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ABSTRACT

The migratory behavior of salmon must be accommodated in the
regulation of a terminal fishery if the population is to be properly
divided into catch and escapement. Ideally, the escapement is taken
from each time segment of the migration to include components from each
substock, but this practice places the fishery manager in the position
of discovering the size and timing of the migration as it develops. The
fishery manager must have prior knowledge of both the expected harvest
able surplus of salmon and the expected distribution of surplus over
time segments of the salmon run. Conventional harvest control methods
are not suitable to the unique harvest control environment in the
Chignik, Alaska sockeye salmon fishery.

The present study examines two solutions to the Chignik fishery
manager’s dilemma. In the first of these, an intraseason forecast model
allocates total abundance from a pre-season forecast to time periods of
the migration according to the proportions specified by an average
performance curve (APC) to produce forecasts of cumulative abundance by
time interval. This APC method is contrasted with an intraseason period
forecast (IPF) which predicts cumulative abundance in time interval t÷1
based on observed cumulative abundance in interval t and the historical
significance of cumulative abundance on the (t÷1)th time interval to
that on the (t)th interval. It is hypothesized that the IPF model is
more flexible to interannual variability in the perceived migratory
behavior of Chignik sockeye.

The hypothesis is tested by direct comparisons of forecasting
performance in reconstructions of Chignik sockeye salmon migrations in
1978-1983, inclusive. Results show that the APC model performs poorly
in years when either the pre-season forecast or observed migration
timing departs from expectation. The IPF method shows better perform
ance in years of unusual timing or behavior of the sockeye migration,
but suffers in years when abundance is very much different than the
historical average for each time interval.
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INTRODUCTION

Management of a salmon fishery is a delicate exercise in balancing
social and political demands on the resource against the biological
constraints of resource conservation. The conflict is perhaps nowhere
in salmon management so pointed as in the debate over regulation of the
commercial harvest, wherein the short-term economic health of a regional
salmon industry may depend on management decisions which have long term
criteria. However, the regulatory process is not only the interface
between commercial exploitation and biological conservation of the
resource; it is also the pivot point of success or failure in delivering
the objectives of a salmon management plan. The precision with which
the commercial harvest is controlled determines how closely designated
conservation goals are met.

Knowledge of the homing behavior of salmon is an integral part of
the regulatoryprocess for, unlike most marine fisheries which operate
on closed, non-migratory populations, the conduct of the salmon fishery
is constrained by the migration phenomenon to relatively narrow bound
aries in time and space. Errors in decision-making cannot be recalled,
for salmon escaping the fishing grounds are never harvested, and those
harvested will never contribute progeny to the next generation.
Furthermore, the decisions of a single season impact the biological
production from preceding and following seasons. As the migratory
behavior of salmon is a conservative and predictable phenomenon within
stocks (Mundy 1979), approximate calendar dates have become historically
associated with critical points, such as peak days, in the abundance of
many salmon migrations (e.g., Royce 1965). Annual variability in the
abundance and timing of returns may preclude effective control of the
harvest at this level of precision.

The essence of a harvest control system is the predictability of
salmon abundance on the terminal fishing grounds. Decisions to open or
close fishing periods depend on assessments of the total size of the
salmon population so that the fraction available for harvest can be
determined. Although pre-season forecasts of abundance may provide the
fishery manager with a degree of foresight, there are certain to be
deviations from pre—season estimates of abundance because important
predictor variables have not been accurately measured. It is therefore
essential that the management agency be capable of making adjustments in
fishing pressure during the fishing season to fully harvest the surplus
from stock returns that exceed escapement needs or to protect those that
do not.

In addition to simply ensuring that a designated escapement goal is
met, harvest control should be implemented to ensure that the escapement
is distributed over all time segments of the migration in recognition of
the possibilty for differential timing (Thompson 1951) and productivity
(Ricker 1958) of substocks within the composite stock migration.
However, the practice of allocating escapements from each time period
places the fishery manager in the uncomfortable position of discovering
the size and timing of the migration as it develops. Use of the fishery
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as an indicator of abundance is risky because any given magnitude of
catch has relevance to the understanding of total abundance only in so
far as the timing of the migration is understood. For example, a small,
early migration could be devastated by fishery regulations intended for
a predicted large migration of average timing. To properly allocate
total abundance in each time interval between catch and escapement, the
fishery manager must anticipate not only the harvestable surplus of
salmon, but also the distribution of surplus over time.

This problem has been addressed in recent years by a number of
investigators (Walters and Buckingham 1975; Mobrand 1977; Mundy 1979;
Hornberger and Mathisen 1980; Brannian 1982; Clark 1983; Schnute and
Sibert 1983; Barth 1984). A harvest control system which is currently
undergoing widespread scrutiny is that articulated by Mundy (1979) for.
application to the Bristol Bay sockeye salmon fishery. Historical pat
terns of catch and effort were statistically interpreted in terms of the
dates by which specified proportions of total catch were taken within
individual years. The time series of catch proportions was assumed to
accurately reflect the time series of sockeye abundance at a fixed
geographic reference point and was termed the “time density dis
tribution” of the sockeye migration. The time density was presented as
an empirical probability density function of the random variable, time,
wherein the proportion of catch occuring in a time interval defined the
probability of occurence of the time interval. Statistical analyses of
means and variances for the annual time density distributions showed
that a quantitative model of the migratory behavior of Bristol Bay
sockeye could be used to objectively describe future migrations.

The harvest control system proposed by Mundy (1979) is based on the
concept that empirical patterns in the time series of cumulative
proportions of total catch, CPUE, or abundance are stable and predict
able for many salmon migrations. Harvest effort in the commercial
fishery is regulated in this system according to the cumulative propor
tion of the total allowable catch taken by the fleet in successive time
periods. Intraseason predictions of total catch are calculated at each
time interval by dividing the cumulative catch in the current year by
the corresponding expected proportion of total catch specified by a
cumulative time density function averaged from the historical record.
The regulatory agency monitoring the progression of cumulative catch
toward the catch quota imposes harvest control measures at appropriate
times to ensure the progression remains “on track.” Later termed the
“performance curve” (Mundy et al. 1985), the cumulative time density
model has found application in salmon fisheries from Puget Sound to
Kotzebue (Mundy et al. 1985; see Mundy 1984 for review), as well as in.
such diverse fisheries as brown shrimp (Babcock and Mundy 1985; Matyle—
wich and Mundy 1985) and blue crabs (Hester 1983) in Chesapeake Bay.

Unfortunately, migratory time density models may not meet the re
quirements of every harvest control situation. Because the migratory
behavior of salmon is an environmentally mediated phenomenon (Mundy
1982), the time density of a single year may be of limited use for de
scribing migratory timing for purposes of fisheries regulation (Rugolo
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1984). The best image of migratory behavior generally is taken to be
the average of several years’ data, but the mean is not necessarily a
good description of the migration in any given year. Walters and
Buckingham (1975) concluded that their method was no more reliable than
the judgement of an experienced fishery manager. Mundy (1979) found
that predictions of total abundance based on an average performance
curve did not reach acceptable levels of reliability in some cases until
roughly 60% of the migration had passed. Barth (1984) examined several
types of intraseason forecast systems and confirmed that average timing
models showed poor performance early in the migration, but most improved
considerably after the mean date of migration.

The harvest control environment at Chignik includes some aspects
that inhibit the use of conventional migratory time density models. The
Chignik sockeye salmon fishery currently is regulated on the basis of
escapements enumerated at a weir on the Chignik River. Commercial
harvests are permitted so long as cumulative daily escapements exceed
cumulative daily escapement goals. It is well known locally that
escapement counts may not accurately represent the true abundance of
sockeye in the terminal fishing area because sockeye entering Chignik
Lagoon tend to mill about for up to several days before moving upriver
to be counted. The fact of milling in the lagoon violates the assump
tion of constant, unidirectional movement of the migration, stipulated
by Mundy (1979) as the optimal condition for applying migratory time
density theory.

A second, more pressing, concern to the Chignik fishery manager is
the need for reliable information early in the migration. The critical
period for harvest control occurs during the first days, when total
abundance and timing must be evaluated from an incomplete image
presented by cumulative escapement counts. Since harvest control deci
sions are dependent on daily reports of catch and escapement, the re
gulatory system responds to estimates of the abundance of fish already
accounted for, rather than to the more relevant estimate of the abun
dance of those yet to be counted. Accordingly, the fishery manager is
squarely in the position of discovering the size and timing of the
migration as it develops, and a system of intraseason forecasting that
cannot provide acceptable accuracy during this period is of little
value.

This study explores two possible solutions to the Chignik fishery
manager’s dilemma. It is postulated that an intraseason abundance
estimator of the type described by Walters and Buckingham (1975), Mundy
(1979), Hornberger and Mathisen (1980) and Brannian (1982) is sabotaged
at the outset by the migratory behavior of Chignik sockeye and by the
requirement for accurate information early in the migrations. There
fore, the first proposed solution examines the feasibility of reversing
the intraseason forecasting problem such that predictions of total
abundance made from observations taken early in the migration, which
typically show errors in the range of 50—200% prior to the mean date of
migration (Barth 1984), are replaced by a single pre—season forecast of
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abundance which is allocated over time periods of the migration accord
ing to the proportions specified by an average performance curve.. This
model, termed the APC method, depends on the assumptions that pre—season
forecasts are sufficiently accurate, and migratory timing parameters are
sufficiently robust to violations of time density theory, that resulting
projections of cumulative abundance by time interval adequately model
observed data.

An alternative model is proposed in case both of the above assump
tions are not generally met. A stochastic time series model (Thomas and
Fiering 1962) is adapted to the problem at hand by assuming the error
term to be a standard normal random deviate. The model is similar to a
Markov chain in which the predicted state of the variate (cumulative
abundance) at time t÷1 is linearly related to the state of the variate
at time t. The recursive form of the model provides a feedback
mechanism whereby the sign, and magnitude, of prediction error in the
current time interval influence the prediction for the next interval.
It is proposed that this intraseason period forecast (IPF) model has the
capacity to detect migrations that are extraordinary in terms of the
distribution of abundance over time.

This report begins with a description of the study area and a brief
review of previous research in the Chignik watershed. Details of pre
season forecast models prepared for each nursery lake stock are provided
together with an accounting of their performance in hindcasting annual
stock abundances. As the migratory behavior of adult sockeye remains
the foundation of both intraseason forecast models, detailed
descriptions of stock migrations are included. Final sections describe
the APC and IPF models, and then conpare the performance of each in
reconstructing the migration patterns of Chignik sockeye in recent
years.

Study Area

The Chignik watershed lies in a region of active volcanism at the
westerly inflection of the Alaska Peninsula (Fig. 1). The two lakes and
associated tributaries in the system together drain approximately 1,540
km2 of tundra, marsh, and grassland on the west and glacially-sculpted
mountains of the Aleutian Range on the east. Descriptions of the
geology, flora, and fauna of the region given in Knappen (1929) largely
apply today.

The nursery lake system arises in the many spring—fed streams of
the Alec River drainage which, together with snowmelt and rainfall,
supplies Black Lake. Black River connects Black Lake with Chignik Lake
and collects additional input from Chiaktuak, West Fork, and Bearskin
creeks. Clark River and several smaller streams also provide limited
inputs of water to Chignik Lake. Chignik River drains the watershed
into Chignik Lagoon, a shallow, nearly-enclosed coastal lagoon.

Pertinent physical measurements of the system are summarized in
Table 1. The two lakes are physically dissimilar. The high surface
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area to volume ratio of Black Lake promotes rapid adiabatic heating,
whereas the comparatively low ratio for Chignik Lake delays warming.
The °growing season~ is thought to commence in early April in Black Lake
and mid—June in Chignik Lake (Narver 1966), although these approximate
dates probably have changed in the past 10 years with the observed trend
toward milder winter climate (Rogers 1980). Black Lake may lose up to
one third of its total volume in dry summers and is subject to major
changes in basin morphology due to siltation. Chignik Lake is
considerably more stable in these characteristics.

The Chignik lakes were shown to be among the most productive of
Alaska’s sockeye nursery lakes by Burgner, et al. (1969). They
reported that the system ranked first among 24 other nursery lakes in
western Alaska in measurements of productivity and standing crop of
phytoplankton (by area and volume), second in total dissolved solids,
and second in the number of spawners per unit of lake surface area.
Spawner densities since have increased by about 50% in both lakes.

Chignik Lagoon is an important secondary rearing area for post
smolt sockeye (Phinney 1968) and is the focus of commercial fishing
activity during the adult return. A description of the lagoon is useful
here because its physical properties strongly influence the operation of
the fishery. The lagoon is 11.6 km long, about 2.5-3.5 km wide and has
a surface area of 41.4 km2 at high tide (Fig. 2). It is mostly very
shallow and about half of its surface area is exposed at low tide.
Dense Zostera beds provide excellent cover for the resident fauna
(Narver and Dahlberg 1965), but restrict boat travel to a few channels.
The dominance of tidal activity in the lagoon is revealed by the large
tidal prism to river flow ratio (289), the high tidal exchange ratio
(.57, indicating that over 50% of the volume of the lagoon is removed on
the ebb tide), and the nearly complete mixing of salt water and
freshwater (Phinney 1968). Tidal currents restrict times and locations
at which fishing may be successfully conducted.

The physical confines of the lagoon limits the spatial distribution
of migrating adults. Fish may congregate for up to several days in the
relatively protected waters of the lagoon prior to moving upstream, a
behavior commonly observed in the spawning migration of salmon. Its
effect at Chignik can be spectacular, as the lagoon may become literally
alive with several days’ accumulation of adult sockeye before the first
commercial harvest is announced. The “fish in a barrel” situation is
conducive to intensive exploitation of the migration by most of the
purse seine fleet. Up to 85% of the total harvest of sockeye salmon in
the Chignik District normally is taken inside the lagoon or in adjacent
waters outside the spit at the entrance.

Sockeye approaching the Chignik District are intercepted at Cape
Igvak on the northeast boundary and at Stepovak Bay on the southwest
boundary. Extremely limited data from tagging in the early 1960’s
indicated that about 80% of sockeye tagged at Cape Igvak and Stepovak
Bay were recovered in the Chignik system. Fisheries at these locations
are now regulated to a quota proportional to the Chignik sockeye catch.
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REVIEW OF PREVIOUS RESEARCH

Commercial fishing began at Chignik in 1888 when a prospecting
crew from the Fishermen’s Packing Company returned to Astoria with
tales of great abundance, and thousands of barrels of salted salmon to
back them up. By 1897 the traps, seines, and gillnets employed in the
fishery routinely captured over 1 million sockeye anually. Regulation
of the harvest was virtually nonexistent until 1922, when a weir was
constructed on the Chignik River to monitor escapements into the
nursery lakes. The weir has been erected in all years since, except
when budget restrictions or world war curtailed operations.

Early fisheries research consisted of routine scale sampling from
the commercial catch of sockeye. Results of these initial studies are

perhaps best summarized by the following passage:’

“The problems relating to the red salmon of this river
are proving to be of unusual complexity. The scales present
irregularities that can not be interpreted with certainty
until a detailed study has been made of the growth of the
fingerlings and the development of their scales. The task of
determining the number of fish of each age in the spawning
migration is complicated by pronounced and irregular fluc
tuations in the age composition of the run at different times
of the season. The study is further complicated by fluc
tuations in the time at which the bulk of the run is passing
the commercial fishery. The run is in progress for approxi
mately 20 weeks, but half or more of the fish may pass during
a period of two weeks. This peak in the run may come as
early as June or as late as August. The run is not always
concentrated into a pronounced peak; in some cases it has
remained quite constant for a period of 10 or more weeks.”

The tone of this description is as valid today as it was in 1928. Much
of the subsequent research in the system has attempted to resolve the
“complexity” referred to above.

Investigations under the direction of Dr. C. H. Gilbert were ex
panded in 1928 to include studies of the freshwater life history of
sockeye. It soon became apparent to the field project leader, Harlan
B. Holmes, that more than a single “race” of sockeye returned to the
Chignik system. Further research began to reveal differences in mi
gratory timing, location of spawning grounds, length of freshwater.
residence by juveniles, and age at maturity (Higgins 1934). Unfor
tunately, budget restrictions were a fact of life then, as now, and
detailed studies were curtailed after 1933. It would be 18 years
before a sustained research project was resurrected at Chignik.

1Higgins, E. 1930. Progress in biological inquiries, 1928. Page 645
in Report of the Commissioner of Fisheries to the Secretary of Commerce
for the fiscal year ended June 30, 1929. U.S. Bureau of Fisheries.
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Recent Research

Directed studies on the biology of sockeye salmon in the Chignik
system were resumed by Fisheries Research Institute (FRI) at the
request of the salmon canning industry, which had become alarmed at the
declining trend in salmon production throughout Alaska in the early
1950’s. Total returns of sockeye salmon to Chignik had by this time
declined from an average of 2.8 million during the period 1922-1939 to
an average of only 1.5 million between 1940 and 1955 (Dahlberg 1968).
Initial studies were limited to the collection of routine fishery
statistics and limited tagging experiments (Thorsteinson 1956). The
project was expanded after 1955 to investigate the freshwater biology
of sockeye. These studies attempted to relate the magnitude of smolt
outmigrations to returns of adults (Roos 1958) , and to identify major
sources of mortality on the juveniles during lacustrine residence (Roos
1959, 1960a, 1960b). Cooperative studies with the Alaska Department of
Fish and Game (ADF&G) were instituted in 1961 when ADF&G assumed
management control of the Chignik fishery.

Major advancements in management of the sockeye resource resulted
from comprehensive studies in the 1960’s by Narver (1963,1966) and
Dahlberg (1968). Narver (1963) confirmed the suggestion made some 30
years earlier by Holmes (1934) that the Chignik sockeye salmon migra
tion is composed of two main segments which typically exhibit separate
peaks of abundance in mid-June and mid-July. He found that “early run”
fish are bound primarily for the Alec River/Black Lake nursery complex
high in the watershed while “late run” fish are destined largely for
the Black River/Chignik Lake complex (Figs. 3 and 4). During much of
the season the two stocks mix in the fishery in varying relative pro
portions as the predominance of Black Lake—bound fish in the catch and
escapement gradually shifts to a predominance of Chignik Lake-bound
fish. However, he showed that these principal stocks actually are
composites of four major and three minor substocks identified on the
basis of time and location of spawning and lacustrine scale patterns
(Table 2).

Two studies by Narver (1966) and Dahlberg (1968) were pivotal in
the rehabilitation of Chignik sockeye stocks and remain the basis of
the present management system. The objective of their research was to
recommend escapement goals for each stock by 1) estimating the carrying
capacity of each nursery lake for sockeye fry and calculating escape
ments needed to optimize fry densities; and 2) analyzing conventional
spawner-recruit relationships from past years to recommend optimum
escapements for each stock. The agreement in their recommendations is
remarkable given the difference in methods used.

Narver’s (1966) exhaustive study of the nursery lake ecosystem
suggests that many aspects of the population dynamics of the stocks can
be explained in terms of the effect of the physical environment on the
freshwater ecology of juveniles. A pronounced stock-specific fresh
water age composition probably results from the different conditions
for growth of juveniles in the two lakes. Black Lake is extremely
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turbid and relatively warm throughout the summer. The low volume and
high turbidity likely restrict the production and consumption of zoo-
plankton, thus forcing sockeye foraging toward consumption of high-
quality prey such as emergent larval and winged adult insects (Narver
1966; Parr 1972). Chignik Lake is much less turbid, warms more slowly,
and is relatively cooler throughout summer. Juvenile sockeye disperse
to the linnetic area of Chignik Lake at about 30 mm length and there
after feed primarily on zooplankton (Parr 1972). Studies on fish
growth and age structure in the juvenile populations confirm that fry
growth is accelerated in Black Lake and that holdover age I fingerlings
are virtually absent, whereas growth is reduced in Chignik Lake and
ages I and II fingerlings are common (Narver 1966; Marshall 1977).
The differences in lacustrine growth and residence time are reflected
in adult returns that may show characteristic fluctuations in
freshwater age composition coinciding with the passage of each stock
through the fishery. The Black Lake stock migration is composed pri

manly of age group 1.32, with ages 2.3, 1.2, and 2.2 less abundant.
Chignik Lake stock are mainly 2.3 and 2.2 at return. Ages 1.3 and 1.2
rarely contribute more than 25% to Chignik Lake stock abundance (Conrad
1983). While quantitative data on age composition in the smolt migra
tion are lacking, the freshwater age composition of returning adults
normally shows that most survivors of the Black Lake stock migrated to
sea as age I smolts and those from Chignik Lake were predominantly age
II at seaward migration. This generalization is complicated by mid
summer emigrations of age 0 fry from Black Lake into Chignik Lake (Roos
1958; Narver 1963). Presumably a fraction of Black Lake emigrants
migrate from Chignik Lake as age I smolts and the rest migrate at age.
II. In some years, particularly those in which Black Lake stock abun
dance is weak, the percentage of 2.3’s in the migration may exceed that
of 1.3’s.

As part of his work, Dahlberg (1968) devised a method for dividing
historical abundance statistics into Black Lake and Chignik Lake stock
components based on differences in their average migration timing. The
transition from Black Lake to Chignik Lake stock in the fishery has
been modelled since 1964 by a logistic time of entry (TOE) curve fit to
data from tagging studies begun in 1962 (Fig. 5). Some features of the
transition are consistent from year to year while others, such as the
timing and rate at which the transition occurs, may show significant
annual variation (Conrad 1983).

Researchers in subsequent years have become aware of the limita
tions of Dahlberg’s method. Pedersen and Petersen (1971) pointed out
that use of the curve is strictly appropriate only when the stocks are
of approximately equal magnitudes. Parr and Pedersen (1969), Burgner
and Marshall (1974), and Marshall and Burgner (1977) noted that age

2European system of age designation: number of winters in freshwater,
decimal point, number of winters at sea. Total age is the sum of years
spent in freshwater and salt water, plus 1 year for that spent incubat
ing in spawning grounds.
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composition statistics calculated for each stock from scale samples
taken when the stocks mixed in the commercial fishery seldom resembled.
those calculated from samples taken on the spawning grounds. Addition
al errors in allocation to each stock were suspected to occur when the
actual migration timing of the stocks varied from that predicted by the
average time of entry curve.

Despite attempts to develop an alternative method for separating
the stocks in the migration (Marshall and Burgner 1977), no satisfac
tory substitute was found until Marshall et al. (1980) reported the
results of a stock separation experiment using scale growth patterns
and discriminant function analysis. Their favorable results stimulated
further research on the application of scale pattern analysis as a
management tool to be used in—season for determining the relative
proportions of each stock present in the catch and escapement on a
daily basis. The results of this major study (Conrad 1982, 1983)
clearly established the superiority of the method for providing reli
able stock composition statistics for the Chignik sockeye catch and
escapement. Catch, escapement, and age composition by stock have been
recalculated for adult returns since 1977, and intraseason stock
separation programs based on scale pattern analysis have provided real
time stock composition data since 1981 to aid in management decision-
making.

The common objective of the studies outlined above has been to
optimize the distribution of spawners among the spawning grounds of the
two nursery lakes in the system. However, the intent to optimize im
plies the ability to control the process whereby optimization occurs.
Effective control of a dynamic process, such as the spawning migration
of salmon, requires the ability to both determine the status of the
process, and predict its course. The body of research reviewed above
relates almost exclusively to evaluating the status of the fishery on.a
daily basis. There exists no management tool whereby the fishery man
ager may anticipate stock abundance and timing, especially since early
escapement counts may not accurately reflect the arrival and pooling of
fish in Chignik Lagoon. Since up to 50% of the desired number of Black
Lake spawners may surge past the weir in a period of 48 hrs, the fish
ery manager easily may “fall behind” with respect to controlling the
distribution of escapements from all time segments. Misjudgement of
abundance has resulted in large surplus escapements that represent not
only lost revenue to the fishing industry, but also possibly severe
burdens on the nursery lake forage base. The objective of this study
is to provide the Chignik fishery manager with methods to anticipate
the availability of harvestable salmon during the season so that the
probability of occurence of such events is minimized.



METHODS AND MATERIALS

Pre-season Forecast Models

The abundance of returning adult salmon in year i is the product
of potential brood strength times the fraction of the brood maturing in
year i summed across all broods contributing to the stock migration in
year i. The brood maturity schedule, which relates the mean number of
age j-1 fish that return in year i-i to the mean number in the brood
that return at age j in year i, is widely used for predicting the abun
dance of salmon and steelhead one year in advance. Previous forecast
models for Chignik sockeye salmon employed linear regression analysis.
to quantify the relationship between returns of sibling 2—ocean and 3—
ocean age fish. However, this simple bivariate explanation for the
observed variability in abundance of 3-ocean age fish proved to be
inadequate in many years. A multivariate analysis was planned to con
sider a set of variables that are likely to be covariates of the poten
tial strength and maturity rate of broods contributing to total abun
dance in a given year. Multiple regression analysis was the logical
tool for investigating the relationships among these variables.

Since attempts to forecast abundance of a composite Chignik stock
have met with little success, stock-specific data sets were compiled
from fishery statistics published in ADF&G Area Management Reports for
the years prior to 1978 and from Conrad (1983, 1984) for the years
1978—1983, from Fisheries Research Institute sampling records, and from
NOAA air and water temperature data recorded at Woman’s Bay, Kodiak
Island. The dependent variable in each case was total abundance of 3—
ocean age adults in year i, and the set of independent variables
included:

1. Escapement in year i—5 (ESCP5).
2. Escapement in year i-6 (ESCP6).
3. Number of 1.2 jacks returning in year i—i (AGE12).
4. Number of 2.2 jacks returning in year i—i (AGE22).
5. Number of 2—ocean fish returning in year i-i (AGEX2).
6. Mean length of 1.2 males in year i—i (ML12M).
7. Mean length of 2.2 males in year i—1 (ML22M).

The potential impact of environmental variability on brood production
(e.g., egg-to-fry survival) and maturity schedule (cf. Rogers 1980) was
represented by five climatic variables:

8. Mean air temperature at Kodiak in the winter (Nov-Mar) prior
to emergence (MAIRT).

9. Mean winter (Nov-Mar) sea surface temperature at Women ‘s Bay

in years i, i—i, i—2, i—3 (SSTEM~).
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Data sets dating to 1964 were submitted to a stepwise multiple

regression computer program in Minitab3 which fit the data to the
generalized model:

V = a + + a2x2 + . S~x~ + e

where

V = predicted value of the dependent variable
a = intercept of the regression

~ s2, ~ = regression coefficientsx1, x2, x~ = independent (predictor) variables
e = random error

Variables entered the model sequentially until a user-defined minimum
significance level prevented further inclusion. I arbitrarily limited
inclusion of variables to those that explained ≥ 5% of the variance in
the model.

Variances on predictions of 3-ocean returns were computed by the
matrix inversion technique in Draper and Smith (1966, p.121) for
multiple linear regression models:

let Ml = the inverse of the transpo~e of the
correlation matrix, (X’X)

M2 = the vector of predictor values
M2’= the transpose of M2.

The variance of the predicted V is approximated as:

Var(Y) = MSE(M3 X M2’)

where M3 = (M2 X Ml) and MSE is the mean square error of the regression
model.

The forecast of total returns of the major ages in year i was ob~
tamed by adding the predictions for 3-ocean and 2-ocean returns. Re
turns of 2-ocean age fish in year i cannot be predicted accurately, so
the expected return of this age class was simply the mean return for
all years in the data set. A prediction interval on the total return
was constructed by pooling variances for the estimates of 3-ocean and
2-ocean returns and multiplying the pooled standard deviation by the
appropriate “t’ value for 80% confidence.

3Minitab Project, Statistics Department, 215 Pond Laboratory, The
Pennsylvania State University, University Park, Pa. 16802.
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Description of Migratory Timing

The examination of migratory timing for purposes of intraseason
forecasting is essentially an examination of interannual variability in
migration patterns. The degree of variability in timing and rate of
arrival obviously limits the accuracy of a forecast system which in
corporates these characteristics to predict the distribution of abun
dance over time. Since a fishery is a human activity (Royce 1983), it
is well to note that the expression of migratory behavior is likely to
be moderated by exogenous factors such as the time distribution of
fishing effort (Leggett 1977) or climatic factors (Mundy 1982; Clark
1983). Therefore, much of the following analysis is intended to de
scribe both the degree of variability in annual migration patterns and
its effect on intraseason forecasting.

Migratory timing characteristics of the Chignik sockeye migration
were described using techniques suggested by Mundy (1979; 1984). In
following discussions, migratory timing refers to the abundance of fish
as a function of time measured at a fixed geographic location. The
migratory time density is defined as the probability distribution of
abundance as a function of time, also at a fixed geographic reference
point. The migratory time density function specifies the expected
proportion of the total migration arriving in a fixed time interval.
When each observation is the sum of expected proportions for the cur
rent and all preceding time intervals, the time series is termed the
cumulative time density distribution.

Total abundance in Chignik Lagoon by julian day of the migration
was calculated as the catch on day t plus the escapement on day t-’-l.
Although Dahlberg (1968) reported a skewed distribution of travel times
for fish tagged in the lagoon and used a modal value of 2 d for his
time of entry studies, Conrad (1983) noted a stronger correlation be
tween lagoon catch and escapement on the following day than for lagoon
catch and escapement 2 d later. Parker and Rogers (1984) also assumed
a 1-d migration delay, but they suggested that violations of this as
sumption were at least partly responsible for occasional bizarre esti
mates of daily catch rate calculated for the commercial harvest of
sockeye in Chignik Lagoon. Complex models of migration delay (Schnute
and Sibert 1983; Brannian 1982) were judged to be of little value
because many of the assumptions required in these models cannot be
justified in the present case.

Mundy (1979) defined migration timing as a conservative behavioral
phenomenon specific to Mendelian populations and suggested that annual
variability in the timing of some migrations may reflect variability in
the relative timing and abundance of individual populations present in
the composite stock. Given the potential for errors in stock alloca
tion described previously for the average TOE curve, it was decided
that a potential source of variabilty in migration timing could be
reduced by using only stock abundance estimates derived from scale
pattern analysis. The data set for this analysis consequently was
limited to the years 1978—83, inclusive, because the Black Lake and
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Chignik Lake stocks were separated in these years by scale pattern
analysis (Conrad 1983,1984).

Estimates of total daily abundance were reduced to major stock
using stock composition information supplied by scale pattern analysis.
The midpoint in the transition from the Black Lake stock to the Chignik
Lake stock was identified from stock composition data in Conrad (1983,
1984). The corresponding date was fixed as the inflection point of a
logistic curve modeling the transition:

Pt = 1/[1 + e~t)]

where Pt = proportion of Chignik Lake stock on julian day t. Estimates

of relative mixing proportions of each stock were applied to estimates
of total daily abundance to provide estimates of stock abundance by
day. Note that estimates of stock abundance calculated in this manner
do not coincide exactly with those in Conrad (1983, 1984).

Estimates of Chignik Lake stock abundance were increased to ac
count for incomplete weir counts of the late season sockeye escapement.
Chignik weir typically is dismantled early in August when daily es
capements fall below 1,000 for several days (Pedersen, pers. comm.).
Subsequent daily escapements are assumed to add 50,000 to cumulative
escapements over the remainder of the migration. However, Parker and
Rogers (1984) argued that large fluctuations in catch of sockeye in
Chignik Lagoon during August and early September probably reflect
similar fluctuations in the uncounted escapement. Their analysis,
based on a relationship between CPUE and total abundance, showed that
estimates of escapements to the Chignik Lake stock routinely exceed
twice the presumed 50,000 figure and occasionally exceed three times
that number. Estimates of late season sockeye escapements given in
Parker and Rogers (1984) therefore were added to the Chignik Lake stock
abundance estimates calculated above.

The migratory timing of each stock was quantified by the method of
moments as described in Mundy (1984). The first moment is the mean, or
central date of the migration, and it is estimated by t:

m
= z tf

t= 1

where = nt/N, nt is abundance on time interval t (defined for this

case as 1 day), and N is total abundance. The second moment about the
mean, the variance, measures the dispersion of the migration about its
central date. The variance is estimated as:

M
S2 = ~ (t-t)2f

t=1



23

Large values of S2 indicate a prolonged migration and small values in
dicate a highly concentrated migration.

Interannual variabilty in migration timing was assessed by compar
ing means of annual time density distributions against the grand mean
of a years-pooled average. The grand mean for all years is given by:

k
t = E t./k

i=i -I

where is the mean date of migration in year i of k many years.

Annual mean dates of migration were characterized against the
grand mean and its confidence interval:

±

where b denotes values ofStudent’s Nt” distribution with a, k-i
degrees of freedom and s2t is the variance of the grand mean.

Interannual variability in the shape of empirical time density
distributions was examined by comparisons of annual time densities
against a years-pooled average. Comparisons were facilitated by use of
the coefficient of variation (CV) because it is independent of the
units of observations, i.e. the standard deviation is expressed as a
fraction of the mean for both numerical and proportional data.

A last comparison was designed to reveal the nature of distortions
in the migratory time density which, in many salmon migrations, approx
imates a normal distribution (Mundy 1979). Exogenous factors, such as
the time distributions of fishing effort or climatic effects, can modi
fy the perceived shape of the migratory time density distribution.
Effects of these unmeasured factors were examined by comparing empiri
cal time density distributions against normal probability density
distributions having identical parameter values. The proportions of a
normal probability distribution having parameters t and ~2 were ob
tained from the equation for a normal curve:

N(f,s2;t) = i/sm [exp

where N represents the normal curve and t, ~2 are the mean and
variance.

Discrepancies between observed and theoretical distributions were
described quantitatively by the likelihood function

m
L~ = E f~log[f~/F~]

t= 1
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where is an observed value and Ft is expected. The function, L1, is

an information function associated with frequency data (Rao 1973; Zar
1974) which takes the value of 0 only when observed counts ~ agree

exactly with expected counts Ft for each interval t. Larger values of

indicate greater departure from the hypothesis that counts and Ft

come from the same distribution of counts in the time domain. However,
Rugolo (1984) pointed out that goodness-of-fit tests of the two dis
tributions are not meaningful because the large sample sizes for these
comparisons, wherein n = total abundance, produce overly-sensitive test
statistics which invariably are rejected. The relative magnitudes of
the L1 between years nonetheless are useful comparative statistics for

observing the degree of distortion in theoretical time density
distributions.

Intraseason Forecastin~g

Two systems of intraseason forecasting based on the migratory be
havior of Chignik sockeye were.evaluated in reconstructions of the
sockeye migrations during 1978—83, inclusive. The logic of the APC
model is expressed in the statement, “If the pre-season forecast for
year i is correct and migration timing is average, then the cumulative
total by day t should be nt .~.“ The mathematical expression of the
model is:

~t,i = ~i~t
where

nt1 = predicted cumulative abundance on day t in year i.

N1 = pre-season forecast of total abundance for year i.

= mean cumulative proportion of the abundance on day t for all

k
years; ~t = E ~

1=1

The following recursive equation represents the IPF model:

in which Nt+11 = ~t+i ÷ bt÷i[Nt ~ - ~t]

predicted cumulative abundance for interval t÷1 in year i.

average observed cumulative abundance on interval t÷1.

bt+i = regression coefficient for relating cumulative abundance at
interval t÷1 to that at interval t;
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Nt~ = observed cumulative abundance at interval t in year i.

= average observed cumulative abundance at interval t.

The method uses either numerical or proportional data, but use of
proportional data in real time requires that day 0 of the migration be
identified in terms of an arbitrary proportion, say 5% of total, which
cannot be known with certainty until after the migration is completed.
Since most fishery managers operate with numerical rather than propor
tional data, the model is demonstrated using estimates of fish abun
dance to facilitate interpretation.

Parameter values of the IPF model were taken from the results of
the preceding section on migratory timing. The relationship between
cumulative abundance on time period t and that on time period t÷1 in
all years was quantified by linear regression to provide estimates of
bt÷i for the model. Time periods were 5-day intervals, judged to be
adequate lead time for harvest control decisions while being short
enough to closely monitor the development of incoming migrations.

Performance Evaluation

Performance of the forecasting methods was assessed by comparing
the magnitude of residuals generated in the forecasting process. A
jacknife validation procedure was used to determine the reliability of
the pre-season forecast models in hindcasting stock abundances for
years in the data sets. The jacknife procedure sequentially omitted a.
year of data, recalculated the model coefficients, then predicted abun
dance in the omitted year from the derived model. This approach simu
lates actual forecasting conditions, in which parameter values have not
been biased by inclusion of the same data from which the forecast is
made.

The accuracy of a forecasting system traditionally is expressed as
the ratio of residuals to predicted values or, in other words, the
proportion by which observation diverges from prediction. Barth (1984)
suggests such a statistic for evaluating forecasting error because it
allows precision bounds to be computed for predictions. However, this
statistic, absolute percentage deviation (APD), may produce misleading
results in comparisons of performance between different forecasting
systems because a forecast model that produces high predictions, rela
tive to observation, will have a lower APD than a model that produces
low forecasts of the same observation even if the absolute error is
identical for both. Residuals in predictions from the APC and IPF
methods therefore were standardized against observation, and relative
performance was judged by the absolute percentage error (APE) in paired
comparisons. The APE is calculated simply as:

APE = 100 letI /N’
where

M M~

— ~4t IN
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Nt = predicted cumulative abundance on interval t.

N’t = observed cumulative abundance on interval t.

Comparisons of overall performance between forecasting systems
utilized the mean APE (NAPE), where

k
NAPE = [100/(k—1)] Z et i’~t ~

i=1 ‘

and k is the number of years in the record. As with interpretation of
APE, small values of NAPE indicate better performance than do large
values.



RE SULTS

Pre-season Forecasts

Multiple linear regression analysis of Black Lake and Chignik Lake
data sets indicated that returns of 3—ocean age sockeye (coded name
AGEX3) are predictable from several parameters of brood production
(Table 3). The Black Lake model provided a substantially better fit to
observed data than did the Chignik Lake model. The models are consid
ered separately below.

The first variable to enter the Black Lake model was the return of
1.2 age jacks in the previous year (AGE12). This relationship, termed
the “jack ratio” rather than the “sibling ratio” used elsewhere, ex
plained about 72% of the variability in abundance of 3—ocean (5— and 6-
year-old) fish. A high coefficient of determination (r2) despite a
high degree of variability in AGE12 (CV = .8834) suggests a strongly
linear relationship in the brood maturity schedule for this stock of
fish.

The second variable to enter the regression model was escapement
in year i-5 (ESCP5). Approximately 77% of the variabilty in returns of
3—ocean fish was explained by inclusion of both ESCP5 and AGE12. ESCP5
indexes the potential production of broods maturing primarily as 1.3
adults. The fact that variability in returns of all 3-ocean age fish
is correlated with escapements for only the 1.3 component suggests that
variability in stock abundance is determined largely by the production
of 1.3’s in Black Lake. Abundance of 1.3 adults ranged from about
99,000 in 1972 to about 1.6 million in 1982, whereas returns of 2.3
adults were relatively constant and ranged from about 64,000 in 1966 to
unusually large returns of about 444,000 in 1977 and 587,000 in 1978.

Inclusion of mean length of 1.2 males (ML12M) completed model
development and increased to roughly 83% the amount of variability in
AGEX3 explained by the regression model. The negative sign of the
regression coefficient supports the underlying hypothesis that larger
body size of 2—ocean age fish in year i—i indicates that a larger
fraction of the brood matured as 2—ocean rather than as 3-ocean fish.
The influence of ML12M in the model therefore is to adjust the jack
ratio in the direction indicated by body size of jacks in the previous
year.

Statistics for the distributions of variables in the model reveal
no major departures from normality (Table 4). The distributions of
AGE13 and AGE12 are marginally platykurtotic, indicating that the tails
of these distributions are somewhat heavier than those of a normal
distribution. Positive skew in the distributions suggests that the
bulk of measurements are smaller than the mean value. However, the
distribution of AGEX3 is neither strongly skewed nor kurtotic. Coef
ficients of variation show that more of the variability in AGEX3 is
attributable to AGE13 than to AGE23.
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Performance of the Black Lake model in hindcasting total returns
in previous years is demonstrated in Figure 6. Prediction intervals
ranged from 254,724 to 337,218. Absolute errors on jacknifed forecasts
ranged from 1,666 to 894,363 and fell outside the prediction interval
on 2 of 17 predictions. Absolute percent deviation was less than 40%
in all but 4 cases and less than 20% in all but 5 cases. Mean absolute
percent deviation for the 17 years examined was 24.6%.

Examination of residuals showed no evidence of bias in the regres
sion model (Fig. 7). A runs test CZar 1974) indicated that errors were
distributed randomly with respect to sign. The absence of a trend in
residuals implies that the assumption of linearity in parameters is
valid for the model. An approximately normal distribution of standard
ized residuals (Durbin-Watson statistic = 1.62) suggests that errors
are not serially correlated.

The Chignik Lake data set produced a less satisfactory forecast
model. The jack ratio again proved to be the most significant predic
tor of 3—ocean returns, but no other relationship among the variables
of Chignik Lake stock production attained the minimum significance
level specified in the stepwise regression program. Approximately 53%
of annual variability in returns of 3—ocean age sockeye was explained
by variability in 2—ocean age jacks.

Performance of the Chignik Lake model in hindcasting total returns
is shown in Figure 8. Prediction intervals ranged from 411,458 to
511,742. Forecast error ranged from 18,827 to 699,710 and fell outside
prediction intervals on 4 of 20 predictions. Absolute percent devia
tion was less than 50% in 14 cases, less than 30% in 10 cases, and less
than 20% in 7 of 20 cases. Mean absolute percentage deviation was
42.0%

A runs test of the apparent trend in sign of residuals over time
(Fig. 9) failed to reject the hypothesis of random dispersion. Since
the residuals plot (Fig. 10) suggested heteroscedasticity, independent
variables were loge_transformed to normalize the variance of measure

ments and the analysis was repeated. Performance of the Chignik Lake
model was not substantially improved by incorporating log-transformed
data (Table 5).

~atoryTimin

Adult sockeye salmon were counted as early as May 21 to as late as
September 30 during the years analyzed. Extremes in stock abundance
during these years of about 1.5 million in 1980 to about 3.2 million in
1983 include all statistical sub—districts and estimated interception
catches of Chignik—bound sockeye at Cape Igvak and Stepovak Bay. Stock
sizes computed for this analysis (Table 6) do not include catches out
side statistical sub—area 271—10, which includes Chignik Lagoon and
adjacent waters, because catches in these outside fisheries may include
sockeye bound for systems other than Chignik.
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Table 5. Absolute percentage error (APE) of predictions of
3—ocean age abundance in Chignik Lake stock
migrations based on log~—tr.ansformed and on
untransformed data.

Transf. Untransf. Observed APE APE
Year Predict. Predict. Return Transf. Untransf.

1963 702013 758142 355865 97.27 113.04
1964 699068 752134 491296 42.29 53.09
1965 606588 591498 303837 99.64 94.68
1966 300621 349914 302709 0.69 15.59
1967 384027 382647 389662 1.45 1.80
1968 536853 502421 694681 22.72 27.68
1969 536453 501981 232562 130.67 115.85
1970 566194 536858 301008 88.10 78.35
1971 554580 522719 918480 39.62 43.09
1972 444349 419250 476072 6.66 11.94
1973 438902 415418 583295 24.75 28.78
1974 380862 381054 641297 40.61 40.58
1975 828744 1076396 482541 71.75 123.07
1976 696400 746743 579589 20.15 28.84
1977 922017 1395256 1806658 48.97 22.77
1978 592371 571271 918117 35.48 37.78
1979 732826 824555 924171 20.70 10.78
1980 767226 906725 801731 4.30 13.10
1981 798036 987926 1612113 50.50 38.72
1982 681376 717266 560832 21.49 27.89
1983 907218 1339343 1302999 30.37 2.79

MAPE is: 42.77 44.30
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Table 6. Pre—season predictions and post—season estimates of
stock abundance used in the analysis of intraseason
forecasting methods.

Stock Abundance

Year Black Lake Chignik Lake Total

1978 Pred. 632200 706500 1338700
Obs. 1218303 928175 2146478

1979 Pred. 541200 978800 1520000
Obs. 463027 1227423 1690450

1980 Pred. 464400 1077200 1541600
Obs. 387860 1009978 1397838

1981 Pred. 1269800 1085100 2354900
Obs. 1022750 1280693 2303443

1982 Pred. 1632900 884300 2517200
Obs. 1492597 842341 2334938

1983 Pred. 1100900 1530400 2631300
Obs. 967349 1493847 2461196
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Plots of daily abundance for the individual years clearly illus
trated the bimodality associated with passage of the principal stocks
through the fishery (Fig. 11 a-f). Large fluctuations in the pattern
of daily abundance result from catches of several days’ accumulation of
sockeye in Chignik Lagoon followed by days of no fishing. Note that
peaks in abundance are variable in both scale and timing. To gain a
preliminary insight into the migratory timing of the composite Chignik
stock, it is convenient to describe the time series of abundance in
terms of the dates when 5%, 50%, and 95% of the migration have arrived.
Table 7 shows that the main body of annual migrations moved through the
fishery in roughly 70 days, beginning about julian day 162 (± 2 wk),
peaking around day 185 (± 3 wk), and ending about day 230 (± 4 wk; see
Table 8 for conversion to calendar dates). Wide confidence intervals
on these estimates illustrate the variability associated with migra
tions composed of more than one stock.

Much of the variability in timing of the Chignik migration can be
explained by differences in the relative abundance of its major stock
components. Recall that the mean date of migration is weighted by
proportions of total abundance by day. The apparent lateness of the
1979 and 1980 migrations reflects the predominance of the Chignik Lake
stock (73% of total abundance) in those years. The unusual lateness of
the 95% day in 1982 relates to a strong late season showing of sockeye
after day 215 (Parker and Rogers 1984).

Analysis of migration timing of the individual nursery lake stocks
improved the precision of parameter estimates. The general results in
dicated remarkable stability in the central date of annual migrations
but considerable variability in the time distribution of abundance
about this date for both stocks. Means of Black Lake stock time densi
ty distributions ranged from day 162 (1981) to day 174 (1980) and the
grand mean was calculated to fall within ± 10 d of day 169 (Table 9).
Mean dates of Chignik Lake stock migrations spanned 9 d from day 192
(1981) to day 201 (1979, 1983) (Table 10). The average Chignik Lake.
stock migration peaked about 4 wk after the average Black Lake migra
tion on day 198 (± 9 d). Annual means coincided with or closely
followed corresponding medians (50% points) of the runs in all years
except 1982, when the mean of the Chignik Lake migration preceded the
median by 8 d. On average, 90% of the Black Lake migration moved
through the fishery during the 26-d period from day 158 to day 184 and
90% of the Chignik Lake migration did so over the 55-d period from day
178 to day 233. However, variances on annual time density distribu
tions of 27-75 d for the Black Lake stock and 151-384 d for the Chignik
Lake stock signify that these averages are by no means representative
of the migrations in individual years.

Plots of cumulative time density distributions display interannual
variability in the migratory timing of the stocks. Migration timing
has been initialized elsewhere as the date by which about 5% of total
abundance is accounted for (Hornberger and Mathisen 1980; Brannian
1982). This date ranged from day 153 (1981) to day 163 (1982) for the
Black Lake stock migration (Fig. 12) and day 168 (1981) to day 183
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Table 7. Timing of selected percentage points in annual
migrations of the composite Chignik sockeye
salmon stock.

Year 5% Day 50% Day 95% Day

1978 159 178 216

1979 162 195 227

1980 169 193 233

1981 156 177 221

1982 166 176 250

1983 159 188 231

Mean 162 185 230

95% C. I. 13 22 30
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Table 8. Julian dates with corresponding calendar dates.

Julian Calendar Julian Calendar Julian Calendar
Date Date Date Date Date Date

150 5/30 185 7/4 220 8/8
151 5/31 186 7/5 221 8/9
152 6/1 187 7/6 222 8/10
153 6/2 188 7/7 223 8/11
154 6/3 189 7/8 224 8/12
155 6/4 190 7/9 225 8/13
156 6/5 191 7/10 226 8/14
157 6/6 192 7/11 227 8/15
158 6/7 193 7/12 228 8/16
159 6/8 194 7/13 229 8/17
160 6/9 195 7/14 230 8/18
161 6/10 196 7/15 231 8/19
162 6/11 197 7/16 232 8/20
163 6/12 198 7/17 233 8/21
164 6/13 199 7/18 234 8/22
165 6/14 200 7/19 235 8/23
166 6/15 201 7/20 236 8/24
167 6/16 202 7/21 237 8/25
168 6/17 203 7/22 238 8/26
169 6/18 204 7/23 239 8/27
170 6/19 205 7/24 240 8/28
171 6/20 206 7/25 241 8/29
172 6/21 207 7/26 242 8/30
173 6/22 208 7/27 243 8/31
174 6/23 209 7/28 244 9/1
175 6/24 210 7/29 245 9/2
176 6/25 211 7/30 246 9/3
177 6/26 212 7/31 247 9/4
178 6/27 213 8/1 248 9/5
179 6/28 214 8/2 249 9/6
180 6/29 215 8/3 250 9/7
181 6/30 216 8/4 251 9/8
182 7/1 217 8/5 252 9/9
183 7/2 218 8/6 253 9/10
184 7/3 219 8/7
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Table 9. Dates of selected features in migration patterns of the
Black Lake stock.

Year t S2 5% Day 50% Day 95% Day

1978 169 67 157 167 186

1979 169 75 157 168 188

1980 174 75 162 172 191

1981 162 44 153 160 174

1982 171 27 163 169 180

1983 170 74 155 169 184

MEAN 169 60.3 158 168 184

95% C.I. 159—179 148—168 158—178 168—200
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Table 10. Dates of selected features in migration patterns of the
Chignik Lake stock.

Year t S2 5% Day 50% Day 95% Day

1978 199 151 181 198 225

1979 201 177 183 197 229

1980 198 177 183 195 235

1981 192 269 168 189 225

1982 195 384 174 203 250

1983 201 256 178 199 236

MEAN 198 235.7 178 197 233

95% C.I. 189—207 163—193 185—209 209—257
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(1982) for the Chignik Lake stock migration (Fig. 13). Inflection
points (medians) in the curves ranged from day 160 (1981) to day 172
(1980) and from day 189 (1981) to day 203 (1982) for the respective
migrations. On average, 10 days separated the 5% day from the 50% day
of the Black Lake migration, but this time interval was as short as 6 d
and as long as 14 d (Table 9). TheChignik Lake migration proceeded at
a more leisurely pace, providing 14-29 d between the 5% and 50% points
of the migration (Table 10).

The fishery manager’s perception of migration timing is heavily
influenced by the date of first appearance of significant numbers of
fish. Note that the 5% day of the 1982 Black Lake stock migration was
comparatively late even though the mean and median indicated approxi
mately average timing. The 5% days in 1981 and 1983 were comparatively
early, yet the mean and median for 1983 were of nearly average timing
while those for 1981 remained early. Late 5% days in the 1979 and 1980
Chignik Lake migrations were followed by nearly average medians, al
though means were somewhat late in those years. The early 5% and 50%
days in 1981 followed the earliness of the Black Lake migration in that
year. It is evident that early indications can provide misleading
information of migration timing in some years.

A summary of interannual variability in migratory timing is given
by the behavior of coefficients of variation through time. The CV’s
reflect variation in the values of time density distributions on fixed
dates, rather than variation in dates at fixed points of the time den
sity distributions as in the results above. CV’s for numerical and
proportional migratory timing data for each stock (Appendix Tables 1-8)
are summarized in Tables 11 and 12. The trend in CV’S for daily nume
rical and proportional categories described an upward-opening parabola
with minimum values in the vicinity of the mean date of migration.
Variation in cumulative data categories also was high initially but
decreased systematically over the time series for each stock migration.
These patterns are consistent with those reported by Mundy (1982).

The degree of interannual variation in time density distributions
and the rate at which it decreases over time are primary determinants
of the accuracy delivered by a system of forecasting based on empirical
models of migratory timing. The forecast system is of less value if
acceptable accuracy cannot be obtained early in the migration. Tables
11 and 12 indicate that standard deviations in the least variable data
category, cumulative proportion of abundance, were about 30% of the
mean value by the central date of the Black Lake migration and about
23% by the central date of the Chignik Lake migration. Appropriate V

data from Appendix Tables 4 and 8, substituted into a variance estima
tion procedure of Walters and Buckingham (1975), indicates that confi
dence intervals for predictions of total abundance from average per
formance curves would be in the neighborhood of ± tak.1[SS% Nt] for

the Black Lake stock and ± t k-i~47~ Nt] for the Chignik Lake stock by

mean dates of the respective migrations.
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The time distribution of fishing effort apparently affected the
migratory time density distributions for both stocks. Distortion in
time densities for the Black Lake stock were featured in conparisons
with normal distributions having identical parameter values (Fig.
14a-f). Virtually every spike in the time series of daily proportion
of abundance, particularly spikes occuring prior to the central date of
migration, coincided with a commercial harvest of sockeye in Chignik
Lagoon. The correlation was most striking in 1978, perhaps because
commercial openings were separated by closed periods in which the
lagoon refilled with arriving fish. Time densities for 1979 and 1980
migrations reflect the condition of little or no fishing pressure and
more closely conform to a normal distribution. The pattern in 1983
illustrates the case of little or no migration delay in Chignik Lagoon.
Reduced detection by the fleet lowered daily CPUE and distributed the
catch more evenly over the migration period (Parker and Rogers 1984).
Similar comparisons for Chignik Lake stock migrations show even strong
er relationship between commercial harvests and abundance spikes (Figs.
iSa-f).

Likelihood scores generally confirmed the relation between fishing
effort and time density distributions (Table 13). Scores tended to be
lower when the commercial fleet harvested a relatively smaller fraction
of total abundance during each fishing period and larger when relative
ly large fractions of total abundance were harvested on one or a few
days. Smallest scores were associated with years of little or no fish
ing (1979, 1980 Black Lake) and largest scores occured when sporadic
commercial harvests took large fractions of total abundance (1978
Chignik Lake).

Intraseason Forecasting

Average Performance Curve

Average performance curves are shown for the Black Lake stock in
Figure 16 and for the Chignik Lake stock in Figure 17. Proportions of
the curves, given in Appendix Tables 4 and 8 by stock, were used to
allocate pre-season forecasts in Table 8 over the respective migra
tions. Resulting estimates of cumulative abundance were broken out by
5-d intervals for comparison with predictions from the IPF method.

Intraseason Period Forecast

The Black Lake and Chignik Lake stock migrations were divided into
5-d intervals beginning on day 152 (June 1) for the Black Lake stock
and day 166 (June 15) for the Chignik Lake stock. Forecasts were pos
sible for 8 periods during the Black Lake migration beginning on day
156, and for 10 periods of the Chignik Lake migration beginning on day
171.

The data requirements for intraseason period forecasts are sum
marized for the Black Lake stock in Table 14 and for the Chignik Lake
stock in Table 15. The Nt, Nt÷i. and bt+i remain constant for each
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Table 13. Likelihood scores for comparisons between
empirical time density distributions and
normal distributions having identical
parameter values.

Black Lake Chignik Lake
Year Stock Stock

1978 159518 293680

1979 37041 119144

1980 38112 115862

1981 77286 91534

1982 127578 64938

1983 50936 129386
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Table 14. Data set for the Black Lake stock intraseason
period forecast model.

Calendar - Cumulative -

Date Interval N(t+1) b(t+1) Total N(t)

6/5 2 63848 7.903 * 8903

6/10 3 194579 2.519 * 63848

6/15 4 356123 1.535 Supplied 194579

6/20 5 630891 1.360 in 356123

6/25 6 761172 1.186 Season 630891

6/30 7 851359 1.127 * 761172

7/5 8 890903 1.036 * 851359

7/10 9 915631 1.021 * 890903
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Table 15. Data set for the Chignik Lake stock intraseasori
period forecast model.

Calendar - Cumulative -

Date Interval N(t+1) b(t+1) Total N(t)

6/20 2 28146 3.029 * 7578

6/25 3 53604 1.651 * 28146

6/30 4 109406 1.677 * 53604

7/5 5 206872 1.809 Supplied 109406

7/10 6 372872 1.522 in 206892

7/15 7 557582 1.402 Season 372872

7/20 8 711550 1.234 * 557582

7/25 9 803406 1.120 * 711550

7/30 10 870939 1.086 * 803406

8/4 11 924295 1.063 * 870939
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interval within a year and change only when the database is updated at
the end of each season. The Nt ~ are year-specific and form the basis
of predictions of Nt÷i ~• To pftdict N for interval t÷1 in year i,

subtract cumulative abundance on interval t in the current year from
the average cumulative abundance on interval t, multiply this total
(positive or negative) by the appropriate interval coefficient bt+i,

and add the product to the average cumulative abundance on interval
t+1.

The regression lines which relate cumulative abundance on a time
interval with that on the next interval were strongly linear for all
periods of the Black Lake and Chignik Lake stock migrations (Table 16).
The intercepts of regression lines were not significantly different
from 0 for any interval relationship (Student’s “t”, 95% confidence
level), so the regressions were recalculated with intercepts forced
through 0. Slopes were initially high, reflecting the rapid build-up
of abundance in early periods, and decreased toward 1 as the rate of
increase in successive periods lessened (Figs. 18 and 19).

Data for intervals 4 and 5 of the Black Lake stock migration in
1982 disrupted an otherwise strong correlation for other years and was
dropped from that interval relationship (Fig. 20). Prolonged milling
behavior in 1982, probably due to unusually cold river water tempera
tures, held early escapement counts to a trickle while the migration
pooled in Chignik Lagoon. Consequently, the first commercial harvest
of accumulated fish, which occured during interval 5, resulted in a 24—
hr estimate of total abundance that distorted the normal relationship
between intervals 4 and 5 in other years.

After discarding this data point, coefficients of determination
(r2) were uniformly high for all intervals. High r2 values indicate
that interval relationships were stable across years despite ranges in
cumulative abundance that approach an order of magnitude (Appendix
Table 3). The implication of this result is that the accumulation of
abundance is a fairly constant function of time independent of abun
dance when accumulation is taken by 5-day intervals.

Performance of Intraseason Forecast Methods

The variability in abundance and migratory behavior of the stocks
during 1978—83 provided good experimental conditions for evaluating the
strengths and weaknesses of the intraseason forecasting systems. The
IPF method showed generally better accuracy than did the APC method in
predicting cumulative abundance for both stock migrations. Performance
of the APC model in some years was limited by the accuracy of pre—sea
son forecasts and in others by unusual migration timing. As expected,
both models performed well in years of approximately average migration
timing, but the IPF model was clearly superior in years of abnormal
migration timing. Despite occasional large errors in some interval
predictions, the recursive nature of the IPF model allowed subsequent
predictions to converge with observed data. In contrast, the APC model
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was inflexible to observed stock migrations that diverged from pre
season expectations of abundance or migration timing.

The stock migrations in 1978 were of nearly average timing in
virtually every parameter (see Tables 9 and 10). The IPF model worked
quite well for both stocks, with the exception of a single large error
in interval 8 of the Chignik Lake stock migration (Figs. 21a,b). The
APC model delivered relatively poor performance in reconstruction of
the Black Lake stock migration owing to a highly inaccurate pre-season
forecast. APC performance for the Chignik Lake stock was very good up
to the midpoint of the migration period.

Differences in performance of the two models were not pronounced
in the stock migrations of 1979 (Figs. 22a,b). Accuracy of interval
predictions in early periods of the migrations was roughly equivalent
for both methods, and in fact APC forecasts were slightly better for
much of the Black Lake stock migration. Errors in the APC forecasts
again were ascribable more to inaccurate pre-season forecasts than to
deviation from expected migratory timing.

Note that the self—correcting feature of the IPF model was acti
vated by forecast error only by interval 5 of the Black Lake stock
migration. Systematic high predictions in previous intervals apparent
ly result if cumulative abundance in each time interval of the observed
migration is much smaller than the historical mean. The correction
factor, bt÷i[Nt - Nt], is then small relative to Nt+i and has little

influence on Nt+i. Use of proportional data would alleviate this

difficulty by eliminating the effect of variable annual abundance, but
the problem of determining true relative migratory timing would remain.

The 1980 migrations illustrated the case of asymmetric distribu
tions of abundance over time (Fig. 23a,b). The Black Lake stock migra-~
tion was the smallest and latest of the years considered. Poor perform
ance of the APC model is explained by error in the pre-season forecast
(even though the magnitude of error is quite small compared to other
years), and by an unusual, somewhat truncated, migration pattern. Pre
dictions from the IPF model tracked the accumulation of stock abundance
over the duration of this atypical migration. The 1980 Chignik Lake
migration was correctly forecasted and of average timing, yet APC
predictions for the early periods were consistently higher than obser
vation. APC errors in this case apparently resulted from negative skew
in the temporal distribution of abundance, for which the IPF method
mostly compensated.

Relative performance of the two intraseason forecasting methods in
years of atypical migration timing was demonstrated in the 1981 migra
tions. The arrival of both stocks was noticeably early, but predic
tions from the APC method, being fixed to average timing, did not
reflect this earliness (Fig. 24a,b). In years of normal timing, the
APC method predicts that about 6.5% and 2.5% of cumulative total abun
dance will have arrived by interval 2 of the Black Lake and Chignik
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Lake stock migrations, respectively, rather than nearly 24% and 10% of
the respective migrations that actually arrived by interval 2 in 1981.
The IPF model produced interval forecasts that closely followed the
actual trajectory of cumulative abundance in early intervals, but then
systematically overestimated abundance near the peak of the migrations.
The earliness of the migrations produced curves of cumulative abundance
that were in decline during intervals at which maximum accumulation
(near the inflection point) normally occurs. The IPF model overesti-.
mated the rate of accumulation based on observed data and the mean ac
cumulation rate for these intervals. The advantage to the IPF method
in this case was shown by the convergence of prediction with observa
tion as the errors began to influence forecasts for subsequent
intervals.

The 1982 season also demonstrated the flexibility of the IPF model
to asymmetry in the cumulative abundance curve. The Black Lake stock
migration appeared to be extremely late during the first time periods
of the season because of a prolonged migration delay in Chignik Lagoon
(Fig. 25a). The IPF accurately predicted cumulative abundance on each
interval except 5, when a commercial harvest revealed that the trajec—.
tory of cumulative abundance on prior intervals had not accurately por
trayed actual migration timing. Predictions from the APC model became
more accurate in later periods as migration timing and stock abundance
converged with pre-season forecasts. The Chignik Lake migration was of
average timing and was modeled adequately in early periods by both
models (Fig. 25b). The smooth accumulation of abundance proceeded as
expected until interval 6, when the migration pattern became truncated
by unexpectedly low numbers of fish. The IPF model produced a large
forecast error only in interval 7, while the APC model produced large
errors in all subsequent forecasts.

The relatively good performance of both intraseason forecasting
systems in 1983 reflects the average timing of the migrations and the
accuracy of pre—season forecasts (Fig. 26a,b). Migratory timing of
both stocks was virtually average in all parameters (see Tables 9 and
10). The accumulation of abundance through time sufficiently resembled
historical averages that no substantial forecast errors occurred. It
is difficult to argue the superiority of either model in this year.

Relative performance of the models is illustrated by the behavior
of MAPE over time periods of the migration. The IPF method showed
substantially better performance in all intervals of Black Lake stock
migrations, particularly in the early periods (Fig. 27). This result
was repeated for the Chignik Lake stock migration (Fig. 28), but note
that the scale of error is approximately half that of the Black Lake
stock. The trend in MAPE for the APC model dropped sharply from high
initial values as absolute forecast error became a smaller fraction of
cumulative abundance in sequential time intervals, and reached a mini
mum value corresponding to the MAPE of pre-season abundance forecasts.
The trend in NAPE for the IPF model was considerably less dramatic, and
continued to decline over time periods of the migration as the preci
sion of interval forecasts improved and abundance increased.
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DISCUSSION

The objective of this study was to develop and evaluate alternative
methods for estimating the abundance of sockeye salmon in the Chignik
fishery as a function of time. Two approaches to forecasting temporal
trends in abundance were examained. The APC model represented the fixed
forecast approach, wherein point estimates of cumulative abundance by
time period were calculated in advance of the fishing season. The per
formance of this model depended entirely on the accuracy of pre-season
forecasts of stock abundance and migration timing. The IPF model rep
resented an adaptive approach to forecasting, wherein migration patterns
in the year of interest were incorporated into the forecasting process.
Information “learned” in developing stages of the migration influenced
predictions for succeeding time periods.

Based on reconstructions of the sockeye migrations for 1978 through
1983, I conclude that the IPF method provides better performance in
forecasting abundance in the fishery as a function of time. The APC
forecasting model, being a composite of two independently derived pre
dictions, obviously had twice the opportunity to fail. Although failure
was due in some cases to unusual migration patterns (e.g. 1981 and
1982), performance of the APC model most often was limited by the accu
racy of pre—season forecasts of abundance. It is clear that acceptable
accuracy in point estimates of total abundance for the season is not
necessarily acceptable accuracy for purposes of intraseason abundance
esti mati on.

Pre—season Forecast Models

Multiple.linear regression models have been correctly characterized
as being site—specific and lacking general application (Barth 1984), but
such models are useful in cases where causal relationships among the
factors affecting the dependent variable cannot be confirmed even though
circumstantial relationships may exist. Although biological dependence
among variables in the model is desireable, regression models frequently
are used solely as a means of predicting the value of a response vari
able (Zar 1974). A stepwise regression analysis was used in this study
so that inclusion of variables could be examined at each step. This
procedure allowed more analyst control over construction of a biologi
cally realistic model.

The biological interpretation of the pre-season stock forecast
models is straightforward. Independent variables are sensical parame
ters of stock production measured at various stages in the maturity of
the dominant age class. Parent year escapements obviously index brood
strength in terms of potential egg deposition. The abundance of 2-ocean
age sockeye in the previous year provides a quantitative assessment of
how the brood has fared up to that point in time, the inference being
that ocean survival in the last year at sea is approximately constant
over time. Data on the mean length of 2-ocean age sockeye are signifi
cant in determining whether the relative proportions of a brood
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returning after 2 yr at sea and after 3 yr at sea have been alterred by
unusually favorable or unusually poor conditions for growth.

The absence of significant environmental predictors of stock abun
dance is not so surprising in view of the set of variables selected by
the regression methods. The Black Lake stock forecast model incorpo
rates data sampled chronologically through the development of ultimate.
brood strength. Environmental regulation of brood production at parti
cular life history stages generally is correlated with abundance of 2—
ocean age fish, and so does not.contribute a great deal of additional
information on variability of 3-ocean age abundance. The absence of.
environmental variables from the forecast models should not be inter
preted as showing no environmental influence on production or maturity
rates.

Several major differences exist between the specific stock forecast
models, not the least being the disparity in performance. It is prob
able that differences in accuracy between the models relates to the
quality of data available for each stock for the years prior to stock
separation based on scale pattern analysis. Statistics for the Black.
Lake stock were calculated in this analysis from data obtained by rou
tine sampling for age, length, and sex of spawners captured at the
outlet of Black Lake prior to their movement onto the spawning grounds.
These samples are reliably stock-specific as mixing between stocks at
this location is highly improbable. Representative samples from the
Chignik Lake stock are not easily obtained because the majority of
spawners are inaccessible in the deeper waters off Hatchery Beach.
Chignik Lake stock statistics consequently were calculated from data
collected in the commercial fishery, but they cannot be considered
reliably stock—specific for the years prior to scale pattern analysis
because Black Lake and Chignik Lake stocks may be mixed in the catch
during the sampling period. Therefore, error in stock production data
probably is the principal source of variability in the relationships
from which the Chignik Lake stock forecast model is developed.

Errors in stock production estimates arise primarily as a result of
1) inaccuracy in stock abundance estimates, or 2) misallocation of ages
within stocks. Each stock data set contains error in stock abundance
estimates attributable to yearly variations in timing and comparative
magnitudes of the sockeye migrations relative to the placement in time
of the average TOE curve. Errors of this sort are generated in esti
mates of stock abundance if the TOE curve is misplaced in time with
respect to actual migration timing or if the migrations are not of equal
magnitude. The frequency of occurence, size, and direction (to Black
Lake stock or Chignik Lake stock) of such errors in the statistics are
indeterminate for the years prior to 1978. Furthermore, estimates of
Chignik Lake stock size are subject to a source of error which does not
affect the Black Lake stock. Incomplete escapement counts after weir
removal in early August may mask late season migration dynamics, and
could account in part for the lack of significant relationships among
Chignik Lake stock production variables.
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Estimates of stock abundance in each year are apportioned to appro
priate brood based on the age composition of the return. The accuracy
of age composition statistics thus is a key factor in ascertaining over
all brood production. As Burgner and Marshall (1974) pointed out, large
discrepancies may exist between age composition estimates for each stock
calculated from samples taken in the commercial fishery and from oto
liths collected on the spawning grounds. Our use of age composition
statistics for the Black Lake stock calculated from data taken in the
Black Lake watershed rather than in the fishery almast certainly im
proves the accuracy of brood production estimates for years prior to
1978, in turn permitting a higher degree of accuracy in calculations
based on brood production estimates. Conversely, the difficulty in ob
taining reliable stock-specific Chignik Lake age composition data cer
tainly impairs the reliability of brood production parameters calculated
from the historical record for this stock.

The results clearly indicate a need for better measurements of bas
ic population parameters for the Chignik Lake stock. The lack of strong
relationships among stock production variables may be the result of (1)
a real absence of such relationships in Chignik Lake stock production
dynamics, or (2) masking of such relationships by measurement error in
the data. It is suggested that (2) presently is the case, but the point
is that (1) cannot be tested until (2) is resolved. Long-term efforts
to enhance the Chignik Lake stock data base should include separation of
stocks in the catch and escapement by scale pattern analysis (e.g.,
Conrad 1983, 1984) and estimation of late season sockeye escapemants
(Parker and Rogers 1984).

Intraseason Forecast Models

The accuracy of intraseason forecasts based on average migration
characteristics is dependent on the consistency of annual time density
distributions, with particular respect to their means and variances, but
also with respect to symmetry. Although the Chignik sockeye stocks dis
play remarkable consistency in central dates of migration timing, esti
mated variances of the migrations about their central dates are highly.
unstable. Exogenous influences on the symmetry of time density distri
butions may further alter the variance. Ironically, the perception of
earliness or lateness of migration timing develops early in the season.
as a function of the variance. In the absence of quantitative informa
tion on timing and abundance early in the migration, control of the
commercial harvest is likely to depend on this perception.

Underlying variances of migratory time densities probably are medi
ated by environmental factors such as climate (Mundy 1982; Clark 1983),
but it is unclear to what extent the perception of variance of the time
density distribution is due to asymmetry generated by the time distri
bution of fishing effort relative to the migratory behavior of the fish.
Time density distributions calculated for nearly undisturbed migrations
(1979, 1980 Black Lake stock) more closely approximated equivalent nor-.
ma] distributions than did those calculated for heavily exploited migra
tions. The magnitude of departure from expected migration patterns
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(Mundy 1979) is probably related to the milling behavior of sockeye
entering Chignik Lagoon.

The APC model was developed from a class of migratory time density
models which rely on the assumption (probably valid in most cases) that
the harvested stock exhibits a unidirectional and constant migration
through the fishery. When this assumption is valid, then the distribu
tion of catch plus escapement (time-lagged to the fishery) presents a
true image of the migratory time density for the population. When the
assumption is not true, the catch of a single time interval no longer
reflects the abundance of fish accumulated only during that interval,
but rather the abundance of fish accumulated over several time intervals
corresponding to the “pool time” of fish and the time between harvests.
The distribution of catch plus escapement in this case skews the outward
appearance of the migration pattern.

It is apparent that the perceived time distribution of sockeye en
tering Chignik Lagoon actually represents the combined effects of both
the behavior of the fish and that of the harvest community. If these
behaviors and their effects occur at random, then it is unlikely that
the time density of a single year will resemble that of other years.
Eby and O’Neill (1977) advise limiting a time series forecasting horizon
to the shortest feasible time period in such unstable forecasting condi
tions. The essential difference in the two intraseason forecasting mod
els has to do precisely with this advice; the APC model is constrained
to forecast all time periods of the migration in advance, before the
behaviors of the fish and the fishing community can be known. The IPF
model forecasts only five days into the future as the particular behav
ioral attributes of the migration become apparent.

In this study we have implicitly considered spawner escapements to
be some part of the total abundance predicted for each time interval
but I have not addressed the question of how escapements could be ob
tained in real time. The present escapement schedule at Chignik is
based on a salmon management theory which states there is an optimum
spawner stock size determined by the carrying capacity of the nursery
area for progeny. Narver (1966) and Dahlberg (1968) calculated optimal
spawner stock sizes for Black Lake (about 400,000) and Chignik Lake
(about 250,000) according to the prevailing philosopy of the time. If
the IPF system were to be applied to the Chignik sockeye fishery, a
fixed number of spawners would be withdrawn from each 5-day interval
forecast of total abundance to determine the harvestable surplus in each
interval. Fishing pressure would be adjusted in each interval to ensure
attainment of the cumulative escapement goal.

However, the notion that there exists a single optimum spawner
stock size for any nursery system has recently come under critical re
view (Walters and Hilborn 1976; Hilborn and Walters 1977; Walters 1981;
Smith and Walters 1981). It has been suggested that rigid control of
escapements reduces the variability in spawning stock sizes that pro
vides valuable information on changes in stock productivity. These
analysts argue that salmon rearing habitats are not environmentally or
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biologically static systems, and that it is fundamentally wrong to
assume that a fixed spawner stock size is always (or usually) optimal
for a given nursery area.

Walters (1981) recommmends regular “probing actions,” whereby
spawner stock size is deliberately varied to test for changes in stock
productivity. Under this scenario, escapements could be regulated as a
fixed fraction of forecasted total abundance in each time period of the
migration. If the exploitation rate in the commercial fishery were held
constant, then the time distribution of escapement naturally would
follow that of total abundance in the fishery and ensure that all sub-
stocks contributed spawners in proportion to their relative abundance.
The problem in this case would be in calculating an appropriate harvest
level, particularly if the levels were different for each of the stocks
mixing in the fishery.

The acceptability of the Walters and Hilborn (1976) style of “adap
tive management” is of less relevance to this study than is the idea
upon which it is based; namely, that the set of outcomes to complex
biological processes is potentially infinite, always changing, and often
unpredictable. In the context of the present study, it is useful to
recognize that the parameters of migratory timing are in fact complex
functions of biological and physical interactions, and are likely to be
anything but constant over time. Indeed, the biological and environmen
tal circumstances producing the migratory behavior of a given year might
in no way resemble those in other years. Attempts to wrest simplicity
from such complex situations often succeed only at the expense of flexi
bility in the resulting model. We submit that the IPF model is an
acceptable compromise between simplicity and performance in meeting the
needs of the Chignik sockeye salmon fishery manager.
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