marine

reared coho salmon and rainbow trout. The baseline production scenario represented 

Chilean and Norwegian exports in 2005, the most current condition for which a complete
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representation of international trade flows was possible. The second production scenario 

represented conditions in 1990 when Chilean and Norwegian exports of farmed coho 

salmon and rainbow trout were considerably smaller than at present. The third scenario 

created a projection for 2010, holding Norwegian trout exports at their 2005 level but 

postulating an increase in Chilean production of coho salmon and rainbow trout based on 

trends in the prices of the primary inputs of production, soy meal and fishmeal. Alaskan 

sockeye harvests were simulated using a statistical modeling structure described in 

Chapter 1. It was assumed that all random variables were normally distributed. Each of 

these model elements is described in detail below.

Alaskan landings

Alaskan landings of sockeye salmon were projected using a model of three 

alternative management strategies, FES, FHS and FHRS for Bristol Bay sockeye 

(Chapter 1) (Figure 2.4). A biological model of the spawner-recruit relationship was 

combined with the management strategies to generate trajectories of annual harvests. The 

strategies differed in the allotment of run size variability between harvest and 

escapement. The FES closely approximates current management strategies that seek to 

minimize deviations from escapement goals by varying harvests to absorb run size 

variability. The FHS allowed fishing to occur as long as the lower-bound escapement 

goal was exceeded but included an upper bound harvest. The harvest was randomly 

selected from historical annual landings. This strategy reflects the fact that buyers have 

occasionally limited their purchases due to capacity constraints and concern about prices 

in wholesale markets. This strategy could also be implemented by fishery managers who 

could intentionally set a harvest goal at a level that would hold exvessel price above a 

price floor. The FHRS also used the lower-bound escapement goal as the threshold to 

allow fishing. Under this strategy as long as the lower-bound escapement goal is reached, 

fishermen are allowed to harvest 70% of the returning salmon (Bue et al. 2008). This
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resulted in a partitioning of run size variability between escapement and harvests (Figure

2.4).

Run size

Figure 2.4. Graphical characterization of the three management strategies, fixed 

escapement (FES), fixed harvest (FHS), and fixed harvest rate (FHRS) management 

strategies. Escapement (solid lines) and harvest (dashed lines) in numbers of fish are 

plotted as functions of run size for each management strategy and in relation to lower- 

bound (SL), midpoint (SM), and upper-bound (Su) escapement goals and a harvest goal 

(H*).

Because the alternative management strategy model was developed to 

characterize Bristol Bay sockeye production while the IMM is parameterized around a 

single statewide landings value that combines Bristol Bay sockeye production and all 

other Alaskan sockeye production, it was necessary to expand the simulated numbers of 

fish landed in Bristol Bay ( sockQBB) into estimates of state-wide total round weight of

landings in pounds ( sockLAK ). This expansion was accomplished using the a linear 

relationship estimated on historical landings with standard errors shown in parentheses,
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(2.1) sockLAK = 85.22 x 106 + 6.64 sockQBB,
(l3.10x106) (0.51)

for which R2 = 0.904, p  < 0.001.

The simulated density curves for sockeye landings are represented in Figure 2.5. 

Although there is considerable overlap in the distribution of simulated harvests under all 

three strategies, on average the FES produced the highest landings and the FHS the 

lowest. The FHRS generated median landings intermediate between the density curves 

for the FHS and FES. Neither extinction nor uncontrolled population growth occurred 

under any of the management strategies.

Sockeye salmon landings (millions of pounds)

Figure 2.5. Round weight of simulated landings of Alaskan sockeye salmon, 

Oncorhynchus nerka, in millions of pounds for the three management strategies. The 

fixed escapement strategy (FES) is represented as a solid line, the fixed harvest strategy 

(FHS) is represented as a dashed line, and the fixed harvest rate strategy (FHRS) is 

represented as a dotted line.
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Norwegian trou t exports

Total Norwegian exports of trout to Japan were set to 1990 levels for the first 

scenario and 2005 levels for the 2005 and 2010 scenarios. These levels were chosen 

because assessing the effect of Japanese imports of Norwegian marine-reared trout on the 

exvessel price of Alaskan sockeye salmon was not an objective of the project. Moreover, 

Japanese imports of Norwegian trout are small compared to imports of Chilean coho and 

trout and have declined steadily since 2002 (Figure 2.3). Total exports were obtained 

from (Statistics Norway 2007) and the 2005 level was set to 95 million pounds of 

product.

Chilean salmon production

The Chilean salmon production model specification emphasized dynamic linkages 

between farmed salmon production and production costs. The model structure consisted 

of fractional differences of forecasts of adjusted fishmeal and soy meal prices, farmed 

salmon and trout production, and a time component. Fishmeal and soy meal prices acted 

as surrogates for production costs because detailed time series for other factors of 

production were not available. This use of feed prices as a proxy for production costs is 

supported by, inter alia, Guttormsen (2002) who demonstrated that the price of feed 

inputs is the primary driver of finished product prices in the current production 

environment.

Meal Forecasts

While the real (inflation-adjusted) price of soy meal has remained relatively 

constant over time, fishmeal has exhibited substantial price increases in addition to 

increased volatility over time (Figure 2.6). Global monthly nominal prices for fishmeal 

and soy meal between 1989 through 2005 were obtained from the Food and Agricultural 

Organization subsection Globefish (H. Josupeit, personal communication, 2007). The 

prices were adjusted for inflation with base year 2006. The KPSS test for unit roots 

(Kwiatkowski et al. 1992) indicated that the null hypothesis that the soy meal price series
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is stationary could not be rejected (p > 0.10) while null hypothesis of stationarity was 

rejected for the fishmeal price series (p < 0.01). This different nature of the two time 

series is consistent with the characteristics of an agricultural product versus the product 

of a capture fishery (Durand 1998). In order to better represent the effect of the price of 

fishmeal on producers, the prices were transformed into effective fishmeal prices 

( epfishmeai). The effective fishmeal price reflects changes in the fishmeal inclusion ratio

(FIR) and the economic feed conversion rate (eFCR). Changes in the FIR reflect 

substitution of soy meal and other lower-priced proteins for increasingly expensive 

fishmeal which is driven by research to decrease the dependency on fishmeal (Glencross 

et al. 2007). Improvements in the eFCR have resulted from two factors. First, increases in 

the price of fish feed have motivated farmers to carefully match feed application to feed 

demand to avoid profligate losses of unconsumed feed into the benthos. The more 

responsible application of food has also been encouraged by government agencies 

responsible for regulation of environmental impacts. Second, feed producers have 

adjusted feed formulations to increase nutrient uptake efficiency producing more growth 

for less food consumed.
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Year

Figure 2.6. Real (base 2006) fishmeal prices (bold) and soy meal prices (not bold) with 

observed values represented as solid lines. The effective fishmeal price is represented as a 

dotted line and model forecasts of effective fishmeal prices and soy meal prices are 

represented as dashed lines.

Source:(H. Josupeit, personal communication, FAO Globefish.

To generate the effective fishmeal price, tangential curves were fit to point 

estimates of the fishmeal inclusion ratio (Vial 2006) and economic feed conversion rate 

(Larrain et al. 2005) using a non-linear least squares method estimated with a Gauss- 

Newton algorithm (Bates and Chambers 1992). The curve (equation 2.2) was determined 

by two parameters, the first of which sets the upper bound for the eFCR and the second 

which acts as a scaling parameter for the observed time period. The last element of 

equation (2.2) ensures that the eFCR was greater than or equal to one to assure biological 

plausibility.
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The standard errors for the parameters are shown in parentheses below the estimates. 

The point estimates of the FIR were fit to a similar tangential curve:

(2.3) FIR = 23.0(0.5196)
-  arctan-

t  - 1
■ + 1.5 

3040(478.22) y

In this case, the FIR was bounded above zero because a negative inclusion ratio is 

implausible. The eFCR and FIR values obtained from (2.2) and (2.3) were used to 

generate an effective fishmeal price:

(2.4) ePtfishmeal = (eFCR, ) (FIR ) (Ptfishmeal).

Once the effective fishmeal price series was generated, the time series of effective 

fishmeal price and monthly average price of soy meal were modeled jointly using a 

multivariate state space time series model (Aoki and Havenner 1991). The state space 

time series model begins with an observation equation that maps the observed series into 

a set of latent state variables, zt , and a set of innovations, et (2.5). Dynamic linkages 

among the state variables are represented by equation 2.6 which includes a Kalman filter

like adjustment determined by the innovations obtained from the observation equation:

(2.5)

(2 .6)

f  ep  fishmeal ̂  
Tjsoy meal

v Pt y
= Czt + e ,

zt+1 = Azt + Bet .



47

Methods for estimating the coefficient matrices A , B , and C and solving for the latent 

state variables are described in Aoki and Havenner (1991). Although the state variables 

are unobservable, they can be determined after the model parameters have been estimated 

and are constructed to minimum sufficient statistics for the past realizations of the 

observation series (effective fishmeal prices and inflation-adjusted soy meal prices). The 

number of state variables depends on the degree to which the series are correlated and on 

the complexity of the underlying dynamics.

The monthly price series were fit with twenty-four observations reserved for ex

post validation. A model with one lag and two state variables was selected based on a 

collection of criteria: R2, AlCc, the Henriksson-Merton test for information value of 

forecasts (Henriksson and Merton 1981), and the Naik & Leuthold turning point test 

(Naik and Leuthold 1986). The in-sample R2 for the fishmeal price series was 0.97 and 

for the soy meal price series it was 0.76. Over the observations reserved for ex-post 

validation, R2 increased to 0.99 for effective fishmeal prices and to 0.77 for soy meal 

prices, indicating that the state-space model was able to characterize the intrinsic 

dynamic processes. Fitting the model to the full data series resulted in an R2 of 0.97 for 

effective fishmeal prices and 0.76 for soy meal prices. Fishmeal and soy meal prices are 

linked by a stationary stochastic relationship, which might explain why so few states 

were required to fit the model (Durand 1998). This model was used to generate a 5-year 

forecast of the price series. Although the state space model was able to successfully 

model the out-of-sample data, once there were no new data available, the model quickly 

equilibrated because the dynamics were low order (Figure 2.6).

Production Projections

Once the input forecasts were completed, the annual averages of the monthly 

estimates of the effective fishmeal price and the monthly price of soy meal were 

incorporated into the production model for the Chilean coho salmon and rainbow trout. A 

seemingly unrelated regression (SUR) fractional difference model was used to 

simultaneously represent the weak relationship between the two production series and to
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eliminate any remaining stochastic trends. A time parameter was also incorporated as a 

surrogate for increasing demand. Fitting of the model with the fractional differences 

required a non-linear least squares method. Historical production and export data were 

obtained from the Chilean Undersecretary of Fisheries (A. Gertosio Ramirez (personal 

communication, 2008)). The production forecast equation is represented as

qchu = -3.73 x 104 (1 - d ) -  0.1321 + 0.092 (ePtfishmeal - d ( p t *)
U.82x103) (10.1) (.36x10-2)) '

(2.7)

where the quantity of production, QfMe, was a function of the effective fishmeal price 

ePtfishmeal and the inflation-adjusted monthly average price of soy meal Ptsoy meaa. The

dummy variable I  was used to differentiate between rainbow trout and coho and t was 

measured in years. The fractional difference, d, was estimated as 0.418 with a standard 

error of 0.197. The standard errors of the estimated coefficients are shown in parentheses. 

The production model resulted in R2 = 0.85 for coho and R2 = 0.95 for trout. The 

observations, model estimates, and 5-year projections are depicted in Figure 2.7.
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Figure 2.7. Production of rainbow trout (top) and coho (bottom) from 1990 through 2010. 

Crosses represent observed production and solid lines represent model estimates. The box 

and whisker plots represent production projections, where boxes represent the inter

quartile range with the medians represented by a solid line within each box. The whiskers 

extend to the most extreme points that are within 1.5 times the length of the box. Points 

lying outside of this range are represented as open circles.

Because the IMM was developed using time series of total exports rather than 

total production, it was necessary to estimate the relationships between production and 

exports and to apply those relationships to the production projections. The relationship 

between total production and exports to Japan has not varied substantially in recent years, 

so for the purposes of the simulations, it was assumed that this relationship was a 

stationary stochastic process and therefore the total production was converted to total 

exports through a linear model (standard errors of the estimates are shown in 

parentheses),
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(2.8) tr^xchOe = 3.56+ 0.62 troutQfMe r 2 = 0.986
t (3.17) (0.02) t

(2.9) cohoX CMle = 0.19+ 0.73 cohoQChile R 2 = 0.944
V 2 t (7.50) (0.05) ^

where the total quantity of exported Chilean salmon or trout in pounds fshX Chle was 

represented as a linear function of the total quantity of Chilean salmon or trout produced,
fish ŝ Chile

Exvessel Price Simulations

Once all of the forecasts of model inputs were generated, the projections of 

exvessel prices and total revenue for Alaskan sockeye salmon were generated with the 

IMM. The IMM developed by Holzinger (2007) can be decomposed into a model of U.S. 

markets and a model of Japanese markets. During the time period used for estimating the 

coefficients of the IMM (1990-2005), only minor quantities of fresh/frozen Alaskan 

sockeye salmon were consumed in the United States. Therefore the simulation results 

described below are based only on the Japanese market component (Figure 2.8). The 

streamlined model consisted of four inverse demand equations, four production allocation 

equations, and an Alaska sockeye salmon exvessel price formation equation. The demand 

equations represented Japanese demand for coho salmon and rainbow trout from Chile, 

Japanese demand for rainbow trout from Norway, and Japanese demand for sockeye 

salmon from Alaska. The production allocation equations represented the proportion 

Chilean coho salmon and rainbow trout exported to Japan, the proportion of Norwegian 

rainbow trout exported to Japan, and the proportion of Alaskan sockeye exported to 

Japan. For a detailed description of the IMM, coefficient estimates and goodness-of-fit, 

see Holzinger (2007).
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Figure 2.8. Schematic of the Japanese market for red-fleshed salmonids: rainbow trout 

from Norway and Chile, Chilean coho salmon and Alaskan sockeye salmon. The bold 

circles represent the species and sources of production, the other circles represent 

endogenous variables, the diamonds represent inputs into the model and the bold triangle 

represents the projected exvessel price of Alaskan sockeye salmon. The t-1 blocks 

represent a lag of one year. Details about currencies, whether prices are inflation adjusted 

and whether quantities are represented as per capita or totals can be found in Holzinger 

(2007).
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Incorporating Stochasticity

Alaskan sockeye salmon landings were generated as random draws of 5-year 

harvest trajectories from each of the alternative management strategy models (Figure 

2.4), which were expanded into total landings using equation 2.1. Stochasticity was 

incorporated by randomly drawing from a normal distribution with the total landings 

obtained from equation 2.1 treated as a conditional mean and the standard deviation from 

the regression as the random perturbation. This process was iterated 500 times for each 

management strategy and for each of the three production scenarios.

Stochasticity was incorporated into projections of Chilean salmon production for 

the 2010 scenario at three stages. First, stochasticity was integrated into the price 

forecasts by drawing from a normal distribution with the conditional mean from the 

forecasts generated by equation 2.6 and standard deviation from the model fit. These 

variables were then incorporated into equation 2.7 to generate 5-year forecasts for coho 

salmon and rainbow trout production. Second, stochasticity was again incorporated at the 

stage where the value obtained from equation 2.7 served as a conditional mean from 

which a random draw was taken from a normal distribution with the standard deviation of 

the model fit to generate a production forecast for the production forecast trajectory. 

Stochasticity was incorporated in the conversion of the 5-year trajectories into export 

variables by drawing from another normal distribution with the conditional mean 

obtained from equation 2.8 and equation 2.9 and standard deviation from the same model 

fits (Salkever 1976). This process was repeated for 500 iterations for each of the 

management strategies for each scenario. There was no stochasticity incorporated into 

production levels for Chilean coho salmon and rainbow trout under the 1990 scenario or 

the 2005 scenario. Under these scenarios, the only stochastic component included in the 

simulations was the Alaskan landings of sockeye salmon. Five-year forecast trajectories 

were created for each scenario even though under the two earlier scenarios the same 

values were used for each time step. This was done to allow for model equilibration.

Once all of the random variables were generated, the exports of Chilean salmon 

and trout, and landings of Alaskan sockeye salmon were input into the Japanese market
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model (Figure 2.8). In addition to the inputs previously described, various economic 

variables such as national population sizes, inflation rates, fuel prices and exchange rates 

were required for the model. We were not interested in highlighting the effects of these 

economic variables and therefore held their values constant at 2005 levels throughout the 

simulations. Since the Japanese market model was developed in Statistical Analysis 

Software (SAS) 9.1 (SAS 2007), the export forecasts generated in R (R Development 

Core Team 2008) were fed into SAS to solve the eight simultaneous equations of the 

Japanese market model using a Newton method in the dynamic solution mode. After each 

exvessel price trajectory was solved in SAS, the information was fed back into R. This 

process was iterated 500 times over each 5-year trajectory for each of the three 

management strategies for each of the three scenarios.

Results

The pattern of the effect of the alternative management strategies on exvessel 

price was consistent across the three production scenarios (Figure 2.9). The FHS 

produced the highest median exvessel price, the FES the lowest and FHRS intermediate 

between the two strategies. As expected, simulations under the 1990 scenario resulted in 

highest median exvessel price. Based on pairwise t-tests, all of the means were 

statistically significantly different from each other (p < 0.001). The difference between 

the exvessel price under the 1990 scenario and the other two scenarios was the only 

practical difference. The median exvessel prices resulting from the 2010 scenario were 

only slightly lower than the scenario with the 2005 level production.
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Figure 2.9. Violin plots of exvessel price forecasts for Alaskan sockeye salmon with 

production of Chilean farmed coho salmon and rainbow trout set to 1990, 2005 and 2010 

levels (right) for the three management strategies: the fixed escapement strategy (FES), 

the fixed harvest strategy (FHS) and the fixed harvest rate strategy (FHRS).

The production scenarios affected both the magnitude and pattern of the effect of 

the alternative management strategies on total revenue (Figure 2.10). Under the 1990 

production scenario, the FES produced the highest median total revenues and the FHS 

produced the lowest. Under the 2005 and 2010 production scenarios, the FHS produced 

the highest median total revenue and the FES produced the lowest. The median total 

revenue produced by the FHRS was intermediate between FES and FHS under all three 

scenarios. The total revenue was highest under the 1990 scenario and lowest under the 

2010 scenario. Again, all means under the three production scenarios and three 

management strategies were significantly different from each other (p < 0.001) but none 

were practically different except for the difference between the total revenues under the 

1990 scenario and the other scenarios.
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Figure 2.10. Total revenue forecasts for Alaskan sockeye salmon with production of 

Chilean farmed coho salmon and rainbow trout at 1990, 2005 and 2010 levels for the 

three management strategies: the fixed escapement strategy (FES), the fixed harvest 

strategy (FHS) and the fixed harvest rate strategy (FHRS). Violin plots represent the 

kernel density estimates.

Discussion

The effects of the three management strategies on exvessel price were consistent 

across the three production scenarios for marine-reared Chilean coho salmon and rainbow 

trout. Under all three scenarios the FHS resulted in the highest median exvessel price and 

the FES resulted in the lowest. In contrast, the management strategy that maximized 

exvessel revenues varied according to production scenario. Under the 1990 scenario, the 

FES produced the highest median exvessel revenue and the FHS produced the lowest, 

whereas under the 2005 and 2010 scenarios, the FHS produced the highest and the FES 

produced the lowest median exvessel revenue. The median exvessel price and total



56

revenue under the 1990 scenario was substantially greater than the prices and revenues 

under the 2005 and 2010 scenarios for all three management strategies. As opposed to the 

differences in median exvessel prices between the 2005 or 2010 scenarios, which were 

small for all three management strategies. Furthermore, the relative difference between 

the median exvessel price under the FHS and the median exvessel price under FES was 

much smaller under the 2005 and 2010 scenarios than under the 1990 scenario.

Management strategies that maximize Alaskan landings of sockeye, coho, and 

Chinook can be expected to reduce exvessel revenues to fishermen and reduce landings 

tax revenues to the state. Adopting a management strategy similar to the FHS can be 

expected to improve earnings to commercial fishermen and revenues to the state. In this 

study, we adopted an arbitrary value for H*. To implement an FHS strategy, the effects of 

different values of H* should be investigated; it can be expected that the optimal value of 

H* will depend on global production of wild and farmed sockeye, coho and Chinook 

salmon and marine-reared rainbow trout. Under the current ownership-by-appropriation 

governance structure, it is not in the interest of individual fishermen to limit their catches, 

thus the collective advantages of marginal reductions in total landings cannot be realized 

(Gordon 1953, 1954).

While this study only considered projections of Chilean production of coho 

salmon and marine-reared rainbow trout, the effect of increased aquaculture production 

or increased landings in other regions can be expected to have similar effects. For 

example, if  Canadian landings of sockeye, coho, and Chinook salmon returned from the 

recent (1998-2005) average production of 16 million pounds to the historic (1970-1997) 

average of 80 million pounds, the effect on Alaskan exvessel prices might be similar to 

that resulting from a 64 million pound increase in Chilean coho salmon or marine-reared 

rainbow trout.

In addition to unknowns associated with production of wild salmon outside of 

Alaska, there are many factors that could also have an effect on future production of 

Chilean farmed salmon and trout. One such factor is the changing world market for 

vegetable-derived protein. The nascent bio-diesel sector could increase demand for soy
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meal directly and increased demand from the ethanol industry for corn could also result 

in competition for soy meal from the pork and poultry producers. Labor unions and 

environmental advocacy groups could also have unpredictable impacts on the industry. 

Lastly, as retailers and consumers have developed increased interest in credence 

attributes, such as Marine Stewardship Council (MSC) certification, price premiums for 

already MSC labeled products may rise to the advantage of Alaskan salmon fisheries 

which are MSC certified. The reduction fisheries that provide fishmeal to the salmon 

industry cannot be MSC certified because the data available are either unreliable or are 

not stock specific (Alder et al. 2008). This does not mean, however, that organic labels 

cannot be applied to farmed salmon.

One other factor that could have a dramatic effect on the rate of expansion of 

Chilean farmed salmon and trout production is infectious salmon anemia virus (ISAV), a 

disease previously only known in the Northern Hemisphere. In the winter of 2007 

unprecedented mortality in Atlantic salmon were attributed to this virus (Godoy et al. 

2008). Mortality rates for infected Atlantic salmon can exceed 50% (Kibenge 2006, 

MacWilliams et al. 2007). Although ISAV has not been associated with high levels of 

mortality in coho salmon or rainbow trout, coho salmon have been identified as carriers 

and may exhibit signs of jaundice (Kibenge 2006), and rainbow trout can display lesions 

when exposed to the virus (MacWilliams et al. 2007).

The emergence of ISAV in Chile could have potentially positive or negative 

impacts on the role of Alaskan sockeye salmon in international salmon market. For 

example, if  the high mortality rate of Atlantic salmon leads to a decrease in Atlantic 

salmon supply, there could be an opportunity for increased sales of Alaskan sockeye 

salmon in the United States market. Currently, very little is sold in the United States; 

between 2000 and 2004, 13% of fresh U.S. sockeye was consumed in the United States 

compared to 94% of Chinook and 70% of coho salmon (Knapp et al. 2007). 

Alternatively, a shift in resource dedication from Atlantic salmon production to 

production of the more resilient rainbow trout and coho salmon could cause additional
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market share losses in Japan and lead to a downward pressure on exvessel prices of 

Alaskan sockeye salmon.

The model of Chilean salmon and trout production would have been greatly 

improved with better estimates of the true costs of production. Unfortunately these 

numbers are proprietary and therefore difficult to obtain. Factors such as labor costs, the 

costs of environmental compliance, technological innovation or the emergence of novel 

diseases and disease treatments could have a dramatic impact on the level of production 

of Chilean salmon and trout, but are nearly impossible to predict. So, although we believe 

that there is a relationship between the price of non-feed inputs and production levels, we 

were unable to acquire data with enough detail to model this relationship.

Despite the weaknesses of the model there are no indications to suggest that 

Chilean marine-based aquaculture of coho salmon and rainbow trout will decline. 

Additionally, the model recommendation in favor of the FHS holds for present 

production levels, thus our conclusion in favor of the FHS model seems robust to the 

limitations of the model used to project Chilean production through 2010. The effect of 

the management strategies on total revenue reflects changes in global markets for salmon. 

The combined aquaculture and capture fishery supply of sockeye, coho and Chinook 

salmon and marine-reared rainbow trout under the 1990 scenario was less than 65% of 

the 2005 production levels. Under those conditions, exvessel prices were elastic— even 

though the FES resulted in marginal increases in quantity relative to the FHS, total 

revenues increased. In contrast, at production levels characterized by the 2005 and 2010 

simulations, exvessel prices were inelastic—marginal increases in quantity under the FES 

relative to the FHS caused price and total revenue to decline. If composite demand for 

sockeye, coho and Chinook salmon and marine-reared rainbow trout remains inelastic, 

Alaska’s salmon fishery would benefit from management strategies that encourage 

production of fewer salmon and ensure that the salmon produced are all of the highest 

quality.
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General Conclusion

It is important for fishermen and fisheries managers to explore new ways to cope 

with the new market environment. Programs to develop niche markets and/or product 

differentiation such as Copper River Reds have shown some success. For example, the 

statewide exvessel price for sockeye salmon ($0.67) was less than half that for sockeye 

salmon from the Prince William Sound district ($1.55) which includes the Copper River 

Reds (ADF&G 2008). Improving product quality and handling is another way to increase 

exvessel price; the Bristol Bay Economic Development Corporation was successful in 

implementing a ice distribution system that provides the opportunity to fishermen to 

improve the quality of their fish in order to sell their fish for higher prices. Unfortunately 

one of the major impediments to improving the economic viability of Alaska’s salmon 

fisheries is overcapacity of the fishing fleet. The state constitution prohibits reducing the 

capacity of the fleet below an optimum number as designated by the Commercial 

Fisheries Entry Commission (AS.16.43.290).

The change in effect of management strategy on total revenue across production 

scenarios illustrates the changes seen in the global market for high-value salmon. Under 

the 1990 scenario, demand for sockeye salmon was still elastic and so marginal increases 

in quantity resulted in increases in revenue resulting in highest revenues under the fixed 

escapement strategy. Under the 2005 and 2010 scenarios, the market became inelastic 

causing the total revenue to be higher under the fixed harvest strategy than under the 

fixed escapement strategy. The relative effect of the production scenario indicates that 

before the introduction of large quantities of farmed salmon into the international market, 

the fixed escapement strategy was the best strategy for Bristol Bay. The forecasts of 

Chilean salmon and trout production indicate that demand will remain inelastic and 

therefore alternative management strategies should be considered, particularly in years 

with above average run strength.

Despite the economic advantages of a fixed harvest strategy under the current 

market environment, the general nature of a “race for fish” fishery will prevent any real 

gains in economic efficiency of the sector. The Bristol Bay fishery differs from the
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Copper River fishery in quantity of fish and length of the season which inhibits 

generation of a price akin to Copper River. From the perspective of the individual 

fisherman, marginal increases in catches will still lead to increases in revenue to the 

fishermen even if it means loss to the fishery as a whole. Reduction in fleet size would 

help counteract the effect of the “race for fish” but this has been deemed unconstitutional 

because it would overly restrict access to a public resource.

There are many factors influencing the future of Chilean farmed salmon that were 

not addressed. In recent years, labor movements have made the industry more unstable 

and pushed it towards increased use of technology. Also, environmentalists have become 

increasingly persistent about the potential consequences of large numbers of densely 

placed farms. The outbreak of Infectious Salmon Anemia Virus (ISAV) in Atlantic 

salmon could have unforeseen effects on the coho and rainbow trout industry. The new 

focus of export markets on traceability and sourcing of foods could also have a dramatic 

effect on the industry. Despite all of these potentially negative factors, there is no 

evidence that there will be a near-term decrease in the rate of increase of Chilean 

production of coho salmon or rainbow trout. For this reason, it is essential that fisheries 

participants and managers consider strategies to improve the competitiveness of the 

Alaskan sockeye salmon.
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Appendix: Time Series Analysis of Spawner-Recruit Relationships1 

Introduction

Accurate prediction of brood year returns of sockeye salmon relies on an 

understanding of the complex interactions of many factors. The primary focus of most 

forecast models is the spawner-recruit relationship. Although there is a structural 

relationship between the escapement and brood year returns, the true form of the 

relationship is unknown and commonly estimated models do not provide accurate 

estimates of actual brood year returns (Figure A.1). Proxies for environmental factors that 

influence survival, such as the Pacific Decadal Oscillation Index (PDO) or Sea Surface 

Temperature (SST), have been shown to be correlated with survival (Adkison and 

Peterman 2000); however, these indices still fail to explain a large portion of the 

variability associated with spawner-recruit relationships. Not only has modeling the 

correlations with these indices had little success in reducing the magnitude of forecast 

error associated with estimated structural spawner-recruit relationships but these indices 

are not direct measures of the actual processes affecting salmon survival and thus the 

estimated correlations may be spurious.

1 Steiner, E.M. and K.R. Criddle. 2008. Time Series Analysis o f Spawner-Recruit Relationships. Prepared 
for submission to the Canadian Journal of Fisheries and Aquatic Sciences.
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Figure A.1. Brood year returns versus escapements for the nine drainages. Observed 

returns are represented as open circles, model predictions are represented as solid lines 

and residuals from the model fits are represented as dotted lines. Note that scale varies 

across drainages.

Serial correlation would be expected in brood year returns (Figure A.1) and the 

residuals resulting from fitting the Ricker spawner-recruit relationship of sockeye salmon 

due to the complex life history of sockeye salmon (Noakes et al. 1987, Noakes et al.

1990, Peterman et al. 2003). Most Bristol Bay sockeye salmon spend two to three years 

in freshwater followed by two to three years in the marine environment. It follows that 

number o f  returns from different cohorts would be correlated because they experience 

similar environmental conditions in both freshwater and the marine environment due to
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the high degree of overlap in life phases in both environments. Although each freshwater 

drainage within the Bristol Bay system has unique attributes, all of the drainages are 

subject to closely correlated patterns of precipitation and temperature.

Multivariate state space time series analysis (Aoki and Havenner 1991) provides a 

framework for the development of a model that focuses on dynamic patterns in brood 

year returns rather than focusing on causal spawner-recruit relationships. This approach 

may be advantageous in systems such as Bristol Bay where not only are the processes 

that determine the spawner-recruit relationship poorly understood but they are also 

impractical to measure directly. Modeling sockeye run-size as a bay-wide process 

represents an assumption that the nine stocks are governed by similar genetic and 

environmental characteristics and that observed variations between stocks reflect random 

perturbations operating against a background of latent dynamic processes that are 

common across all nine stocks. Treating the time series of the nine stocks as realizations 

of shared dynamic processes might suggest the idea of summing the nine series to reduce 

random variation. However, even if the stocks are governed by shared dynamic 

processes, their time series could differ due to the influence of random shocks that have 

uniquely affected individual stocks governed by characteristics of the individual 

drainages. In this case a joint model of the nine stocks could be expected to provide better 

forecasts of the individual stocks than could be obtained from a model of their sum. 

Moreover, as management of Bristol Bay sockeye salmon is geared towards maintenance 

of individual stocks, a model of their sum may not be useful.

The underlying assumption is that a common functional form (e.g., the Ricker) 

governs all nine stocks, but that the stocks differ from one another in the values of the 

parameters of the Ricker relationship. A logically consistent approach to estimating the 

Ricker parameters for the nine stocks would be to use a simultaneous equation model that 

accounts for cross-stock correlations in development of parameter estimates. If it is 

assumed that differences between stocks are purely random, then estimating a single 

Ricker relationship on the sum of the nine stocks would be appropriate. Combining the 

Ricker and time series approaches treats the Ricker model as an approximation of a
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deterministic trend in the time series of observations. Serial correlations at lags not 

represented in the Ricker relationship and approximation errors associated with the 

Ricker specification will be present in the residuals of the Ricker model and can be 

estimated using a time series model. If serial correlation is present in the residuals of the 

Ricker model, the parameter estimates of the Ricker model will be biased (Walters 1985) 

but the structural and time series models can be iterated until the coefficient estimates 

converge. Again, as in the case of the pure time series model and the pure Ricker model, 

the nine stocks can be modeled as a jointly dependent multivariate system or summed and 

modeled as a single bay-wide process.

The Aoki state space model treats system dynamics as latent processes that can be 

inferred from patterns of variation in the autocorrelations of the observations. 

Determination of the number of these latent processes, or states, is the model 

specification step and is accomplished through identification of the rank of the 

autocorrelation matrix. Once the number of state variables has been determined, the 

coefficient estimates can be derived and the time sequence of values of the state variables 

can be obtained (Aoki and Havenner 1991). The number of state variables can be less 

than, greater than, or equal to the number of time series being modeled, depending on the 

extent to which the multiple time series are driven by similar dynamic processes and on 

the complexity of the dynamics of those processes. In general, if  time series share 

common dynamic factors, multivariate models will outperform univariate models. 

However, when there is substantial noise in estimates of the sample autocorrelations, or 

when the series are governed by differing dynamic processes, simple univariate models 

can outperform multivariate models (Criddle and Havenner 1990). The state space model 

was used by itself to account for variations in brood year returns and as a mechanism for 

accounting for serial correlation in the residuals of the Ricker spawner-recruit 

relationship.

Structural models of stock-recruitment relationships suffer from the need to 

identify the relevant explanatory variables as well as the functional form and nature of 

dynamic linkages present in the putative causal relationship. Time series methods can
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often outperform structural models when there is uncertainty about the suite of 

explanatory variables to include or about the form or timing of their influence on the 

dependent variable, or when dynamic relationships are particularly influential (Criddle 

and Havenner 1991). Unfortunately, while pure time series models may yield accurate 

forecasts of stationary processes, they are often unsuitable for furthering knowledge of 

the system. Combining structural and time series approaches can result in models that are 

relevant to management and make full use of patterns of serial correlation in the 

observations (Criddle and Herrmann 2008).

M ethods

Data

Brood table data was obtained for Bristol Bay sockeye from 1956 to 2005. The 

latest complete brood year was 1998. The full data set was used, despite the 1976-1977 

regime shift (Hare et al. 1999). The PDO and SST were both used to inform the models. 

The method for escapement accounting for the Nushagak was changed in 1978 from an 

upriver counting tower to an in river sonar (Clark et al. 2006). Consequently, the 

Nushagak was excluded from the analysis rather than shorten the time series because 

observations were required for ex-post validation of the time series models. The models 

were fit with 37 years of observations, reserving five years for post-sample validation.

Average sea surface temperature (SST) for the region inhabited by Bristol Bay 

sockeye 45°N to 61°N latitude and 171°E to 151°W longitude (French et al. 1976, Myers 

1997) was obtained from the International Comprehensive Ocean-Atmosphere Data Set, 

http://icoads.noaa.gov/SST.html using enhanced data with a 2° latitude by 2° longitude 

grid to improve the number of observations and to use the longest time series available. 

The monthly observations for the region were averaged across stations and then the 

monthly averages were averaged over a year starting in September and ending in the 

following August (Adkison and Peterman 2000).

http://icoads.noaa.gov/SST.html
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Preliminary Analysis and Model Selection

Before performing the model selection for the state space models, traditional time 

series tests were used to explore the data. These tests included the standard Dickey-Fuller 

test for stationarity, and plots of autocorrelations and partial autocorrelations. These tests 

were used to better understand the individual series and also to explore patterns across the 

series.

A range of models were explored with the state space time series technique. The 

state space model consists of two matrix equations (Criddle and Havenner 1990):

(A1) zt+i/t = Azt/t-i + Bet .

(A2) y t = Czt / t-i + et

These equations were used to identify autocorrelations of brood year return data and of 

the residuals of the Ricker stock-recruit model of the same data. These relationships were 

examined in both univariate and multivariate models. The drainages were modeled jointly 

at a bay-wide scale and were also split into two groups, those located on the west side of 

Bristol Bay and those on the east side of the bay. In addition to these models, the same 

models were also fit using SST and the PDO to inform the model fitting process. Finally, 

these models were run with and without the Kvichak due to poor model performance as 

described in the results (Table A.1).

Table A .i. Seventy-two different model combinations were explored.

Regions Kvichak Series Type Model Type Environmental Variables

Bay-wide with Ricker Residuals Univariate SST

East side without Return Anomalies Multivariate PDO

West side none
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Model selection was based on Schwartz’s Bayesian Information Criterion (BIC),

(A3) ln
f  n 2 \

Z  (yt -  y t )2i=1_________
n

+ k
ln(n)

n

where the penalty for small sample sizes was determined by the number of coefficients k, 

and the number of observations n, used to estimate the model. Model performance in 

models with a difference in BIC of two or more was considered significantly different. 

Percent differences in R2 and BIC were calculated by dividing the value of the model 

including the variables by the value of the model excluding the variable.

Results

The hypothesis of non-stationarity was rejected for all drainages (p < 0.05) with 

the exception of the Egegik drainage (Dickey Fuller = -2.93, p = 0.21) (Table A.2). The 

brood year return time series appear to exhibit an autoregressive process with a lag of 

one, AR(1) with long cycles of significant autocorrelations (ACF) (Figure A.2) and just 

one significant partial autocorrelation (PACF) at a lag of one (Figure A.3). The Egegik 

and Ugashik drainages exhibit the strongest AR(1) patterns, though the PACF for the 

Egegik has two more significant lags beyond the lag of one and the Ugashik has one 

more significant lag in the PACF. The Kvichak does not exhibit this trend, instead, the 

ACF shows a pattern of negative serial correlation with significant lags in the PACF up 

to four indicating that the process might be an autoregressive moving average process, 

ARMA(4,1). The Naknek shows signs of similar, though weaker negative serial 

correlation and also appears to be an ARMA process. Once these preliminary analyses 

were completed then selection of the state space time series models could be performed.
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Table A.2. Dickey-Fuller tests for stationarity.

Dickey-

Fuller
p-value

Kvichak -6.46 0.01

Alagnak -5.84 0.01

Naknek -4.67 0.01

Egegik -2.93 0.21

Ugashik -3.65 0.04

Wood -5.28 0.01

Igushik -3.73 0.03

Togiak -4.93 0.01
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Figure A.2. Autocorrelation of returns for each drainage. Autocorrelations are 

represented as vertical bars and the dashed and solid lines represent confidence bands.

0
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Figure A.3. Partial autocorrelations of returns for each drainage. Partial autocorrelations 

are represented as vertical bars. The dashed and solid lines represent confidence bands.
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Model Selection

Bay-Wide Models

Based on the understanding that fish from all drainages should experience the 

same ocean conditions, the state space models were first fit to all eight drainages at once. 

The poorest fit occurred in the Kvichak and the Naknek brood year returns. This is 

consistent with the different trends in the autocorrelation functions where the Kvichak 

and Naknek show signs of an ARMA process while the other drainages more closely 

resemble AR processes. Only two bay-wide models that included the Kvichak were not 

unstable and/or uncontrollable. Of these two models, the model with one lag and one 

state variable was selected over the model with one lag and three state variables because 

there was an average increase in BIC between the two models of 3.0, ranging from 2.6 in 

the Alagnak and 3.2 in the Naknek. The inclusion of the Kvichak had a varied effect on 

the fit for the other drainages resulting in an increased R2 in some drainages and a 

decreased in others (Table A.3). Regardless of the effect of inclusion of the Kvichak, 

none of the models were able to detect a signal in the Kvichak.
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Table A.3. Model performance of bay-wide drainage brood year returns with and without 

the Kvichak according to: a.) brood year returns and b.) Ricker residuals. The preferred 

state space model was one with a one period lag and one state ( 1- 1).

a )

1-1 With Kvichak Without Kvichak % diff.

R2 BIC R2 BIC R 2 BIC

Kvichak 0.00 24.22

Alagnak 0.39 17.76 0.45 16.47 0.86 1.08

Naknek 0.25 20.36 0.20 19.19 1.26 1.06

Egegik 0.52 21.61 0.38 20.60 1.36 1.05

Ugashik 0.37 20.21 0.49 18.58 0.76 1.09

Wood 0.37 19.00 0.34 17.80 1.09 1.07

Igushik 0.32 18.12 0.35 17.10 0.90 1.06

Togiak 0.26 16.09 0.22 14.94 1.16 1.08

b.)

1-1 With Kvichak Without Kvichak % diff.

R2 BIC R2 BIC R 2 BIC

Kvichak 0.01 23.32

Alagnak 0.45 17.43 0.44 16.50 1.03 1.06

Naknek 0.22 20.13 0.21 19.18 1.03 1.05

Egegik 0.28 21.71 0.38 20.59 0.72 1.05

Ugashik 0.39 19.71 0.49 18.58 0.79 1.06

Wood 0.31 18.80 0.31 17.88 1.01 1.05

Igushik 0.37 18.02 0.34 17.12 1.08 1.05

Togiak 0.22 15.90 0.21 14.94 1.05 1.06
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The Ricker residual bay-wide model with a lag o f  one and one state variable was 

chosen because the only other model that was not unstable or uncontrollable was a model 

with a lag of four and nine state variables. Since all other models were unstable, this 

model was considered spurious and therefore rejected. The inclusion o f the Kvichak 

reduced performance of the anomalies model more than the residuals model (Table A.3).

Regional Models

The bay-wide analysis indicated that there might be a regional process that might 

be better modeled separately. The state space models were therefore fit to the west side 

drainages and eastside drainages individually. On the east side, in levels, three models 

performed well, models with one lag and one state variables, one lag and two state 

variables and four lags and two state variables. There was little difference in model 

performance between the model with a lag o f one and one state variable and with two 

state variables. The first model was therefore chosen as the most parsimonious. The 

model with a lag o f  one and two state variables was chosen because although the third 

model showed improved performance for the Kvichak, model performance decreased in 

the majority of the others (Table A.4).

Table A.4. Model performance in the eastside including the Kvichak in levels. Three 

different models are presented, a model with a one period lag and one state ( 1-1), a model 

with one lag and two states (1-2) and one with four lags and two states (4-2).

R2

1-1

BIC R 2
1-2

BIC R 2
4-2

BIC

Kvichak 0.00 21.64 0.02 22.67 0.13 22.55

Alagnak 0.32 15.28 0.33 16.33 0.32 16.34

Naknek 0.20 17.84 0.28 18.79 0.17 18.93

Egegik 0.66 18.67 0.77 19.36 0.73 19.49

Ugashik 0.47 17.45 0.43 18.58 0.44 18.56
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There was no clear effect of inclusion of the Kvichak on model performance in 

the east side models in levels. The R2 increased dramatically for the Naknek and Egegik 

by excluding the Kvichak, but the Alagnak and Ugashik suffered (Table A.5). In the 

residuals, inclusion of the Kvichak was not detrimental to the model performance of any 

of the rivers with only a small increase in R2 and a slight decrease in BIC with the 

inclusion of the Kvichak.

Table A.5. Comparison of performance of a model with a one period lag and one state 

with and without the Kvichak on the eastside of the bay a.) brood year returns and b.) 

Ricker residuals.

a )

1-1 With Kvichak Without Kvichak % diff.

R2 BIC R2 BIC R 2 BIC

Kvichak 0.02 22.67

Alagnak 0.33 16.33 0.45 16.47 0.73 0.99

Naknek 0.28 18.79 0.20 19.19 1.40 0.98

Egegik 0.77 19.36 0.38 20.60 2.03 0.94

Ugashik 0.43 18.58 0.49 18.58 0.88 1.00

b.)

1-1 With Kvichak Without Kvichak % diff.

R2 BIC R2 BIC R 2 BIC

Kvichak 0.00 20.78

Alagnak 0.24 15.18 0.23 14.52 1.04 1.05

Naknek 0.12 17.67 0.11 17.00 1.09 1.04

Egegik 0.57 18.61 0.58 17.91 0.98 1.04

Ugashik 0.48 16.97 0.48 16.30 0.00 1.04
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The east side models in levels had lower BICs and higher R2 in two drainages 

than in the bay-wide model (Table A.6a). In the models of the residuals, the east side 

models performed significantly (ABIC > 2) better than the bay-wide models. The east 

side model experienced a decrease in R2 from the bay-wide model in the Kvichak, 

Alagnak and Naknek though the model saw an increase in the Egegik and Ugashik (Table 

A.6b).

Table A.6. Comparison of performance of a model with a one period lag and one state 

between the eastside model and the bay-wide models a.) brood year returns and b.)

Ricker residuals. 

a )

1-1 Bay-wide East side % diff.

R2 BIC R2 BIC R 2 BIC

Kvichak 0.00 24.22 0.00 22.67 0.00 1.07

Alagnak 0.39 17.76 0.32 16.33 1.22 1.09

Naknek 0.25 20.36 0.20 18.79 1.25 1.08

Egegik 0.52 21.61 0.66 19.36 0.79 1.12

Ugashik 0.37 20.21 0.47 18.58 0.79 1.09

b.)

1-1 Bay-wide East side % diff.

R2 BIC R2 BIC R 2 BIC

Kvichak 0.01 23.32 0.00 20.78 0.00 1.12

Alagnak 0.45 17.43 0.24 15.18 1.88 1.15

Naknek 0.22 20.13 0.12 17.67 1.83 1.14

Egegik 0.28 21.71 0.57 18.61 0.49 1.17

Ugashik 0.39 19.71 0.48 16.97 0.81 1.16
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The model fit by drainage in the west side model was generally better than the 

bay-wide model (ABIC > 2) in both levels and in the residuals (Table A.7). Although this 

decrease in model performance occurred, the bay-wide model was still selected because 

of the east side drainages experienced increases in model performance and because 

conceptually the returns to the drainages should be correlated.

Table A.7. Comparison of performance of a model with a one period lag and one state 

between the west side model and the bay-wide with a system lag of one and two state 

variables: a.) brood year returns and b.) Ricker residuals.

a.)

Bay-wide West side % diff

R2 BIC R 2 BIC R 2 BIC

Wood 0.41 17.97 0.40 15.13 1.03 1.19

Igushik 0.34 17.13 0.36 14.22 0.94 1.20

Togiak 0.30 15.08 0.36 12.10 0.83 1.25

b.)

Bay-wide West side % diff

R2 BIC R 2 BIC R 2 BIC

Wood 0.31 18.80 0.36 14.92 0.86 1.26

Igushik 0.37 18.02 0.34 14.25 1.09 1.26

Togiak 0.22 15.90 0.25 12.02 0.88 1.32

Univariate Models

The model performance varied little between the bay-wide model and the 
univariate models in levels (
Table A.8). Three models experienced an increase in R2 between the univariate and the 

bay-wide models, 4 experienced a decrease and the R2 for the Kvichak remained zero.
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Although the R2 values would indicate selection o f  the bay-wide model, the BIC values 

are significantly higher in the bay-wide model than in the univariate model 

( ABIC = 4.40). The same was true for the residuals ( ABIC = 4.50).

Table A.8. Comparison of performance of a model with a one period lag and one state 

between the bay-wide model and the univariate models a.) brood year returns and b.) 

Ricker residuals. 

a )

1-1 Bay-wide Univariate % diff.

R2 BIC R 2 BIC R 2 BIC

Kvichak 0.00 24.22 0.1 1 5 19.52 0.00 1.24

Alagnak 0.39 17.76 0.30 13.21 1.30 1.34

Naknek 0.25 20.36 0.21 15.72 1.19 1.30

Egegik 0.52 21.61 0.55 18.8 0.95 1.15

Ugashik 0.37 20.21 0.41 15.46 0.90 1.31

Wood 0.37 19.00 0.31 14.39 1.19 1.32

Igushik 0.32 18.12 0.33 13.41 0.97 1.35

Togiak 0.26 16.09 0.18 11.50 1.44 1.40

5 Kvichak model 2-1 because others are unstable or uncontrollable
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b.)

1-1 Bay-wide Univariate % diff.

R2 BIC R2 BIC R2 BIC

Kvichak 0.01 23.32 0.00 18.68 1.25

Alagnak 0.45 17.43 0.30 13.20 1.50 1.32

Naknek 0.22 20.13 0.21 15.70 1.05 1.28

Egegik 0.28 21.71 0.55 16.80 0.51 1.29

Ugashik 0.39 19.71 0.41 15.50 0.95 1.27

Wood 0.31 18.80 0.31 14.40 1.00 1.31

Igushik 0.37 18.02 0.33 13.40 1.12 1.34

Togiak 0.22 15.90 0.18 11.50 1.22 1.38

Sea Surface Temperature Models

In order to improve on the forecasting abilities of the state space models using 

solely the brood year returns, SST was selected to help improve the model fit according 

to past successes in Bristol Bay (Adkison and Peterman 2000, Mueter et al. 2002). The 

models described above were then run with SST included (Table A.9).
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Table A.9. Comparison of performance of a model with a one period lag and one state 

between the bay-wide models, and the regional models a.) brood year returns and b.) 

Ricker residuals grouping all drainages together and region with Sea Surface 

Temperature (SST).

a.)

Bay-wide West side East side

R2 BIC R 2 BIC R 2 BIC

SST 0.03 4.77 0.53 1.65 0.04 2.17

Alagnak 0.43 17.70 0.35 15.25

Naknek 0.27 20.33 0.18 17.87

Egegik 0.49 21.66 0.65 18.71

Ugashik 0.38 20.19 0.47 17.46

Wood 0.42 18.92 0.41 16.55

Igushik 0.33 18.09 0.40 15.58

Togiak 0.29 16.05 0.42 13.44

b.)

bay-wide West side East side

R2 BIC R 2 BIC R 2 BIC

SST 0.01 4.79 0.53 1.64 0.00 2.21

Alagnak 0.45 17.44 0.25 15.17

Naknek 0.21 20.14 0.12 17.66

Egegik 0.38 21.55 0.56 18.62

Ugashik 0.48 19.54 0.48 16.97

Wood 0.31 18.83 0.39 16.32

Igushik 0.33 18.08 0.40 15.59

Togiak 0.20 15.91 0.32 13.36
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Comparison o f  model performance between the bay-wide model with and without 

SST indicates that in some drainages there was some increase in model performance; 

however, the improvement in model performance was not enough to warrant inclusion o f 

SST into the model (Table A.10).

Table A.10. Comparison of performance of a model with a one period lag and one state 

between univariate models with Sea Surface Temperature (SST) and without SST a.) 

brood year returns and b.) Ricker residuals. 

a )

1-1 With SST Without SST % diff.

R2 BIC R2 BIC R 2 BIC

SST 0.03 4.77

Alagnak 0.43 17.70 0.45 16.47 0.96 1.07

Naknek 0.27 20.33 0.20 19.19 1.35 1.06

Egegik 0.49 21.66 0.38 20.60 1.29 1.05

Ugashik 0.38 20.19 0.49 18.58 0.78 1.09

Wood 0.42 18.92 0.34 17.80 1.24 1.06

Igushik 0.33 18.09 0.35 17.10 0.94 1.06

Togiak 0.29 16.05 0.22 14.94 1.32 1.07
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b.)

1-1 With SST Without SST % diff.

R2 BIC R2 BIC R 2 BIC

SST 0.01 4.79

Alagnak 0.45 17.44 0.44 16.50 1.02 1.06

Naknek 0.21 20.14 0.21 19.18 1.00 1.05

Egegik 0.38 21.55 0.38 20.59 1.00 1.05

Ugashik 0.48 19.54 0.49 18.58 0.98 1.05

Wood 0.31 18.83 0.31 17.88 1.00 1.05

Igushik 0.33 18.08 0.34 17.12 0.97 1.06

Togiak 0.20 15.91 0.21 14.94 0.95 1.06

Pacific Decadal Oscillation Index

The PDO did a better job of improving the model fit for the data in levels, 

substantially increasing R2 values in four of 4 of the models, and only decreasing the R2 

in the Ugashik and Igushik with an insignificant increase in BIC (ABIC < 2) (Table 

A.11). Inclusion of the PDO for the residuals model resulted in a two fold increase in the 

R2 value for the Naknek and a thirty percent increase in the R2 for the Egegik, but caused 

an average decrease of thirty percent in R2 for the other rivers (

Table A.11Table A.11).
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Table A.11. Comparison of performance of a model with a one period lag and one state 

between models with and without the PDO a.) brood year returns and b.) Ricker 

residuals. 

a )

1-1 With PDO Without PDO % diff.

R2 BIC R2 BIC R 2 BIC

PDO 0.28 4.33

Alagnak 0.45 17.65 0.45 16.47 1.00 1.07

Naknek 0.28 20.33 0.20 19.19 1.40 1.06

Egegik 0.60 21.43 0.38 20.60 1.58 1.04

Ugashik 0.48 20.02 0.49 18.58 0.98 1.08

Wood 0.37 19.00 0.34 17.80 1.09 1.07

Igushik 0.28 18.17 0.35 17.10 0.80 1.06

Togiak 0.31 16.01 0.22 14.94 1.41 1.07

1-1 With PDO Without PDO % diff.

R2 BIC R2 BIC R 2 BIC

PDO 0.42 17.49

Alagnak 0.20 20.16 0.44 16.50 0.45 1.22

Naknek 0.46 21.42 0.21 19.18 2.19 1.12

Egegik 0.51 19.49 0.38 20.59 1.34 0.95

Ugashik 0.29 18.83 0.49 18.58 0.59 1.01

Wood 0.30 18.12 0.31 17.88 0.97 1.01

Igushik 0.20 15.92 0.34 17.12 0.59 0.93

Togiak 0.19 4.44 0.21 14.94 0.90 0.30
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In the univariate models, the inclusion of the PDO resulted in a decrease in R2 in 

four of the models and an increase in three of the models (Table A.12). There was no 

significant difference between the BICs of the models with or without the PDO.

Table A.12. Univariate models with one lag and one state with and without the PDO for 

the brood year returns model.

1-1 PDO With PDO Without PDO % diff.

R2 BIC R 2 BIC R2 BIC R 2 BIC

Kvichak 0.1 1 6 19.52

Alagnak 0.43 -0.21 0.33 13.55 0.30 13.21 1.10 1.03

Naknek 0.34 -0.07 0.14 16.19 0.21 15.72 0.67 1.03

Egegik 0.30 -0.01 0.62 17.06 0.55 18.80 1.13 0.91

Ugashik 0.41 -0.18 0.44 15.78 0.41 15.46 1.07 1.02

Wood 0.33 -0.06 0.21 14.92 0.31 14.39 0.68 1.04

Igushik 0.31 -0.03 0.23 13.92 0.33 13.41 0.70 1.04

Togiak 0.32 -0.05 0.44 -0.09 0.18 11.50 2.44 -0.01

Post-sample Validation

Despite the low model performance, several models were tested using the five 

observations that were reserved for post sample validation. The bay-wide model 

including the Kvichak was chosen as the best model, based on lowest BIC, parsimony 

and biological theory. The post sample validation for the data in levels did better than the 

model of residuals, with only two negative R2 values (Table A.13). The out of sample 

validation for the residuals only produced a positive R2 for two of the 8 drainages.

6 Kvichak model 2-1 because others are unstable or uncontrollable
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Table A.13. Post sample validation of models with a one period lag and one state a.)

brood year returns and b.) Ricker residuals.

a.)

1-1 Bay-wide West side East side

R2 BIC R 2 BIC R2 BIC

Alagnak 0.12 27.97 0.19 20.17

Naknek 0.66 28.14 0.44 20.91

Egegik -2.18 30.92 -3.10 23.44

Ugashik -1.99 29.31 -2.46 21.73

Wood 0.12 29.96 0.05 20.38

Igushik 0.20 26.85 -0.25 17.64

Togiak 0.35 26.28 0.33 16.66

b.)

1-1 Bay-wide West side East side

R2 BIC R 2 BIC R2 BIC

Alagnak -0.24 27.82 -0.11 19.98

Naknek 0.42 28.67 0.28 21.16

Egegik - 1.00 30.29 -3.12 23.28

Ugashik -1.12 29.00 -1.77 21.55

Wood -0.03 29.81 -0.06 20.18

Igushik -0.51 26.98 -0.84 17.52

Togiak 0.24 26.28 0.22 16.65
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Discussion

Although the state space models were able to account for some of the variability 

in-sample, the post sample validation indicated that the models cannot forecast 

accurately. The failure of the post sample validation can be attributed to the combination 

of a relatively short data series with a high level of noise. The model was unable to 

separate the trend from the noise. None of the residual models performed adequately to 

be used to remove the autocorrelation from the fit of the Ricker model or to improve the 

high level of variability in the spawner-recruit relationship.

Exclusion of the Nushagak time series might have had an effect on model 

performance. Over the time series the Nushagak went from being a minor contributor to 

one of the major producers in Bristol Bay. Inclusion of Nushagak might provide 

important information to the model fitting process. The drainage is currently one of the 

dominant producers which is a dramatic change from earlier time periods. It is possible 

that inclusion of the ninth drainage could allow for a better model.

L iterature  Cited

Adkison, M.D., and Peterman, R.M. 2000. Predictability of Bristol Bay, Alaska, sockeye 

salmon returns one to four years in the future. N. Am. J. Fish. Manag. 20(1): 69

80.

Aoki, M., and Havenner, A. 1991. State space model of multiple time series. Economet. 

Rev. 10(1): 1-59.

Clark, J.H., McGregor, A., Mecum, R.D., Krasnowski, P., and Carroll, A.M. 2006. The 

commercial salmon fishery in Alaska. AK. Fish. Res. Bull. 12(1): 1-146.

Criddle, K.R., and Havenner, A.M. 1990. Forecasts from a state space multivariate time- 

series model. Am. J. Agric. Econ. 72(3): 793-798.

Criddle, K.R., and Havenner, A.M. 1991. An encompassing approach to modeling fishery 

dynamics: Modeling dynamic nonlinear systems. Nat. Resour. Model. 5: 55-90.



92

Criddle, K.R., and Herrmann, M. 2008. A state space bioeconomic model of Pacific 

halibut. Natural Resource Modeling 21: in press.

French, R., Bilton, H., Osako, M., and Hartt, A. 1976. Distribution and origin of sockeye 

salmon (Oncorhynchus nerka) in offshore waters of the North Pacific Ocean. 

International North Pacific Fisheries Commission Bulletin 34: 1-113.

Hare, S.R., Mantua, N.J., and Francis, R.C. 1999. Inverse production regimes: Alaska and 

west coast Pacific salmon. Fisheries 24(1): 6-14.

Mueter, F.J., Peterman, R.M., and Pyper, B.J. 2002. Opposite effects of ocean

temperature on survival rates of 120 stocks of Pacific salmon(Oncorhynchus spp.) 

in northern and southern areas. Can. J. Fish. Aquat. Sci. 59(3): 456-463.

Myers, K.W. 1997. Offshore distribution and migration patterns and ocean survival of 

salmon. In Estuarine and ocean survival of northeastern Pacific salmon: 

Proceedings of the workshop. Edited by R.L. Emmett and M.H. Schieve. NOAA 

Technical Memorandum NMFS-NWFSC.

Noakes, D., Welch, D.W., and Stocker, M. 1987. A time series approach to stock-recruit 

analysis: Transfer function noise modeling. Nat. Resour. Model. 2: 213-233.

Noakes, D.J., Welch, D.W., Henderson, M., and Mansfield, E. 1990. A comparison of 

preseason forecasting methods for returns of two British Columbia sockeye 

salmon stocks. N. Am. J. Fish. Manag. 10(1): 46-57.

Peterman, R.M., Pyper, B.J., and MacGregor, B.W. 2003. Use of the Kalman filter to 

reconstruct historical trends in productivity of Bristol Bay sockeye salmon 

(Oncorhynchus nerka). Can. J. Fish. Aquat. Sci. 60(7): 809-824.

Walters, C.J. 1985. Bias in the estimation of functional relationships from time series 

data. Can. J. Fish. Aquat. Sci. 42(1): 147-149.


