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Equation 41 and 42 were found to be incorrect. The correct derivation is as
follows:

Since

- = (B, * Blwtf (R _, *+ Y'(t)]

(equation 39) and
c(t) is assumed to be proportional to (wn(t) - qf(t)N(t)]

or c(t) = a [1 - gf(t)IN(t) where o is the constant of proportionality. Therefore

Cc(t)
Vi) a [1-gf(t)]
n n
1 C(t)
and N, = Blt) = = Y, Trre
T C_Zi a & [1-g9f(t)]
2 clt)
which, upon substituting 2: Toqf(t) for Cps results in the following correction:
t=1
Equation (41)
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The revision of equations 41 and 42 will result in small changes in parameter
values of Tables 19 and 20. The differences in parameter values are not large

enough to affect the results or conclusions of the report.
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ABSTRACT

The migratory timing of chinook salmon (Oncorhynchus tshawytscha) in the Yukon
River delta is defined as a genetically based, environmentally mediated pheno-
menon. Fluctuations in abundance are often associated with environmental per-
turbation, removal by the commercial fleet, and the intrinsic character of the
population comprising the migration. The effects of wind and commercial effort

on test fishery catches are quantified by empirical time series analysis, least-
squares fitting of mechanistic models, and maximum-1ikelihood estimation of a
derived probability density function. The ability to resolve migratory timing

of Yukon River chinook salmon into a mixture of two populations which are normally
distributed over time and the relative contributions of wind and commercial effort
to daily fluctuations in catch is evaluated. The results are interpreted in terms
of the ability of each model to predict daily abundance and total abundance.

The fourteen years of available chinook migratory time densities could not con-
sistently be resolved into a mixture of two populations. Abundance forecasts
mploying a two-population model were poorer than predictions from a one-popula-
tion model. High daily wind speeds were consistently associated with large
catches, while commercial effort depressed the test fishery catch. Daily errors
of proportion in total abundance estimates employing a mechanistic model were
comparable to the errors of an empirical time series model, although the empirical
approach more accurately predicted total abundance. Both models provide a quanti-
tative means of predicting test fishery catch.

A comparison of est mated annual parameter values and average April temperatures
provides insight into the dynamics of the Yukon chinook migration. Cold spring
temperatures delay the arrival of migrating salmon, shorten the time interval of
migration, and reduce the effect of daily environmental changes on migratory
behavior. Warms spriags portend an early arrival, a more extended migration, a
greater effect by a covariate of wind speed on migratory behavior., Trends in the
effect of commercial effort suggest an increasing efficiency of the fishery.

KEY WORDS: chinook salmon, ngon River, time series analysis, migratory timing,
parameter estimation of mathematical models, wind speed and migration,

temperature and migratory timing, quantitative description of test
fishery catches, and catchability
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INTRODUCT ION

Abundance is preeminent among the biological attributes of a fish population
which are of concern to fisheries biologists. The primary goal of fishery man-
agement is to control the exploitation of a population or assemblage of popula-
tions so as to obtain the maximum sustainable benefit. Maximum benefit is often
synonymous with maximum sustained yield. In order to obtain an estimate of the
optimum harvest of the resource, accurate assessment of total abundance is essen-
tial. Accurctely forecasting the magnitude of harvestable surplus depends upon
knowledge of future abundance.

The migratory behavior of adult salmonid populations precludes the use of classic
closed-population estimation methods which ignore the time dimension. Management
benefits little from accurate total abundaice estimates once the population has
migrated past the fishery. Predicted time of arrival and distribution of abundance
over time are biological statistics which are also indispensable to salmon managers.
Fortunately, migratory timing of salmon populations is a conservative and predict-
able phenomenon.

The concept of quantifying migration in terms of its time density distribution has
been well developed by Mundy (1979). In summary, the time density is the relative
abundance of migrating population as a function of time. The time density of the
population is defined with respect to unidirectional movement through a fixed
Tocation by a single life-history stage of a population. Migratory behavior is
measured in units of time, such that the probability of occurrence of any given
interval of time is dependent upon the location of that interval relative to the
center of the migration (mean) and upon the dispersion of . igration through time
(variance). When the probability assigned to each day of the miaration is the
proportion of the total population arriving on a given day, the mean and variance
of the time density distribution can be defined by standard statistical procedures.

The advantage of the time-density approach is that migratory behavior may be
characterized by its time-density distribution and associated statistics for any
population. Describing migration in terms of its time-density distribution enables
differences in migratory timing between populations (either interspecific or intra-
specific populations) or changes in migratory timing within a population across
generations to be readily quantified. Migratory time densities have been defined
for populations as diverse as sockeye salmon (Oncorhynchus nerka) (Mundy 1979;
Mundy and Mathisen 1981; Hornberger et al. 1979; Hornberger and Mathisen 1980;
1981; Brannian 1982), chinook salmon (0. tshawytscha) (Mundy 1982a; 1982b; Horn-
berger and Mathisen 1981), pink salmon (0. gorbuscha) (Merritt and Roberson 1981;
Hornberger and Mathisen 1981), chum salmon (0. keta) (Hornberger and Mathisen

1981) and brown shrimp (Penaeus aztecus) (Babcock 1981).

As noted by Mundy (1979), expressing abundance or daily proportion of total abun-
dance as a function of time (calendar date) is conceptually misleading. Migratory
behavior is directly dependent upon the individual physiological state, which in
turn is mediated by ambient physical factors. Time is merely a convenient covar-
iant of ice break-up, wind direction and speed, water temperature, river discharge,
and photoperiod (Faverite et al. 1976; Neibauer 1980; and Neibauer 1979; Ingraham
et al. 1976; Dodimead et al. 1963), all of which may affect the character of the
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time-density distribution (Alabaster 1970; Barber 1979; Burgner 1978; Ingraham
1979; Lorz and Northcote 1966; and other; also see the review by Banks 1969;_
Leggett 1977). Mundy (1979) suggests that the next logical advance in modeling
migratory behavior is to define, in lieu of time densities, 'temperature density'
or 'photoperiod density' or a multivariate probability density which might be
termed a 'migratory density’.

Intraannual variability associated with daily fluctuations in abundance is also

a resultant of the stock (defined as a Mendelian population) ccmposition of the
migration. In a study of the migratory timing of Yukon River chinook salmon,

Mundy (1982a) noted that variability in observed daily commercial catches limited
useful forecasts to a function describing the cumulative migratory time density.
Considering that the Yukon chinook salmon migration is a composite of many separate
stocks distributed over thousands of river miles, the significant deviations from
average values of the migratory time distribution should be expected, due to behav-
ioral differences and intra and interseasonal changes in relative abundance of

each stock.

The recognition of multiple stocks in an exploited migrating species is crucial.
Ricker (1958; 1973) mathematically demonstrated that the maximum yield obtainable
from a2 mixture of stocks of varying reproductive potential is realized only if

each stock is harvested separately. Overexploitation of the most productive races
can result in greatly diminished future yields. In North Pacific salmon fisheries,
because of the multinational destination of groups of stocks, allocation of the
resource to various user groups has international implications. Many studies

nave employed discriminant analysis to classify major spawning stocks of Pacific
salmon, usuaily by scale patterns (e.g., Cook and Lord 1978; Anas and Murai 1969;
Bilton and Messinger 1975; Major et al. 1975). The genetic foundation of migratory
timing implies that migratory timing may serve as one cbjective criterion to sep-
arate stocks (Mundy 1979) and as an aid to management in optimally exploiting each
stock.

Accurate knowledge of abundance and timing of commercially exploited fish popula-
tions which migrate into or through the fishery are the first priorities of manage-
ment. Fortunately, when migratory behavior is conserved across generations,
abundance and time are related by the characteristic time density of the popula-
tion. As postulated, the apparent time density is a product of the stock composi-
tion, and environmental influences on that mixture of stocks. Knowledge of the
seasonal distribution of the population enables management to forecast both daily
and total catch from observed cumulative catch. Forecasts can be updated through-
out the season, providing management with a dynamic method of in-season estimation.

Daily abundance is relevant to fisheries management only in the context of total
abundance. The convention of describing migration in terms of proportions of
total abundance over time has several advantages. The factors governing migratory
behavior can more easily be discerned through the vagaries of yearly abundance
since the units of relative abundance are dimensionless, confering an added flex-
ibility to interannual and intraanual comparisons. rredictions of daily or cumu-
lative proportion of total abundance are estimated by averaging previously
observed proportions on the date of interest (Walters and Buckingham 1965;

Mundy 1979; Hornberger et al. 1979), by averaging proportions across 'day or run'
(Hornberger and Mathisen 1980; 1981; Brannian 1982), or by fitting functions which
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approximate the shape of the temporal distribution of proportions (Mundy and
Mathisen 1981; Hornberger and Mathisen 1980). Studies of the Nushagak Bay
salmon migrations (Hornberger et al. 1979; Hornbeiger and Mathisen 1980; Horn-
berger and Mathisen 1981) and the sockeye migration in Togiak Bay, Alaska
(Brannian 1982) seem to indicate that the use of average proportions over day
of run is an appropriate strategy in the pursuit of more accurate estimates of
proportions.

Standard procedures used in fitting nonlinear equations tec observed data minimize
the sum of the square deviations from the expected value. The assumption that
deviations from the expected values (residuals) are independent and normally dis-
tributed with mean zero and constant variance is usually implicit in the statistical
inferences accompanying these procedures. Even in the absence of any assumptions
about the joint distribution of the random variables under consideration, the
method of least squares can still serve as a legitimate means of obtaining point
estimates of the parameter values, although no objective judgment of the quality

of the estimates can be made. The minimization of the sum of squared residuals is
still the criterion which determines the values of the parameters of the equation.

The association of probabilities with proportions by Mundy (1979) was an important
conceptual achievement. The presumption that proportions accurateiy reflect prob-
abilities associated with daily migration enables the migratory behavior to be
quantified in terms of its probability distribution. This is a subtle, yet fun-
damental distinction. Probability density functions are studied in relation to
the 'strategy’ of the population itself, availing new methods ir point estimates
of parameters of the function (Freund and Walpole 1980). The methcd of moments
and the method of maximum likelihood are examples. The qualifying conditions in
such approaches are that the function sums to unity and all probability values are
greater than or equal to zero.

The objective of the present study is to quantify the effects of environmental
factors, commercial fishery removal, and differential timing of upstream and down-
stream stocks on the relative abundance of chinook salmon in the lower Yukon River
as estimated by test fishery catches. Several methods are proposed @S means to
achieve this objective. Data from the lower Yukon River test fishery are analyzed
using the statistical techniques of linear time series analysis (Box and Jenkins
1976), and least-squares fitting of nonlinear functions is employed. The iterative
technique of estimating the parameters of a mixture of normal populations by a
maximum 1ikelihood function (Hasselblad 1966) is regularly utilized in size fre-
quency analysis (e.g., MacDonald and Pitcher 1979; McNew and Summerfelt 1978).

This technique is evaluated as a means to separate the assumed populations on the
basis of migratory timing. Results of the fitting procedures are compared in terms
of the ability of each function to accurately predict the daily proportion of the
total catch, and the total catch itself. Improvement in the predictive ability of
each function over the normal distribution function, defined by a s*ngle mean and
variance, or in comparison to an empirically-derived stochastic model serves as a
criterion for the applicability of each model.

STUDY AREA AND DATA

Only a synopsis of the lower Yukon River commercial and test fishery methods will
be presented here. More detailed descriptions are available in Mundy (1982a); in

=3



Yukon Area Management Reports, and in Lower Yukon River Test Fishing Reports.
The test fishery began in 1963 near the seaward boundary of the south mouth of
the Yukon River delta at the location known as Flat Island (Figure 1, site A).
Until 1968, test-net sites were chosen by Alaska Department of Fish and Game
(ADF&G) personnel. In 19268 the practice of renting set-net sites from local
residents was initiated and the success of the test fishery effort increased
(the 1963-t0-1967 8 1/2-inch mesh yearly average chinook salmon catch was 446
chinook, compared to a 1968-to-1978 yearly average of 708). For logistic rea-
sons, the test fishery was relocated to 1979 approximately 20 miles upriver at
Big Eddy (Figure 1, site B), and another test fishery operation, Middle Mouth,
began. The Middle Mouth site is located near the confluence of the middle and
north-mouth sloughs (Figure 1, site C).

For 20 years the test fishery has assisted management by providing a measure of
relative daily abundance of chinook salmon, summer and fall chum salmon, and

coho salmon. Recently, Brady (unpublished draft) demonstrated that, as manage-
ment had suspected, a high correlation exists between test fishery and commercial
catches, adjusted by one day to account for average travel time. The relation
between Big Eddy catches and commercial catches was the strongest, with Middle
Mouth being only slightly more variable. The use of test fishery catch data to
study the migratory timing of chinook salmon minimizes problems of estimation
relating to censorship and truncation which are inherent in commercial catch data.

Methods of data collection have been consistent for the last 14 years (1968-1981).
Two 25-fathom gill nets of 8 1/2-inch mesh and one 25 fathom 5 1/2-inch mesh gill
net were fished in locations judged to be productive and representative of the
major river channels near the test fishery. Set nets were chosen to standardize
the effort and avoid dependence on the ability of personnel. Except when circum-
stances prevented, each net fished 24 hours a day and was checked twice daily.

In the present stuGy, observed daily catch is defined as the total recorded catch
at the 3 net sites for ine 24 hours fished. C2tches were adjusted upward propor-
tionally on days with less than 24 hours of fishing. In 1979, Middle Mouth test
fishing did not begin until 18 June, which was half way through the chinook migra-
tion. Therefore, the 197¢ Middle Mouth data are not included in this analysis.
Calendar dates are coded relative to 11 June (coded day 1).

Weather observations recorded in Nome and Emmonak were obtained from the National
Weather Service. When available, the Emmonak wind speed was used. In 1979 a
lapse in weather recording required that Nome wind speeds be substituted from

2 July to the end of the migration. The rate of travel of chinook salmon in the
Yukon River has been estimated at between 25 and 30 river-miles a day (Trasky
1973). If upriver migration is considered to commence immediately offshore of
the Yukon River delta south mouth (Figure 1), fish would arrive at the Big Eddy
test fishery approximately one day later. Chinook salmon beginning at the middle-
mouth exit would also arrive at the Middle Mouth test fishery approximately one
day later. Observed average wind spced is defined here as the arithmetic average
of all observations on the given day.

Standard statistical techniques and tests of significance used throughout this
study are described in Sokal and Roh1f (1969). The SPSS statistical package

(Nie et al. 1975) was employed for standard Pearson's correlations, t-tests, some
of the linear regression analyses, averages, and confidence limits. Preliminary
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time series analysis was performed with the BOXJ computer program packaqe.(Uni-
versity Computer Center, University of Massachusetts at Amherst) and the inde-
pendence of residuals was alsc tested using the same package.

INTRODUCTION TO TIME SERIES METHODS

The use of conventional stock and recruitment models is common in the attempts

of fisheries managers to predict the annual abundance of distinguishable stocks
of Pacific salmon migrating through the fishery. The estimated abundance of the
resource is assumed to be a function of past abundance, measured one or more
years prior to the adult migration. Expectations of abundance and harvest guide-
lines are set prior to the fishing season. Intraseasonal adjustment of the esti-
mation of total abundance is frequently an intuitive, subjective process, the
accuracy of which depends on the expertise of the local resource manager. Develop-
ing an ability to estimate the magnitude of the migration involves comparing the
magnitude of commercial or test catches by date of catch to the historical per-
formance of the migration, environmental factors believed to affect migratory
behavior, and numerous intangibles witnessed by the managerial staff over each
migration.

Techniques to anticipate daily or total abundance by exploiting the conservative
nature of migratory behavior have been developed for several populations of
Pacific salmon (Walters and Buckingham 1975; Mundy 1979; Hornberger and Mathisen
1981; Brannian 1982) and populations of brown shrimp (Babcock 1981). A common
method involves averaging cumulative proportions recorded on each calendar date
of the migration for every year with reliable historical observations. Total
abundance is estimated by the quotient of total catch to date over expected pro-
portion on the given date. Variations on this strategy include defining the day
of migration relative to the day a set cumulative proportion of total catch is
realized (Brannian 1982; Hornberger and Mathisen 1981), or fitting a deterministic
equation, usually the inverted exponential function, to the distribution (Mundy
and Mathisen 1981; Matylewich 1982; see the Methods Section for a discussion of
other appropriate deterministic functions).

Application of a migratory time density function to estimate the total run size
has been successful in several salmon fisheries (Mundy and Mathisen 1981, for
Bristol Bay sockeye salmon; Brannian 1982, for Togiak Bay salmon; Mundy 1982a,

for Yukon River chinook salmon; and Hornberger and Mathisen 1981, for four species
of Nushagak Bay salmon). Because deviations from expected catch are often asso-
ciated with the physical environment of the salmon and, since physical factors are
generally not independent, the accuracy of estimates made during the season can be
enhanced by incorporating measures of the effect of environmental variables on
migratory behavior, and the dependence of sequential daily observations into the
model. The distribution of adult salmon catches over equally spaced intervals of
time (days) is suited to time series analysis. The time series approach proposed
by Box and Jenkins (1976) appears particularly appropriate.

Several studies have employed Box-Jenkins methods to forecast future abundance of

commercially exploited marine organisms. Univariate models have been employed to
forecast monthly rock lobster catch per unit effort (Saila et al. 1981), and yearly
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Atlantic menhaden catch (Jensen 1976). Time series analyses which have incorpor-
ated univariate and multivariate transfer functions have been applied to the
skipjack tuna fishery (Mendelssohn 1981) and lobster fishery (Boudreault et al.
1977) respectively.

Excellent summaries of the procedures involved in the Box-Jenkins method of time
series analysis may be found in McMichael and Hunter (1972), Poole (1976b), and
Mendelssohn (1981). Assuming that the series of observations is stationary, or

can be made stationary by differencing or employing a suitable transformation, a
model is proposed which describes an observation as a function of past observations
(autoregressive terms) or of past errors of estimate (movina average terms). The
exact terms in the model are tentatively identified by studying the autocorrelation
and the partial autocorrelation function exhibited by the data. The parameters of
the postulated model are estimated and the residuals examined to evaluate the ade-
quacy to the model., The three-step process of model identification, model estima-
tion, and diagnostic checking becomes an iterative routine designed to estimate

the most parsimonious model.

The notation used in the present study is consistent with that of Box and Jenkins
(1976). Autoregressive models of order n (AR,), moving average models of order m
(ﬂAm), and mixed autoregressive moving average models of order nm (ARMA,,,) are
d1scusseq. The symbol ¢, is reserved for the coefficient associated with the
obsgrvatIOn lagged n time intervals prior to the present observation. The symbol
On is the parameter associated with the error of estimation »n time intervals prior
to the present observation. The residual error of the final model, ar, are assumed
to be independent and identically distributed with mean zero and variance 52.

DEVELOPMENT OF THE TIME SERIES MODEL

Catch data used in the study were obtained from the Big Eddy and Flat Island test
fisheries. Procedures employed in the test fisheries have been outlined previousl: .
The bias introduced by yearly differences in total abundance is minimized by trans-
forming daily catch into the daily proportion of total annual catch. Daily pro-
portions of total abundance, average daily wind speed recorded by the National
Weather Service for Nome, and the proportion of the calendar day open to commercial
fishing was analyzed for the years 1968 through 1981.

Mean dates of migration and variances were calculated by standard methods (see
Mundy 1982; and others) and correlated with average monthly air temperatures for
April and May, as recorded by the National Weather Service for Nome (Table 1).

The high negative correlation between average April air temperature and mean date
of migration (r = -.913) suggests that the ability of predictive schemes to esti-
mate the lTower Yukon River catch distribution by calendar date can be enhanced by
adjusting the calendar dates of migration using average April air temperature. In
the present study, the relative day of migration p,., which corresponds to a calendar
day of migration o., is defined as the difference between the estimated mean day of
migration D, and coded day corresponding to each calendar day (1 = 1 June) (i.e.,
Dy = Dp - Do). The estimated mean day of migration 15 assumed to be a linear
function of April temperature (see Table 1):

D, = 38.49 - 1.025 (April air temperature, °F) (1)

o



Table 1. Relationship of mean day of migration for the years 1968 through
1981, and average April and May air temperatures.

Mean April Air May Air Predicted Mean
Year Coded Day® Variance Temperature Temperature Day
(°F) (°F)

1968 1753 51.56 14.4 29.1 23.74
1969 14.48 54.48 21.8 42.8 16.15
1970 21.15 49.81 15.1 36.5 23.02
1971 29.21 64.65 12.9 29.7 25.27
1972 26.36 86.56 11.9 35.4 26.30
1973 20.57 78.84 18.3 35.2 19.74
1974 13.57 64.84 20.9 38.2 17.07
1475 27.37 40.25 13.4 33.9 24.76
1976 30.37 25.03 9.7 33.1 28.55
1977 28.20 33.94 9.4 32.9 28.86
1978 12.61 95.15 24.9 42.1 12.96
1979 13.91 110.90 25.5 41.8 12.36
1380 14.88 62.48 23.8 43.2 14.10
1981 16.26 103.56 24.3 42.7 13.57

The Pearson Correlation coefficients are:

Mean day and April temperature: r=-.9127
Mean day and May temperature: r = -.7454
Mean day and Variance of Migration: r=-.5709

The regression of mean day on April air temperature yields the following
equation:

Mean day = 38.49 - 1.025 (Mean April air temperatures, °F)
with an R2 value of .833 and F-value of 59.84 (P < .001).

Number of days after 31 May.

1



Therefore, the pronounced shift of migratory timing due to previous environmental

conditions can be compensated for by defining the day of migration with reference

to a relevant measure of the earlier environment. The distribution of proportions
of lower Yukon River test fishery catch averaged over the relative days for years

1968 to 1981 1s presented in Figure 2.

The derivation of a predictive model which incorporates the conservative nature

of the time distribution over generations (Mundy 1979), the dependent distribution
of sequential daily proportions, and the effect of environmental and commercial
factors on the test fishery catch is attempted. The model consists of two com-
ponents: an average of observed proportions of total catch across the relative
days of migration, and a stochastic component describing the daily deviations from
the average values (eg) as a function of average daily wind speed, surrounding
commercial effort, the errors observed on prior days (e,.;), and the difference
between the estimated proportion and observed proportion of prior days (a,_;).
Mathematically the model is:

By
_ 1 2:: - 1
b= np Pop(i) * €i (2)

i=1

where the observed proportion p, observed on relative day p, is the average of the
proportions pp ;) over the relative days p,.(i) (i = 1 to npiny being the number

of years with recorded catch on day b,) plus an error term (e;). The series of
errors arranged sequentially by day of migration and by year (e; ;96g: €2, 79683+ -»
€x,1968% €1,19692+-1€k,19g1) Where e; .. is the error associated with day i of the
migration (i = 1 to k) and year yr (yr = 1968 to 1981), forms a succession of data
amenable to time series analysis. The parametric time series models proposed by
Box and Jenkins (1976) are used to derive a predictive function of the ee-

The change in location of test fishery sites in 1979 requires a separate analysis
of the daily errors for the years prior to the 1979 relocation (Flat Island catch,
1968 - 1978) and subsequent to the move (Big Eddy catch, 1979 - 1981). The closer
proximity of Flat Island to the seaward boundary of the Yukon River (approximately

1 day of travel time for chinook salmon (Trasky 1973), the more intense commercial
fishery surrounding the Big Eddy test net sites, and differences in the physical
regime of the Yukon River at each test fishery site imply that the relationship of
test fishery catch to wind, commercial effort, and prior catches may be of a differ-
ent character for each location.

Visual inspection of the distribution of errors about their mean of 0 revealed
heteroscedasticity of the errors near the annual mean day of the migrations com-
pared to the errors near the beginning or end of the migrations. The square root
transformation (+ square root of the absolute value of the error, the sign of the
transformed error being identical to the sign of the original error) normalized

the variances, as demonstrated by the nonsignificance of the F-values of the resi-
duals of the quartiles. Due to the nature of the distribution in time and space
of commercial effort, and the desire to avoid complicated transformations of effort
data to correspond to its effect on the test fishery catch, a value of one was
assigned to days of 0.75 or 1.00 days of commercial fishing, and a value of 0

-6
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assigned to days of 0 or 0.25 days of fishing. Although this transformation of
commercial effort produced little change in the residual sum of squares or esti-
mated parameter values, it did result in a slightly better fit of predicted to
observed values and was retained in the following models.

The autocorreletions (ACF) and partial autocorrelations (PACF) of lag 1 to lag 20
days are presented graphically in Figure 3 for the years of the Flat Island test
Tishery catch. The large peak at lag 1 in both ACF and PACF and the absence of
large peaks at other lags implies that the errors can be described as either an
autoregressive process of lag 1 day (ar; model) or a moving average process of

lag 1 day (ma; model). Fitting the Ma; and AR, processes to the observed ¢;
results in slightly lower residua’ sum of squares for the ar; model (Table é).
Therefore the ar; model is considered to be the more appropriate interim model for
the errors. Inclusion of secondary peaks observed in the ACF and PACF (for example
the positive peak at lag 3 days and negative peak at lag 13 days) into the time
series models is deferred until incorporation of the average wind speed and com-
mercial effort transfer function into the model has been accomplished.

Correlograms of the ACF and PACF of the observed daily commercial effort and the
average daily wind speed (Figures 4 and 5) demonstrate the strong dependence of
commercial effort on past values of effort and the presence of an autoregressive
process of lag 1 in the distribution of daily wind speed. If the errors of the
test fishery catch are strongly correlated with either variable, large peaks in
the residual ACF and PACF of the ar; model (Figure 6) may be related to the stat-
istical dependence of environmental factors on past measurements of these factors.
The residuals of the fitted arR; model are compared to the average daily wind speed
and commercial effort of 5 days after the date of recorded catch back to 14 days
before the catch to discern the relationship between the three variables.

A very significant (p<.001) correlation wus found between wind speed and commercial
effort, and the errors on the day of recorded test fishery catch (Figures 7 and
Table 2). Letting ry (¢t = 1,2,...N; N being the total number of observed devia-
%ions from the ar; model) represent the residuals from the AR model; the transfer
unction:

r, = -.0052628 + .001197(w ) - .016341(f ) (3)

is the fitted regression equation to the observed deviations (Table 2).

After including the effects of wind and commercial effort in the autoregressive
model, the peaks in ACF and PACF at a 3 day lag were found to be significant and
a lag-3 term was added to the model. T[lhe final procedure involves making small
adjustments in the values of the parameters to minimize the sum of squared errors
(a¢). Results are presented in Table 3. The AR; ; and alternate arMa; ; models
are considered. The parsimonious and minimum variance model which best describes
the errors fram the average daily proportion, €;, is the ArRMa; 3; model:

€, = =-0796 + .00936w_ - .0671f + .294e,_, + .146a, . + a (4)

1 3 t
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Table 2. Statistics concerning the time series models and relationships dis-
cussed in the text for Flat Island test fishery catches, 1968-1978.

1. The residual sum of squares (sum of all et is .307897

2. The res1 %a1 srm of. sq¥ares of transformed e;, where e; = sign (e, ?'“ i‘4
a

(sum of
3. Statistics regarding the fitted ar; model:

Fitted model = e, = -.013012 + .30418¢,_; + a,

Residual sum of squares = 6.8612; degrees of freedom = 418
4. Statistics regarding the fitted ma; model:

Fitted model = e, = -.012983 + .30688a,_, + a;

Rasidual sum of squares = 6.8769; degrees of freedom = 418

5. Statistics regarding the multiple linear regression of average wind speed
(w.) and the commercial effort (£.) on errors.

-.2514 (p <.0001)
.2390 (p <.0001)

a. Correlation coefficients: Effort and errors: r
Wind and errors: r

b. Fitted model: €, = bo + blwt + bzft +a,

where: bO = -,.0621903
.0087317 (F-value

23.27)

]

%

&

]
1]

-.0638786 (F-value = 26.18)
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Table 3.

Statistics regarding the fitting of the ar; ; and arma; ; models.

Parameter values and goodness of fit for two functions proposed as
possibie models to describe the time series of the errors, eg,

for test fishery catches from 1968 through 1978.

Model :

AR L,3 E ¢

where LU = -

Il =
1
l\ =

"3

Sum of sguares

Sum of sguares

0

075117
.009005
.066458
.298321
.101325

= 5.9100;

]

.079625
.009357
.067129
.29418
.14624

= 5,.8748;

b + blw

+ b f_+ 6., , + b€ + a
t 2E " VITE=1 3 t=3 t

degrees of freedom = 394

= b, # brwt + b .f_ + ¢,c + £ + a
4

P - r3=t=1 ]

degrees of freedom = 394
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Analysis of the residuals (a,) of Equation 4 reveals no significant deviations
from a white-noise model (Figure 8). The randomness of the ACF and PACF are
indicative of a time series model which has sufficiently accounted for the depen-
dence of values on preceding values. Correlation coefficients between the dg,
wind speed, and commercial effort are also nonsignificant for all lags (Figure 9).
It is surmised that the multiple regression transfer function has adequately
explained the dependence of catch on wind speed and the surrounding commercial
fishery.

Deviations from expected daily proportions of 1979, 1980, and 1981 test fishery
catches were subjected to the same analytical procedures described above for the
Flat Island data (see Tables 4 and 5). The large peak in the ACF and PACF at a
1 day lag which characterized the Flat Island data also appeared in the Big Eddy
ACF and PACF (Figure 10). A secondary peak at a 6 day lag was also present.

MA; and Ar; models were fitted to the error- ¢,. Although the fitted ma; model
resulted in a lower value of sum of squared deviations (1.7898) than the ar; mocel
(1.7912), the difference was small. In order to be consistent with the Flat Island

analysis, an ar; model was employed as the interim model.

Correlations between the errors and average wind speed and commercial effort are
presented in Figure 11. The average wind speed recorded the day before the test
fishery catch produces the highest correlation, followed by the wind speed recorded
the day of the test fishery catch. As was found for the Flat Island catch, there
is a high negative correlation between the residuals of the ar; model and the com-
mercial effort on the same day (Figure 11). The transfer function

r, = -.041523 + .006072w __, - .08199f (5)

is derived from the multiple regre. .ion of average wind speed recorded the day
before recorded catch and commercial effort the same day as test fishery catch on
the residuals of the ar; model.

Values of the parameters of the Ma; and ar; models with a transfer function were
refined by minimizing the sum of squared deviations (Table 5). The models yield
almost identical results. The slightly lower sum of squares and choice of an zr;
term for the data of the Flat Island catch suggest the selection of an ar; process
for the Big Eddy data. Cursory inspection of the ACF and PACF of the residuals
Figure 12) and the correlation coefficients between the residuals and the wind
speed and commercial effort (Figure 13) reveal no obvious deficiency in the model.

Autoregressive and partial autoregressive correlations for all years of the test
fishery (1968-1981) are graphically presented in Figure 14 and Table 6 presents
the statistics associated with fitting an Ar; time series model with a transfer
function for wind and commercial effort to the combined Flat Island and Big Eddy
test fishery data. Analysis of the residuals (Figures 15 and 16) demonstrates the
adequacy of this model. No pattern was observed in the ACF or PACF of the rosi-
duals, and the correlation coefficients were all small and nonsignificant. The
residuals from the full model are presented in Figure 17. No deviations from the
assumption of homogeneity of variance are observed in the distribution of the
residuals.

-19-
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Table 4. Statistics concerning the time series models and relationships dis-
cussed in the text for Big Eddy test fishery catches, 1979-1981.

1. The residual sum of squares (sum of all ej's) is .058757

. 4
2. The residual sum of squares of transformed ¢ ., where e . = sign (Liﬂejl'

The sum of .2 is 1.84703
3. Statistics from the fitted ar., model:

1

Fitted model = e_ = -.002287 + d7M5e,_, ¢+ a,

Residual sum of squares = 1.7912; degrees of freedom = 143
4. Statistics from the fitted MA modei :

Fitted model = .2 -.002587 + .1?930at_1 ta

Residual sum of squares = 1.7898; degrees of freedom = 143

5. Statistics from the multiple linear regression of average wind speed (w,
and commercial effort (£,) cn errors.

a. Correlation coefficients: Effort and errors: r - -.3116 (p «<.001)
Wind and errors: r= ,1582 (p =.052)
b. Fitted model: €, = by + byw, + b,f +a,
where b, % -.041523
b, = .006072  (F value = 4.88)
b, = .08199  (F vaiue = 17.08)

-1

)

-22-




Table 5. Parameter values and goodness of fit for two functions proposed as
possible models to describe the time series of the errors, c¢,, for
test fishery catches from 1979 through 1981,

Statistics regarding the fitting of the ma; and ar; models.

Model: Mma, S = Dy k Byw, DL, ¥ bie,; + A
where B, ™ -.039500
b, = .005826
b, = -.085630
%, = .261993

Sum of squares = 1.5229; degrees of freedom = 144

Model : AR By = Hg # biwt * bzft +t 6,6, 7%,
where b, = -.036719
b, = .005732
b, = -.090661
s, = .25574

Sum of squares = 1.5225; degrees of freedom = 144
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Figure 10, Autocorrelations and partial autocorrelations of transformed errors of expected proportions of
Big Eddy test fishery catches, 1979-1981.
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Table 6. Parameter values and goodness of fit for the function proposed as the
model to describe the time series of errors, ¢,, for 1968-to-1981 test
fishery catches.

Statistics from the fitting of the AR, model.

1

1. The residual sum of squares (sum of all e;'s) is .369689

2. The residual sum of squares of transformed e s where €; = sign (eijleii’
(sum of all €2) is 9.48072

Model: AR, €. =Db,+ b.?”t + bzt‘t + 96, ta,
where bO = -,062750
b, = .007919
B, .074693
¢ = ,29793

Sum of squares = 7.5396; degrees of freedom = 569

Sum of squares for all years = .319193
Average error of estimated proportion = .0151179
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DISCUSSION OF TIME SERIES RESULTS

Time series aralysis can benefit fisheries management in two wavs. The resultant
empirical model can be utilized as an aid in the prediction of future resource
abundance, either by forecasting the catch or relative abundance of the resource
(Mendelssohn 1981; Boudreault et al. 1977; Jensen 1976), or by estimating the
deviation from average performance of seasonal fisheries (Saila et al. 1980;
present study; also see Bulmer 1976, for similar results concerning Canadian
populations of exploited fur resources). The dynamic nature of the Box-Jenkins
approach allows regular updating of parameter values, increasing the reliability
of resource forecasts. The variability found in most fisheries is well suited

to the stochastic nature of the fitted models. The analysis is linear in nature
but can describe fairly complex behavior. Nonstationary and seasonal time series
can easily be adapted to analysis.

The second and potentially greater benefit to fisheries management is insight

into the dynamics of the fishery. Mendelssohn (1981) concluded that variability

in the skipjack fishery was more a function of unexpected changes in commercial
effort than the behavior of the fish. Boudreault et al. (1977) discussed the
possibility that lobster abundance is not only a function of past population levels,
but the effect of temperature on larval survival as well. By including the environ-
mental variables of rainfall and temperature in a time series model describing
mosquito densities, new insights into the effects of the environment on life his-
tory stages of the mosquito were obtained (Hacker et al. 1975). Interaction

between various species of Drosophila have been investigated by similar time ser-
ies methods (Poole 1976a).

The effect of surface winds on the migratory behavior of salmon has been shown to
be significant (Lorz and Northcote, 1965), yet the nonuniferm nature of the distri-
bution of migran.s over time has precluded a quantitative description of the
effects. Some authors (Hornberger and Mathisen 1980) have suggested that wind
speed affects the interaction between commercial gear and fish. Others have
attributed the correlations to the influence of wind on the spreading of home
stream water (Lorz and Northcote 1965). Results of the present study indicate
that wind, or a covariate of wind, promotes upriver migratory behavior in chinook
salmon located near the mouth of the Yukon River. The highest correlation was
obtained between deviations from expected catch and wind speed the same day as

the catch for Flat Island test fishery observations. Big Eddy analysis found the
highest correlation between the deviation and wind speed one day before the catch.
The approximate one-day travel time of migrating chinook salmon from Flat Island
to Big Eddy are in accord with these conclusions.

The relationship of catch and effort remains perplexing. There is strong evidence
that competition between units of fishing gear is high in the lower Yukon chinook
salmon fishery. The large negative correlation between the test fishery catch of
Flat Island and Big Ecdy and the commercial effort of the same day implies that a
sizable proportion of the population vulnerable to the commercial fishery is har-
vested before it reaches the test fishery. Therefore daily catch per unit of
effort is not solely a function of the initial daily chinook salmon abundance, but
also a function of fishing mortality experienced by the population. In order to
rely on catch per unit effort as an estimator of the relative abundance of the
population, consideration must also be given to the magnitude and effectiveness

of the commercial fishery.
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The advantage that time series analysis has over the fitting of conceptual equa-
tions is that time-series models are constructed empirically, requiring few a
priori assumptions. If the investigator has sufficient knowledge of the pro-
cesses driving the phenomenon, conceptual models are much preferred over empirical
models. However, in the absence of critical information, the empirical model can
serve as a first step in the development of a conceptual model. Anderson (1977)
extended the Box-Jenkins analysis to include interpreting the results rationally.
Fortuitous autocorrelations 'for which no reasonable explanation can be found,
should not have this effect reflected by the model' (Anderson 1977).

Reduction in the sum of squares is a standard measure of the ability of a model
to estimate recorded observations. The objective of the present study is to re-
duce the squared deviations between observed daily proportions of total catch and
corresponding average proportions (Figure 2). Time series models provided only a
modest reduction in the sum of squares (14%, Table 6). Saila et al. (1981) found
that monthly averages provided a model which had a Tower sum of squares than the
time series model, although the time series model forecast future values with
somewhat higher accuracy. The importance of the present study is not an improved
ability to predict future catch though obscure, by the time series model, but the
demonstration of a relationship, between wind speed, surrounding commercial effort,
and catch.

DISCUSSION OF MATHEMATICAL METHODS

The time distribution of abundance of a migrating population for a given locale

is certainly a multivariate phenomenon. The ability of mathematics to accurately
describe and forecast daily cbundance of adult chinook salmon migrating through
the lower Yukon River drainage depends on an understanding of genetic and environ-
mental contributions to the distribution of abundance, or equivalently the propor-
tion of total population abundance, over time. Unfortunately there is no concensus
on the distribution function governing daily proportion of total catch. Normal,
binomial, or multinomial distributions appear adequate considering the genetic
nature ¢” the migratory behavior. The recurrent, apparently Gaussian, distribution
of daily abundance in diverse populations of migrating birds has been approximated
by a cosine power function (Preston 1966). Frohne (unpublished manuscript) has
suggested that the inverse gaussian distribution, which describes the passage of
particles randomly dispersing in a flowing medium, may better describe the mech-
anics of migration. A two parameter inverted exponential function was first
employed by Royce (1965) to describe the cumulative proportion of total abundance
per unit time. Others have continued its use (Rothschild and Balsiger 1971;
Mathisen and Berg 1968; Dahlberg 1968; Mundy 1979; Mundy and Mathisen 1981;
Matylewich 1982). The derivative of this function with respect to time describes
a bell-shaped curve of proportion as a function of time. Other functions which
generate the familiar bell-shaped curve and have been fitted to the time distri-
bution of proportions include functions from the general class of beta curves
(Vaughan 1954; Hornberger 1980)

Migration has been characterized as a genetically controlled environmentally

mediated event (Mundy 1979). Fluctuations of daily abundance in a given locale
are principally a function of short term environmental changes, the commercial
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harvest below the reference area, and random variation. Daily peaks in salmon
counts have been successfully correlated with changes in cloud cover (Ellis 1962),
wind speed and direction (Lorz and Northcote 1965), barometric pressure (Ellis
1962), and rainfall and increased stream discharge (Alabaster 1970; Libosvarsky
1976; and others: see Banks' 1969 review of factors affecting the upstream migra-
tion of salmon). Results of preliminary comparisons of data from ADF&G test
fishery catches and daily weather observations recorded in Nome suggest that a
covariant of wind speed is the principal daily environmental parameter affecting
the lower river migraticn of Yukon chinook salmon.

METHODS

The derivative of the inverted exponential function and the normal probability
density function are used to quantify the time density of an assumed homogeneous
population or subpopulation of chinook salmon. Both distributions describe a
bell-shaped curve. However, there are advantages inherent in each model. The
more conventional parameters, mean (u) and variance (o?), of the equation des-
cribing the normal distribution of the proportions of total abundance, 0(t),
over day of the migration, ¢t:

Q(t) = exp(-((t-y)2/(20%))]/(2n02)*/? (6)

can easily be related to the location and dispersion of migratory abundance over
time. The derivative of the two-parameter logistic inverse exponential function,
referred to subsequently as simply the inverse exponential function:

Y'(t) = blexp(-(a+bt))]/[(l+exp(~(a+bt)))?], (7)

where v'(t) is the daily proportion of total abundance on day t, is more prevalent
in the Titerature (see Royce 1965; and others) and it can be integrated to yield
an exact solution which describes the distribution of cumulative proportion (v(t))
over time.

Y(t) = 1/[(l+exp(-(a+bt)))] (8)

The parameters defining the shape and location of the inverse exponential function,
a and b, are related to the mean and variance of the distribution.

u = -a/b (9)

and

02 = n2/(3b2) (10)
-35-



Local fishermen are of the opinion that the king salmon migration is composed

of two distinct runs, a 'white nose race' and a 'black nose race'. Each race

is supposed distinguishable according to morphological and migratory timing
characteristics. Although a pilot study by U.S. Fish and Wildlife (Anon. 1960)
did not discern any meristic differences in fish categorized as 'white nose' or
‘black nose', the segregation of major spawning stocks in the Yukon River trib-
utaries implies distinct races separable according to a yet-undiscovered set of
characteristics. The possibility of temporally distinct races can be incorporated
into the analysis. Assume that the time density distribution is composed of two
groups of migrants (subpopulation 1, s;, and subnopulation 2, s,),each with a dis-
tinct mean (y;, u,) and variance (c’;,o’;) (or aj, as, by, by for the inverted
exponential complement of the nmormal distribution equation). Let o, define the
proportion of total migratory abundance apportioned to s;, and pp; = 1 - p, the
proportion of £,. Then the expected proportion of s, on day ¢t (g,(t), or u’,;(t))
is

g,(t) = exp[-((t-u;)2/(20%,))]/(270¢ )"/ (11)
for a normally distribution subpopulation, and
y', (t) = bjfexp(-(a1+b1tJJ!/{(I+expf-f&1+blt)))’} (12)

for a population temporally distributed according to the inverted exponential func-
tion. Likewise, the equations predicting the expected proportion of s_ on day ¢ is

q,(t) = exp!~({t-hz)’/{20‘2J)]/f2ua‘2J1/2 (13)

and

y',(t) = bylexp(-(ay+b,t))]/[(1+exp(~(a +b,t)))?] (14)

for the normal and inverted exponential function respectively. The expected pro-
portion of total abundance can now be expressed as either

Q(t) =p,q,(t) + p,9,(t) (15)

or

Y'(t) = 0,9’ (E) + 0y’ (t) (16)
The same concept can be extended to k subpopulations. The proportion of subpopu-
lation j, where j=1,2,..., k, on day t is:

q;(t) = expf*((t-uj)’/(2o‘j)J}/(2ﬂa’j)’/2 (17)
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for a normally distributed migration, and
y',(t) = bjrexp(—(aj+bjc))1/(1+exp(—raj+bjtm21, (18)

for an inverted exponentially distributed migration. The proportion of total
abundance on day t is a sum of proportions of all subpopulations on day t:

C(t) = p,q,(t) + p,,(t) + ...+ p,q,(t) (19)

or

YI(E) = 0.y’ (t) + 04" (t) +..40,y" () (20)

1

If the number of subpopulations is one (Equation 6), the estimation procedure for
the parameters ¢ and o2 reduces to classical mean and variance computations:

i(t)[%] (21)
t=1

t

tn
N
li

i rt-?;z[cé—“] (22)
T

t=1

where it is assumed that daily catch is proportional to daily average abundance at
the test fishery site, cp is the total catch, c(t) is daily catch, and n is the
last _day of effort. The constants a and b may be estimated by solving s2 = n2/3b2)
and t = a/b. If the migration is believed to be composed of more than one popula-
tion, the values of the parameters w;, 07;, 0, «..bp 7, 0%k g, PE_1/ Mk, 0%k,

or similarly, aj;, by, @3, -+.@p_3, bg_3, Gx-3+ a5, by Can be obtained using maximum
likelihood procedures with steepest 5escent methods.

Hasselblad (1966) applied maximum 1ikelihood techniques to mixtures of normal
curves to compute the means, variances, and proportions of total abundance of each
subpopulation. The equations derived by Hasselblad (1966) for a mixture of x
normal subpopulations are:

Il

_
C{t}] :'
T (t)g.(t)
; [ort) Lt
By ™ n ; : (23)
c(t)
), e q.m]
= [o(t)] | %3
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R o (24)

.- (25)

The system of equations created has no closed-form solution. However, with the

aid of high speed computers, iterative schemes can be devised to approximate the
maximum likelihood estimates of the parameters.

Although minimization of the sum of squared deviations of the observed values from
expected values is not the criterion used here to obtain optimal parameter values,
the sum of squares is a standard measure of the ability of a function to describe
observed data. Sums of squares are included below with tables of parameter values
for comparative purposes.

The relationship of wind speed to migratory behavior is assumed to be linear.
Attempts to assess the importance of environmental factors on in-season migration
of adult salmonids have been confined to either reporting the coincidence of
observed peaks in migration and weather anomalies, cr univariate linear regression
(E11is 1962; Lorz and Northcote 1965). Functional dependence of more complexity
has not been explored. It should be noted that the linear relationship used in
the following analysis does not imply a direct dependence of migration on wind.
Wind speed, like calendar day, is a convenient covariate of other factors res-
ponsible for the inhibition or stimulation of migration. The assumed linear
dependence of decreases in catch on amount of fishing effort surrounding the test
fishery site follows from classical catch models (Ricker 1975). The linear equa-
tion is:

w, =B, +Bw, _ +BSF +a (26)

vhere we is the proportion of the population potentially 'present and able' to
begin migration into the river, w,_, is the average wind speed on day t-1; f, is
the effort, in days fished, on day t, and a, is random error.

Migration can now be quantified as a product of the inherent time-density distri-
bution of the population (Eq. 19 and 20), and the effects of daily wind speed and
commercial effort (Eq. 26).

-38-




The time density of the population characterizes the proportion of the total
population that is 'present and able' to enter the lower river. The effects

of wind speed and removal of fish down river from the test nets modify the dis-
tribution of catch realized by the test fishery. The proportion of total catch
(c(t)/Cp) realized on day t is expressed as:

Il

C(t)/Cp, = Q(t)u, (27)

or

I

C(t)/Cp = ¥' (t)u, (28)

for a normally or inverse exponentially distributed mixture of subpopulations
respectively. Under the assumption of a sing'e homogeneous population, Q(t) and
v’ (t) are defined by equations 6 and 7, and assuming two or more subpopulations,
o(t) and v’ (t) are defined by equations 19 and 20.

Standard statistical procedures used to find the values of uj, 0?4, 05,
3> for Eq. 27 (j = 1 to k) by minimizing the sum of squares, are {o di{fferentiate
the expression

n >

Z [Hcrt)/c,r) - mtortu] (29)

t=1

with respect to each of the parameters to be estimated, equate the expression to
zero and solve the 3,,, equations in terms of each parameter. The equations des-
cribing a mixture of normally-distributed subpopulations generate the following
set of implicit equations which produce converging estimates of the parameters
using an iterative procedure:

n -
cee)] [ i
tgl [Q(t)J thj(t) wtzoft)qj (t) t]
- ’ (30)
’ 2 [ee)] [
El [OrtJ‘ i o g wt’O(thJ-(t)]

n - ™~
c(t) )

=] i

2 = ’

U ce)] [ (31)
tgl [Qrt) Wg (t) ~ wt’O{thj(t)]
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C(t
[HO(t)] [Q(t)ft = Q(U’ft{BO*BIWt_l}]

e - {
8, 5 (35)

c(t) s
[?rt)] o(t)2f,

where all constants and variables are as defined previously, o(t) is defined by
Eq. 19, and q;(t) by Eq. 17; and w, by Eq. 26. Having ubtained estimates for ¥
and ¢2, aj and Pj can be approximated according to relationships previously defined
(equations 9 and 10). It should be noted that this system of equations does not

always converge, due to round off error in the computer or the character of the
equations themselves.

™M=

rt
]
—~

Regretably, Eq. 27 and Eq. 28, which express the proportions of total abundance

as a function of time, wind speed, and fishing effort, do not satisfy the condi-
tions defining a probability density function. The proportions do not necessarily
sum to one, and dependin¢ on the value of (Byp + B;we_; + Baf,.), the proportions

can assume values greater than one or less than zero. In oraer to meet the require-
ments of a probability density function, the expression (Bp + B;w._; + Bofy) must
be limited to values between zero and one. The other modification of equations 27
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and 28 necessary to equate the area under the distribution to one can be developed
within the context of the dynamics of the migration.

Cursory inspection of the distribution of daily catch (Figures 18-33) substan-
tiates the observations of commercial fishermen and managers that a large immigra-
tion of chinook salmon into the lower Yukon River is a one or two day phenomenon,
usually followed by an exceptionally low abundance of migrants. It i< hypothesized
that the 'offshore pool' of chinook salmon physiologically ready to migrate up
river is temporarily deplieted after a peak in migratory activity. In more general
terms, the number of chincok salmon, ~(t), that migrate into the lower river on any
given day t can be expressed as a percent of the sum of the number remaining behind
on day t-1 and the daily increase in offshore numbers from offshore arrivals and
physiological maturation:

N(t) = w [R',_, + Y'(E)N,] (36)

where w, is the percent of the 'offshore pool' that does begin the upriver journey
on day t, R'¢.; is the number of potential migrants remaining from day t-1, 7'(¢t)
is the proportion of the total population that becomes able to migrate into the
river on day t, and N, is the total abundance of the population. The proportional
complement of Eq. 36 1s derived on dividing Eq. 36 by Np:

N(t) /Ny = w [R' /N, + Y'(t)] (37)

As discussed above, it is assumed that the percent of offshore fish that do mig-
rate up river is a linear function of wind. Redefining w, as a linear function
solely of wind speed

w, = 80 + Blwt-l (38)

and constraining by the condition that 0 < w, < 1, R'¢_; is equivalent to I-ue_p)
of the potential immigrants on day t-1. The expression quantifying the proportion
of total abundance present in the lower Yukon delta on day ¢ is:

N(t)/N, = (B, + B,w )[R, _, + Y'(t)] (39)
where v’ (t), assuming a single homogeneous population, is defined by Eq. 7, and
Ry_) =K' _ /Ny = (1-w ) [N(t)/N,] (40)

Under the condition that 0 < we = 8y + Bywe—3 < 1, and sirce the integral of
Bg + Bywe_1)[Re_7 + Y'(t)] equals one over the integral -= to +=, Ea 39 does
satisfy %he requirement for a probability density function.
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The test fishery catch c(t) is a function of the number of fish migrating up the

Yukon River and the commercial effort surrounding the test fishery sites on day ¢.

Given that the test fishery catch is directly proportional to daily abundance in
the lower river on days of no commercial effort, and directly proportional to a
fraction of the total abundance of total abundance of total abundance on days of

commercial effort, the fraction being a linear function of effort (fy), the follow-

ing relationship can be derived:
Ce)/Cp = [1-8£(t) ] [N(t)/N,] (41)

where constants and variables have been previously defined. Equating Eq. 39 to
Eq. 41,

[C(E)/C 1/(1-8,E(t)) = N(E)/Ny = (B, + By )[R, _ /N, + Y'(t)] (42)
As was the case for Eq. 19, the method of maximum likelihood can be utilized to
obtain estimates for the parameter «, b, 8p, 8), and g». Letting

zZ(t) = [c(e)/c, i/ (1-8£(t)), the natural logarithm of the likelihood function,
Li Ly ¥S% >

Ln L= Z(1)(w,)(Y'(1) + Rp) + Z(2)(w,) (Y'(2) + R}) +...+

Z(t) (w, ) (Y't) + R,_)) +eeoo# Z(n)(w )(Y'(n) + R__)) » (43)

t-1 -1

where n is the total number of observations.

To develop an expression for ky, which is a function of the migratory history of
the population before the test fishery begins, regressing backwards in time:

Ry = (1=uy)[Q(0) + R_,] . (44)

Since

R_) = (1-w))[Q(-1) + R_,] (45)
the expression for r_; can be substituted into Eq. 44, giving

R, ={1—me)IQ(0)f + (J—wo)fl-m_l)[O(-lJ+ R_j7] . (46)
Therefore, if Eq. 35 is expanded backwards in time to t = -=, it follows by

induction that:
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0

0
==

k=t

Equation 47 can be simplified by either assuming that all the fish arriving off-

shore during time interval [-=, 0] which are physiologically able have immijrated
the day before nets were set (day 1) (i.e., at ¢t = 0, we = 1, and ryp = 0), 2r no

fish have Entered the lower Yukon delta prior to day 1 fi.e., at t =0, w to

0 = 0, an -

0
ll l (l—uk} =: (48)
k=t

Therefore, under the second assumption, the number of chinook salmon remairing in
the 'offshore pool' on day 1 is

0
R, = 2y, YiEy . (49)

t:—.ﬂ

v'(t) can be integrated exactly over the interval of -« to O:

R, = 1/(1+exp(-(a))) (50)

The difference in parameter values assuming either total offshore depletion or
total offshore retention is minimal. The latter assumption is considered to be
more realistic in view of the observations of other investigators that many salmon
populations mill offshore for various periods of time before ascending their home
river, the supposed difficulty in entering the Yukon River during ice breakup,

and the promptness of test net placement after breakup. Taking the partial deri-
vative of Eq. 38 with respect to each of the parameters (a, b, By, and 8;),
setting the resulting expressions equal to zero, and solving for each of the
parameters, the following set of implicit equations are derived: for a

[ z(c) [ (a) (b)exp(-(a+bt)) 5 Wz
Y'(t)+R, _,; (1+exp(-(a+bt)))? 3a

& (51)

>

Z(t) ] 2{b)exp(—2(a+bt})]
YR N L (14exp(-(a+bt)))?
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where,
3a = av'(e) , 2Re-
W, /3a = (1-w) [ o + =R ], (52)
ayY'(t) 2bexp(-2(a+bt)) Lexp(-(a+bt)) (53)
ha T (l+exp(-(a+bt)))? (l+exp(-(a+bt)))?
and
iR,/3a = exp(-a)/(l+exp(-a))? . (54)
For b,
- Z(t) 2(t)bexp(-2(at+bt)) exp(-(a+bt)) ORy-]
Y'(t)+R,_,; (1+exp(-(a+bt)))? (1+exp(-(a+bt)))? g
t=]
b = = ¢
Z(t) t(exp(=-(a+b))
:E: Y'(E)+R, (1+exp(-(a+bt)))?
t=] (55)
where
(56)

th/Esb

Y’ (t)

= - oY’ () 9R¢-1
= (1 utj[ b + = ] .

2(t) (b)exp(-2(a+bt)) (t) (b)exp(-(a+bt))

ab
(1+exp(-(a+bt)))?

exp(—-(a+bt))

(l+exp(-(a+bt)))? (1+exp(-(atbt)))?

and
3R ,/3b = 0 .
For 30:
e [ Z(t)
Y | o= ] [‘Bo’fy'ftJ + BRt_I/asOJ]
; t t-1
PR - A '
B, -
B Z(t)
2 Y'(t)+R,_, “9R,_1/8p
t=1 |
where

aRt/BBO

I W pe——
(1 {.I.lt)[ aBo ] Y'(t 1) Rt_2 .
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and

3R, /38, =0 (61)
and for B,:

n

Z(t) "
E [fu )(Y'(t)+R ] [(Blw:”Y (¢) + 3Rt—1/381}]
et | t-1)
B, = ' -

n
Z(t) . ;
[Y‘(tHR :, [ aRt-J/"‘lJ]
t=1 t-1

where

aRt/Bﬁl

R
(l'“t)[-jﬁ%l-] - W, [Y'(e=1) - R,_,} (63)
1

ana

(64)

L]
[~
.

3R0/381

The value of 8, is not known but can be approximated by regressing the ratio of
observed catch to expected catch ignoring the effect of commercial effort
[(c(t)/cp)/Z(t)] against effort with a given intercept of one (when effort = O,
C(t)/Cp = 2(t)):

C{t)/c
Em’ [w i )(Y'(tJ+R 1]
=]
8, = = (65)
b
t
t=1

At each iteration, a new B, was calculated for the new estimates of the parameters.
Parameters a and b were estimated by substituting the normal equation into equa-
tions 51 and 54, solving for the mean and variance, and approximating a and b
according to the relationships a - (-b)u ang = n2/(3c2). Equations 58 and 61
were solved by bisection of the ith and i+1th iteration values of Bo and 8;.

Deciding which function to use for the intraseason prediction of daily and total
abundance requires that several factors of quantitative importance be evaluated to
assess the relative benefits to management. The following criteria are employed
in the present study. The measure of fit of each model is defined as the sum of
squared deviations. The ability to predict daily abundance for each year is
expressed in terms of the relative daily error of prediction:
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n
Relative daily error = —ﬁ— Y. (| expected - observed | ) (66)
t=1

Time of convergence is used to quantify the ability of each model to accurately
predict total abundance from expected cumulative proportions of total abundance,
where forecasted total abundance is the ratio of the cumulative catch on day t
over the expected cumulative proportions on day t (Walters and Buckingham, 1965).
The criteria comparing time of convergence is the earliest day that a posteriori
predicted total catch remains within either 20%, or 50% of observed tctal catch.

RESULTS

Five equations expressing the daily proportion of total catch as either a function
of calendar day or a function of daily average wind speed, fishing effort, and
calendar day were fitted to observed 1979, 1980, and 1981 Big Eddy daily test
fishery catch; 1980, and 1981 Middle Mouth daily test fishery catch; total 1980
and 1981 daily test fishery catch, and the 1968 to 1978 Flat Island test fishery
catch. Estimates of the parameter values were obtained either by maximizing the
likelihood function or minimizing the sum of squares. For conciseness, the five
equations will be designated by number, as model one, ;, to model five, M5. The
standard normal distribution equation (Eq. 6) will be referred to as M;. The
function describing a mixture of two subpopulations (Eq. 15), M,, is fitted to

the data by maximization of the 1ikelihood function. Model three quantifies daily
abundance at the test fishery sites as a product of the effects of removal of
chinook salmon by commercial effort and daily wind speed on a single homogeneous
population (Eq. 27, o(¢t) defined by Eq. 6). Model four describes the results of
the same environmental perturbations on a mixture of two subpopulations (Eq. 27,
Q(t) defined by Eq. 15). Both M3 and My are fitted by minimization of the sum of
squares. Model five (Eq. 42) is analogous tom; and fitted by maximization of the
likelihood function.

An F-test comparison of the m; residuals of the first and fourth quartiles of the
time density distributions with those of the central second and third quartiles
demonstrates that the variance of the residuals near the mean day of the migration
is significantly larger than the residual variance of the tails of the time dis-
tribution (Tables 7 and 9). Fourteen of the 18 time densities were characterized
by significantly larger residual variances near the center of the distribution at
the P < .01 level. The cube root transformation was found to be satisfactory for
attaining homogeneity of variances. The results of fitting M; to transformed data
are presented in Tables 8 and 10. Only the 1969 Flat Island and 1979 Big Eddy
residuals remain heterogeneous. For consistency, the cube root transformation

was retained for all minimizations of sum of squares calculations.

The fit of M; to daily catch is summarized in Tables 8 and 10, and depicted for
the representative years of 1972, 1977, and 1981 (Figures 18 to 20). Although

each distribution of observed catch over time can be described as somewhat bell-
shaped, with a larger proportion of the observed catch concentrated near the mean
of the migration (Figure 19), large daily deviations from expected values of catch
occur. Several time densities manifest a bimodal (1968, 1969, and 1972 Flat Island
catch (Figure 18), pronounced right skewed (1974 and 1978 Flat Island catch, and

e




Table 7. Estimated values of the mean and variance of the normal curve equation,
F-values from the test of significance for differences in variances
between the first and last gquartile and the center quartile, and the
resulting sum of squared deviations from the fitted model.

Year Site Mean Variance F-value Probability BSum of
Squares
1979 Big Eddy 13.908 110.899 13.003 P ¢ .01 0428138
1980 Big Eddy 14 .885 62.476 3.444 P < .01 .0107782
1980 Middle Mouth 19.366 79.650 6.012 P < .01 .0148250
1980 Total Test 17.85 78.273 5.433 P < .01 .0112911
Fishery
1981 Big Eddy 16.264 103.561 1.646 N8 .0116698
1981 Middle Mouth 14,567 81 .889 6.082 P<.01 .0115667
1981 Total Test 15.437 93.716 3.140 P« .01 0104684
Fishery
Average 16.036 87.208 .0162029
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Table 8. Estimated values of the mean and variance of the normal curve
equation, F -values from the test of significance for differences in
variances between the first and last quartile and the center quartile,
and the resulting sum of squared deviations from the fitted model. Data
are the cube roots cf reported test fishery catches for the years 1979
through 1981.

Year Site Mean Variance F-value Probability Suom of
Squares
1979 Big Eddy 16.435 162.666 2.701 P= .01 .0500352
1980 Big Eddy 17.681 121.066 1.205 NS 0151434
1980 Middle Mouth 21.459 128.922 2.148 P= .05 .0231644
1980 Total Test 20.11% 135.627 1.418 NS .0180163
Fishery
1981 Big Eddy 18.654 143.169 1.335 NS .0224473
1981 Middle Mouth 18.136 133.840 1.661 NS .0227938
1881 Toial Test 18.5%0 143.158 1.041 NS .0217933
Fishery
Average 18.724 138.493 .0247703
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Table 9. Estimated values of the mean and variance of the normal curve eauation.
F-values from the test of significance for differences in variances
between the first and last quartile and the center quartile, and the
resulting sum of squared deviations from the fitted model. Data are
the reported test fishery catches of Flat Island for the ycars 1968
through 1978.

Year Site Mean Variance F—value Probability Sum of
Squares
1968 PFlat Island 17.538 51.561 1.756 NS 0213495

1969 Flat Islasad 14.482 34.484 10.389 P<C .01 .0435148
1970 Flat Islsand 21.155 49.813 7.927 P < .01 0248545

1971 Flat Island 29,213 64.652 1.348 NS .0198836

1972 Flat Island 26.359 86.261 3.040 = .01 0324197

1973 Flat Island 20.568 78.843 5.021 < .01 .0250178
1974 Flat Island 13.566 64.836 7.879 < .01 0154573

1975 Flat Island 27.366 40.246 10.467 .04004388

1976 Flat Island 30.373 25.0382 2.668 = .04 .0247959

1977 Flat Island 28.20% 33.941 4.903 < .01 .0199380

w w L -] N W -} o
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1978 Flat Island 12.612 95.147 2.756 = .01 0176815

Average 23.295 89.137 0055124
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Table 10. Estimated values of the mean and variance of the normal curve equation,
F-values from the test of significance for differences in variances
between the first and last quartile and the center quartile, and the
resuiting sum of squared deviations from the fitted model. Data are
the cube roots of reported Flat Island test fishery catches for the
years 1968 through 1978.

Year Site Mean Variance F-value Probability Sum of
Squares
1968 Flat Island 18.781 74.574 1,134 NS 0299347

1969 Flat Islend 16.990 84.974 4.972 P (.01 .0572191

1970 Flat Island 22,122 79.380 1.704 NS .0285834
1971 Flat Island 28.855 82.078 1.419 NS .0271098
1972 Flat Island 26.973 91.428 1.402 NS 0482256
1§73 Flat Island 22.066 105.390 1.183 NS 2329826
1974 Flat Islamd 17.569 132.281 1.195 NS .0280416
1975 Flat Island 27.581 64.343 1.526 N8 .0449112
1976 Flat Island 30.464 48.034 1.799 NS .0238994
1977 Flat Island 28.007 69.563 1.550 NS .0190051
1978 Flat Island 16.827 148.476 1.162 NS .0279536

Average 23.293 89.137 0334424
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Figure 18. Observed daily proportions of total catch and expected proportions of total catch from model one
for 1972 Flat Island catches.
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Figure 19. Observed daily proportions of total catch and expected proportions of total catch from model one
for 1977 Flat Island catches.
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Figure 20. Observed daily proportions of totai catch and expected proportions of total catch from model one
for 1981 Flat Island catches.



1981 Big Eddy [Figure 20] and Middle Mouth test fishery catch), or left skewed
character (1971 Flat Island and 1980 Big Eddy catch).

The fluctuations of daily catch for 1972, 1977, and 1981 are portrayed in Fig-
ures 18-20. A peai catch of almost four times the expected catch was observed

on 19 June 1972 (Figure 18). Large daily catches, over three times the expected
daily catch, were recorded on 9 June 1969; 17 June 1973; 22 June 1975; and 7 June
and 11 June 1979. Large peaks in chinook salmon abundance were generally a one-
day phenomenon: (5 July 1972 [Figure 18]; 4 July 1977 [Figure 19]; and 5 June
1981 [Figure 20]; also 9 June 1969; 18 June 1970; 17 June 1973; 3 July 1976; 2
June and 4 June 1978; 7 June and 11 June at Big Eddy, 1979; 21 June at Middle
Mouth, 1980; and 5 June at Big Eddy, 1981) or two days (18-19 June 1972 [Figure
18]; 29-30 June 1977 [Figure 19]); and 7-8 June, 10-11 June, and 5-6 July at Big
Eddy, 1981 (Figure 20); also 22-23 June, 1975; 30 June - 1 July 1976; 14-15 June
at Middle Mouth, 1980) followed by unusually poor catches. Smaller than expected
catches near the midpoint of migration were a multi-day feature of several annual
distributions (for example 21-27 June 1972 (Figure 18); also 14-18 June 1968;
12-18 June 1969; 18-23 June 1973; 24-28 June 1975; 12-18 June 1978; 12-16 June
1679; and 12-17 June 1981 Middle Mouth catch). The conventional bell-shaped
curve generated by M; provides a relatively poor fit to such skewed and variable
cbservations.

The mean and variance of the catch distribution do provide a uniform and computa-
tionally simple means to define the location and dispersion of the migration in
time. Values are relatively consistent (means range from 13 June to 30 June;
variances range from 25 days? to 111 days? (Tables 7 and 9) and comparable to
Nushagak Bay chinook salmon catch data (means ranging from 16 June to 29 June;
variances range from 42 days? to 147 days? [Mundy et al. 1979]) and the Bristol
Bay sockeye salmon migrations (means range from 30 June to 9 July; variances
range from 19 days? to 42 days? [Mundy 1979]). The means of the Flat Island
test fishery catch are apparently later and the variances smaller than those

of the Big Eddy and Middle Mouth test fisheries. This is a result of the warmer
-than-average springs preceding the 1979, 1980, and 1981 chinook migrations and
will be discussed later. The mean and variance of the Big Eddy test fishery
catch does not appear to be predictably different from that of Middle Mouth.

Big Eddy's 1980 mean date of catch was approximately 4 days earlier and the
variance of catch 17 days? smaller than the mean date and variance of Middle
Mouth catch. However, the 1981 results are reversed, with the mean date of
Middle Mouth catch being two days earlier and variance 22 days? smaller than

the mean date and variance of Big Eddy catch (Table 7). Although, based on only
2 years of observations, no large differences were found between the Big Eddy
and Middle Mouth catch distributions; subtle differences in the time densities
of the South Mouth and Middle Mouth may become apparent after several more years
of data have been collected.

Although M,, which quantifies the migratory timing of a mixture of two subpopu-
lations, poorly predicts unexpectedly large or small daily test fishery catches,
it adequately describes multi-day departures from a bell-shaped distribution
(Tables 11-14). Migratory distributions which are ostensibly bimodal in charac-
ter are well approximated by M, (for example the 1972 Flat Island test fishery
(Figure 21). Skewed distributions are also better described by a two population
model. Right-skewed time densities are best fitted by a model consisting of an
early subpopulation with small variance and a late subpopulation of larger vari-
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Table 11. The estimated values of the mean and variance of the earlier subpop-
ulation, the proportion of the total population assigned to the
earlier subpopulation, the mean and variance of the later subpopula-
tion, and the proportion assigned to the later subpopulation. The
model assumes a mixture of two subpopulations (model two, equation
15) and is fitted by maximization of its likelihood function. Un-
transformed data are used from the Big Eddy and Middle Mouth test
fishery operations.

Year Site Earlier Earlier Later Later Proportions Sum of
Mean Variance |Jean Variance Early Late Squares

1979 Big Bddy 7.770 29.663 26.052 49.616 .664 .336 .0374620
1980 Big Eddy 4.689 2.313  16.319 54.217 .123  .877 .0095245

1980 Middle 15.370 32.651 31.746 22.526 .756 244 .0128546
Mouth

1980 Tesat 14.750 37.808 31.546 21.300 .821 .179 .0097846
Fishery

1981 Big Eddy 7.193 14.065 21.507 80.240 .366§ .634 .0091378

1981 Middle 6.712 12.280 20.029 57.554 .410 .59 .0082660

Mouth
1981 Test 6.889 12.784 20.601 71.79% 377 .623 .0076375
Fishery
Average 9.050 20.223 24.029 51.036 .498 .502 .0135229
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Table 12. The estimated values of the mean and variance of the earlier sub-
population, the proportion of the total population assigned to the
earlier subpopulation, the mean and variance of the later subpopula-
tion, and the proportion assigned to the later subpopulation. The
model assumes a mixture of two subpopulations (model two, equation
15) and is fitted by minimization of the sum of squared deviations.
Data are cube roots of Big Eddy and Middle Mouth test fishery catches.
* signifies that the variance of the residuals in the centered half
of the distribution is significantly different from the variance in
the tail quartiles.

Year Site EBarlier Earlier Later Later Proportions Sum of
Mean Variance Mean Variance Early Late Squares

1979 Big Eddy 5.440 72,769 27.616 81,800 ,539 +461 ,0434110
1980 Big Eddy® 4.516 3.808 16.810 144.267 .071 .929 .0149022

1980 Middle 14.254 74.004 33.667 48.083 .659 «341 .0161843
Nouth

1980 Test 13.981 92.445 34.376 40.745 .742 258 .0139148
Fishery

1981 Big Eddy 8.674 64.168 28.842 77.432 .543 457 0093344

1981 Middle 4.962 22.487 21,006 136.901 .226 .774 .0117835

Mouth
1981  Test 5.452 26.696 22.311 149.944 .239 .761 .01062%4
Fishery
Average 8.181 50.910 26.377 97.024 .431 .569 .0171629
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Table 13. The estimated values of the mean and variance of the earlier sub-
population, the proportion of the total population assigned to the
earlier subpopulation, the mean and variance of the later subpopu-
lation, and the proportion assigned to the later subpopulation.

The model assumes a mixture of two subpopulations (model two, equa-
tion 15) and is fitted by minimization of the sum of squared devia-
tions. Data are ~ube roois of Flat Island test fishery catches.
* signifies that the variance of the residuals in the centered half
of the distribution i< ignificantly different from the variance in
the tail quartiles.
Year Site Earlier Earlier Later Later Proportions Suw of
Mean Variance Mean Variance Early Late Squares
1968 Flat Isl. 8.948 6.922 21.447 73.478 .207 .793 .0179039
1969 Flat Ysl. 7.982 14.793 22.947 49.237 .401 .599 .0381016
1970 Fiat Isl. 19.971 78.165 35.403 6.011 .879 121 .0271074
1971 Flat Isl. 24.526 65.209 39.938 9.216 .766 .234 .0173344
1972 Flat Isl, 17.521 20.927 35.146 40.045 A44 .556 .0232732
1973 Flat Isl, 10.677 31.406 27.250 87.639 .330 .670 .0256612
1974 Flat Isl. 9.063 40.571 26.067 127.688 517 483 .017229%0
1975 Flat Isl. 23.104 33.969 34.110 37.503 .537 .463 ,0408688
1976 Flat Isl. 21.301 5.698 31.365 45.534 .107 .893 .0323846
1977 Flat Isl. 26.516 56.264 29 .554 44.035 . 816 .184 .0279093
1978 Flat Is1.® 3.220 10.392 19.029 169.317 .199 .808 ..0154996
Average 15.712 33.483 30.219 62.701 .472 .528 .0257509
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Table 14. The estimated values of the mean and variance of the earlier sub-
population, the proportion of the total population assigned to the
earlier subpopulation, the mean and variance of the later subpopu-
lation, and the proportion assigne. to the later subpopulation. The
model assumes a mixture of two subpopulations (model two, equation
15) and is fitted by maximization of its 1ikelihood function. Un-
transformed data are used, from Flat Island test fishery operations.

Year Site Earlier Earlier Later Later Proportions Sum of
Mean Variamce Mean Variance Early Late Sguares

1968 Flat Isl. 9.827 4.507 21.688 27.659 .350 .650 .013398
1969 Flat Isl, 8.925 6.809 22,155 18.799 .580 .420 .023946
1970 Flat Isl. 19.875 34.820 34.947 3.493 915 .085  ,023396
1971 Flat Isl, 25.797 37.452 39.622 3.645 753  .247  .013948
1972 Flat Isl. 17.519 7.582 34,197 25.862 .470 .530 .019908
1973 Flat Isl, 13.801 22.191 27.625 40.365 .310 .490 .023977
1974 Flat Isl, 10.039 19.394 22.435 69.138 .715 .285 .010045
1975 Flat Isl, 26.026 29.518 37.745 1.724 .88  .114  .037579
1976 Flat Isl. 23.760 0.189 31.091 22,466 .098 .92 .019317
1977 Flat Isl. 27.937 43.358 29.124 0.606 .774 .226 .007931
1978 Flat Isl. 3.516 5.171 17.223 77.554 .336 .664 .0112!i

Average 17.004 19.181 28.893 26.4m .5;1 .419 .018797
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Figure 21. Observed daily proportions of total catch and expected proportions of total catch from model two
for 1972 Flat Island catches.



ance (for example the 1981 Big Eddy test fishery catch [Figure 22]; also 1974

and 1978 Flat Island; and 1981 Middle Mouth test fishery catch) (Tables 11 - 14).
Left skewed distributions are approximated by a model consisting of an early sub-
population with a relatively large variance and a Tater subpopulation with
smaller variance (1971 Flat Island).

The most common pattern of the tcmporal distribution of catch and the resulting
fit of M, is illustrated by the 1981 test fishery catch of Big Eddy (Figure 22),
where large fluctuations in daily catch (4 June through 12 Jure) are followed by
a relatively moderate and stable catch of 5 days, which in turn is succeeded by
a week of higher and more variable catches. Model two defines both 1981 Big Eddy
and Middle Mouth catch distributions as a composite of an early subpopulation
comprising about 40% of the total population, and less dispersed about its mean
date of 7 June; and a later more temporally dispersed population centered around
the mean dates of 21 June to 22 June (Table 11). The two subpopulations corres-
pond very closely to the more variable first two weeks of the migration, and the
more consistent later four weeks of the migration. Similar temporal patterns
were evident in the Big Eddy test fishery catch of 1979. Two large catches on

7 June and 11 June were allocated to the earlier subropulation and a less-variable
(30 days?) series of catches from 13 June to 13 July corresponded to a later
subpopulation of larger variance (50 days2?). The 9 June peak catch of 1969, 18
June and 21 June peak catches of 1979, 19 June peak catch of 1972 (Figure 21),
17 June peak catch of 1973, 10 June and 13 June peak catch of 1974, and 14, 15,
and 21 June peak Middle Mouth catch of 1980 were allocated to the early and less
dispersed subpopulation of the fitted model (see Tables 11-14). The 1968 and
1976 Flat Island and 1980 Big Eddy catch were also best approximated by a mix-
ture of a less dispersed earlier subpopulation and a later subpopulation with

a large variance although larger catches were apportioned to the later subpop-
ulations (19, 22, and 24 June of the 1968 Flat Island catch; 30 June - 3 July

of the 1976 Mat Island catch; and 10 June - 20 June of the 1980 Big Eddy catch).
The distributions of 1971 and 1975 were characterized by a late peak in catch
(10 July 1971 and 7 July 1975) which resulted in the best approximation to the
distribution being a combination of an earlier subpopulation with a large vari-
ance and a later subpopulation with a smaller variance. Of the 14 years of test
fishing catch, the leptokurtic distribution of 1977 (Figure 23) was unique in
the small differences in means (28 June and 29 June). The form of a combined
distribution of two populations with coincident means but different variances

is well-illustrated by the 1977 time distribution of catch (Figure 23).

A comparison of the means, variances, and proportions of M, fitted to the data
by maximization of the likelihood function (Tables 11 and f3) and by minimiza-
tion of the square residuals of transformed data (Tables 12 and 14) reveals con-
sistent differences in parameter values. The earlier means of the transformed
data are smaller than corresponding earlier means of untransformed data. Con-
sidering the tendency of the cube root transformation to smooth at large fluc-
tuations in catch, the fact that the variances of both early and late subpopu-
lations of the transformed data are larger than those of the untransformed data
is expected. The differences between late means and proportions of transformed
and untransformed data demonstrated no obvious trend. The relationships between
the fitted parameters of M, are as yet ambiguous. Tendencies are noted for the
variances of the later subpopulations to be larger than those of earlier subpop-
ulations. The relative abundance of each subpopulation is not consistently
greater than 50%, although some individual proportions differ decidedly from 50%
(see 1980 Big Eddy and 1980 total test fishery catch; Tables 11 and 13).
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The residuals of M, fitted by the likelihood function are consistently smaller
than those fitted to the transformed data by minimizing the sum of squares. An
average reduction in sum of squares by M, of 31% for the 1979-1981 test fishing
catch, and 23% for 1968-1978 test fishing catch was achieved, compared to the

sum of squares from M;. The reduction in sum of squares was greatest for dis-
tribution with a bimodal (1972, 28%) or skewed Big Eddy, 58% and 1981 Middle
Mouth, 48%) character. Given accurate estimates of the values of the parameters,
M, offers few advantages over M; in the ability to predict daily fluctuations in
abundance, although the general form of the distribution is approximated better
by M, than u;.

The vicissitudes of daily catch can to some degree be predicted by #3. Major
peaks in test fishery catch are paralleled by peaks in predicted catch, although
the magnitude of the peaks differ (11, 14, 15, 18, 19, 25, 26, 28, 29 June and

2 July 1972 [Figure 24] and 5, 7, 10, 13-15, 25, and 29 June, 1981 Big Eddy
[Figure 26]; also 9, 10, 16, and 19 June 1968; 9, 11, 15, 18, and 19 June 1969;
11, 15, 17, 21, 24, and 25 June 1979; 20, 21, 24, 27-30 June, and 4 July 1971;
7, 17, and 24 June 1973; 15, 17, 29, 30 June, and 1 July 1974; 19, 22, 28 June,
and 7 July 1975; 24, 27, 28, 30 June, 1 and 3 July 1976; 10, 13, and 14 June
1978: 6, 11, 13, 17 June 1979; 11, 18, and 19 June 1980; and 7 and 10 June 1981
Middle Mouth). Reduced catches near the center of the migratory distribution
were also accurately estimated (13, 16, 20, 23, 24, 27, 30 June and 1 July 1972;
[Fiqure 24]; 1-2 July 1977 [Figure 25]; and 6, 9, 12, 16, 19, 22, and 23 June
1981 Big Eddy {Figure 26]; also 11, 14, 18, and 25 June 1968; 10, 13, 14, 20,
and 21 June 1969; 16, 19, 20, and 23 June 1970; 22 June and 5 July 1971; 19 and
26 June 1973; 4, 11, 15, and 18 June 1974; 20, 24, and 30 June 1975; 25, 29 June
2 and 6 July 1976; 9, 13, and 20 June 1978; 8, 15, and 22 June 1979; 10 and 13
June 1980; and 6 and 16 June 1981 Middle Mouth). On several days, the predicted
peak or depression in catch preceded the observed peak or depressions by one day
(for example 25 June 1972; 3 July 1977; and 17 June 1981 [Figures 24-26]; also
8 June 1969; 17 June 1970; 9 and 12 June 1974; 26 and 27 June 1975; 7 July 1976;
21 June 1978). The predicted peak or depression followed the observed peak or
depression on other occasions (3 July 1972 and 21 June 1981 [Figures 24 and 26];
also 21 June 1968; 11 June 1973; 23 June 1974; 15 June 1980 Middle Mouth; and 6,
9, and 10 June 1981 Middle Mouth).

No consistent pattern appears to exist between the errors of estimation near the
mean of the migration and the errors of estimation at the beginning or end of
the migration. No reguiar violation of the assumption of independence of obser-
vations was revealed in the autocorrelations of the residuals. Significant (P <
.05) positive autocorrelations of lag 1 were observed in 1970 and 1980, and a
negative autocorrelation of -.29 was calculated for the 1975 residuals. Aver-
age wind speeds were highest in 1980 and 1970 respectively compared to wind
speeds of other years. The high wind speeds in 1970 and 1980 could be respon-
sible for sequences of positive or negative residuals, resulting in the observed
positive autocorrelations. However, wind speeds in 1975 were also relatively
strong. It is also possible that another factor which affects salmon migratory
behavior and which is highly correlated with the number of salmon migrating
through the Tower river and also highly autocorrelated could be responsible for
the anomalously high autocorrelations in 2 of 14 years.

The sum of squared deviations is reduced by an average of 43% over those of u;
for the 1979-1981 test fishery catch, and by an average of 38% for the 1968-1978
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Observed daily proportions of total catch and expected proportions of total catch from model
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Figure 25. Observed daily proportions of total catch and expected proportions of total catch from model three
for 1977 Flat Island catches.
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Figure 26. Observed daily proportions of total catch and expected proportions of total catch from model three
for 1981 Flat Island catches.



test fishery catch (compare values of Tables 15 and 16 with values presented

in Tables 22 and 24). The largest reductions in sums of squares were obtained
for the 1974 (72%), 1981 (61%), 1972 (51%), and 1973 (51%) test fishery catches.
Compared to Mz, M3 reduced the sum of squared deviations by an average of 18%
and 20% for Big Eddy and Middle Mouth and for Flat Island test fishery catches
respectively (Tables 15, 16, 12, and i3). The ability of m; to reflect the
daily variation in observed catch and the reduction in sums of squared devia-
tions commend its use as a forecaster of daily abundance over that of »; or M,.

Note the consistent positive correlation between wind speed and abundance {para-
meter g;, Tables 15 and 16) and the consistent reduction of daily test fishery
catch by commercial effort (parameter 3,). Large test fishery catches corres-
pond to days of high wind speeds and periods of commercial closure. Exception-
2ally small catches occur on days of commercial fishing and relatively low average
wind speeds. The high and consistently negative values of parameter 3, indicates
a high exploitation rate by the commercial fishery. Given an average wind speed
of 10 mph, the Big Eddy and Middle Mouth test fishery catch is reduced by an
average of 36% during a commercial fishing period. Flat Island catches are
reduced by an average of 25%. The mean dates of migration are invariably earlier
than those calculated for model 1, while the variances calculated for »3 are
larger than corresponding variances calculated for M;. With ancurate estimates
of M3 coefficients, the reduction in the arrors of daily chinook catch predictions
by »; relative to M; suggest that the temporal distribution of abundance can be
accurately described as a function of time and environmental factors.

Fitting M4 to observed catch results in good agreement between expected and
cbserved values of test fishery catches (Figures 27-29; Tables 17 and 18).
Unexpectedly large or small daily catches were accurately predicted by 4,; for

3 single-day or multi-day catch phenomena. As observed for m;, exceptionally
large or small catches were sometimes predicted the day before or day after the
observed catch. Some exceptions to the goodness of fit should be noted. Some
moderate peaks in abundance late in the migration (5 July 1972 [Figure 27]; als)
22 June 1969; 5 and 10 July 1971; 28 June 1973; 22 June 1974; 22 and 23 June 1978;
27 and 28 June 1979) were not well predicted. The magnitude of large test fish-
ery catches early or in mid-season were also poorly estimated by the model {29
and 30 June 1977 [Figure 28]; also 29 and 30 June; 9 June 1969; 18 June 1970;

17 June 1973; 22 and 23 June 1975; 30 June, 1 and 3 July 1976; 10 and 11 June
1978; 11 June 1979; and 18 June 1980). However, the deviations of observed
catch from expected catch were apparently random throughout the migratory dis-
tribution and, except as noted previously, comparatively small.

The goodness of fit is reflected in the reducticon of the sum of squares compared
to previous models. The sum of squared residuals of Flat Island catch were
reduced an average of 54% compared to »;, 40% compared to M,, and 257 compared
to 3. Middle Mouth and Big Eddy sums of squares were reduced an average of £9%
over those of M;, 557 over M,, and 46% over M3. Although the values of the para-
meters vary by year and test fishery site for m,;, some general qualitative con-
clusions can be made. The value of the wind speed parameter, g;, lies between
the values of -.43 and .59 and, with the exception of 1968, 1976, and 1977 is
positive (Tables 17 and 18). The value of the effort parameter, g,, is predict-
ably negative, and lies between the values of -1.7, and -5.7, denoting a high
exploitation rate. The variances corresponding to earlier meins were, with the
exception of the 1970 and 1977 Flat Island catches, smaller than the variances
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Table 15. The estimated values of the mean and variance of a homogeneous
population migrating past the test fisheries, and the values of
the coefficients gquantifying the effect of wind speed and commercial
effort on the migration. Model three (equation 27) is fitted to
observed data by minimizing the sum of squared deviations from the
expected catches. Data are cube roots of Big Eddy and Middle
Mouth test fishery catches. * signifies that the variance of the
residuals in the centered half of the distribution is significantly
different from the variance in the tail quartiles.

Year Site Mean Variance B ¥ B Sum of
0 1 2
Squares

1979 Big dey. 13,925 524.908 13.56 .3064 -3.307 043006
1980 Big Eddy 14.595 210.1%7 9.89 .3051 -3.556 .005052
1980 Middle Mouth 19.829 272.608 11.46 .2973 -4.121 011147

1980 Total Test® 18.179 267.118 11.28 .3055 -3.994 008574
Fishery

1981 Big Eddy 15.123 307.408 12.759 .3753 -5.209 .009848
1981 Middle Mouth 14.252 282,205 14.527 .1464 -5.593 .008389

1981 Total Test 15.279 291.999 13.721 .2404 -5.216 .008500
Fishery

Average 17.883 308.056 12.46 .2823 -4.428 .014073
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Table 16. The estimated values of the mean and variance of a homogeneous pop-
ulation migrating past the test fisheries, and the values of the
coefficients quantifying the effect of wind speed and commercial
effort on the migration. Model three (equation 27) is fitted to
observed data by minimizing the sum of squared deviations from the
expected catches. Data are cube roots of Flat Island test fisnery
catches.

Year Site Mean Variance F B Bz Sum of
Squares

1968 Flat Island 17.562 142.180 14.80 -.3147 -2.961 .021341
1969 Flat Island 15.439 179.449 §.15 .5541 -2.534 .032005
1970 Flat Island 21,599 130.45%4 £.09 1937 -2.257 .019940
1971 Flat Island 28.598 196.810 10.50 .2202 -1.715 .020614
1972 Flat Island 24.036 408.813 16.08 ,2941 -3.7% .023560
1973 Flat Island 20.249 246.046 9.08 .499 -2.746 .016241
1974 Flat Island 12.995 250.246 5.56 .8225 -1.973 .007973
1375 Ficzt Islend 27.362 88.257 5.20 .4742 —4.426 .031073
1976 Flat Islaad 30.176 61.514 10.05 -.0557 -3.852 .015530
1977 Flat Island 28.671 77.735 11.72 -.1976 -2.40€ .021300
1978 Flat Island 13.065 328.205 12.16 3317 —6.3534 .014085

Average 21.796 191.795 10.03 .2566 -3.654 .020694
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Observed daily proportions of total catch and expected proportions of total catch from model four
for 1972 Flat Island catches.
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Figure 28. Observed daily proportions of total catch and expected proportions from model four for 1977 Flat
Island catches.
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Table 17. The estimated values of the mean and variance of the earlier sub-
population, the proportion of the total population assigned to the
earlier subpopulation, the mean and variance of the later subpopula-
tion, and the proportion assigned to the later subpopulation. The
model assumes a mixture of two subpopulations affected by wind and
commercial effort (model four, equation 27) and is fitted by mini-
mization of the sum of squared deviations. Data are cube roots of
Big Eddy and Middle Mouth test fishery catches.

Year Site Barlier Earlier Later Later Fzoportions
Mean Variance Mean Variance [Early Late
1979 Big Eddy 6.809 0.975 15.412 580.056 049 .951
1980 Big ERddy 9.619 58.964 25.732 149.399 485 .515
1980 Middle 10.701 32.452 27.545 158.461 .288 .712
Mouth
1980 Test 13.179% 81.870 33.816 47 .442 693 .307
Fishery
1981 Big Eddy 6.387 16.259 19.332 247 .927 117  .883
1981 Middle 5.598 20.402 20.028 173.619% .176 .824
louth
1981 Test 6.042 17.361 19.934 217.18 .138 .862
Fishery
Average 6.676 32.610 23.114 224.8; 278 722
-Continued-
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Table 17. Estimated values of the wind, effort, and constant parameters and
sum of squared deviations from model. The model assumes a mixture
of two subpopulations affected by wind and commercial effort {model
four, equation 27) and is fitted by minimization of the sum of
squared deviations. Data are cube roots of Big Eddy and Middle
Mouth test fishery catches (continued).

Year Site Bo '1 ’3 :::.::.
1979 Big Rddy 10.803 .59495 —4.7460 .0194351
1980 Big Eddy 8.105 .38872 -3.9471 .0077234
1980 Middle Mouth 8.929 .39402 -4.3586 0065747
1980 Total Test 9.368 .33200 -4.0361 .0044401
Fishery
1981 Big Eddy 11.570 .37480 -5.6378 0065742
1981 Middle Mouth 12.391 .15209 =5.4817 .0043586
1981 Total Test
Fishery 12.287 «24734 ~5.5498 0044713
Average 10.494 .35483 —4.8226 .0076529

-74-




Table 18. The estimated values of the mean and variance of the earlier sub-
population, the proportion of the total populaticn assigned to the
earlier subpopulation, the mean and variance of the later subpopu-
lation, and the proportion assigned to the later subpopulation. The
model assumes a mixture of two subpopulations affected by wind and
commercial effort (model four, equation 27) and is fitted by minimi-
zation of the sum of squared deviations. Data are cube roots of Flat
Island test fishery catches.

Year Site Earlier [Earlier Later Later Proportions
Mean Variance Mean Variance Early Late
1968 Flat Island 8.789 8.119 21,884 76 .464 .205 .795
1969 Filat Island 7.880 17.790 23.153 44.944 .39  .604
1970 Flat Island 19.234 77.744 35.052 8.341 .858  .142
1971 Flat Island 22,730 46.863 39.115 48,885 573 .427
1972 Flat Island 16 .448 15.978 33.935 93.599 .331 .669
1973 Flat Island 9.956 22.134 26.431 94.029 260 .740
1974 Filat Island 8.7(0  46.453 23.231 213.118 374  .626
1975 Flat Island 21,968 25.919 33.721 32.279 .510 .490
1976 Flat Island 22.111 3.704 31.306 48.723 095 .905
1977 Flat Island 28.768 87 .933 29.906 4.691 .922 .078
1978 Flat Island 3.014 7.962 17.708 226.657 103  .897
Average 11.418 32.781 24.675 81.066 421  .579
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Table 18. Estimated values of the wind, effort, and constant parameters and
sum of squared deviations from model. The model assumes a mixture
of two subpopulations affected by wind and commercial effort (model
four, equation 27) and is fitted by minimization of the sum of
squared deviations. Data are cube roots of Flat Island test fish-
ery catches (continued).

Year Site Bo Bl Bz :::.::.
1968 Flat Island 14.359 -.43751 -2.3272 .0149271
1969 Flat Island 6.543 .33128 -2.1221 0224319
1970 Flat Island 7.58 «27755 -2.3368 .0129419
1971 Flat Island 8.019 .32090 -1.7478 .0198892
1972 Flat Island 10.996 .16179 -5.1727 .0150231
1973 Flat Island 6.430 52774 =2.0435 .0140535
1974 Flat Island 8.251 .43506 -2.7129 .0072566
1975 Flat Islaad 4.915 45997 -4.7514 .0224506
1976 Flat Island 10.431 -.11567 -3.9336 .0153660
1977 Flat Islaad 13.142 -.33247 -2.2277 0149221
1978 Flat Island 11.875 .14118 -4.6325 .0109367

Average 8.421 16090 -3.0917 0154726
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associated with later means. Early and late subpopulation proportions average
close to one half of total abundance.

The results of fitting M5 to the distribution of catch over time are similar to
the results obtained in the fitting of 3 (Tables 19 and 20; Figures 30-32).
Large or small observed daily catches generally coincide with large or small
estimated catches. Although exceptionally large or small daily chinook salmon
abundances are generally underestimated or overestimated (18, 19 June and 5

July 1972 [Figure 30]; 29, 30 June and 1 July 1977 [Figure 31]; and 5 and 9

June 1981 Big Eddy [Figure 32]; also 9 June 1969; 18 and 23 June 19705 1, 2, 3
July 1971; 17 June 1973; 22 and 23 June 1975; 30 June, 1 and 3 July 1976; 2 and
4 June 1978; 7 and 11 June 1979; 10 June 1980 Big Eddy), the more moderate peaks
in catch are well represented by the estimates of »5. It is observed that in
there is a tendency for the catches on the extremities of the temporal distribu-
tion to be underestimated while catches near the mean day of distribution are
generally overestimated. The skewness of the 1981 Big Eddy, 1980 Big Eddy,

and 1974 Flat Island distribution is better approximated by the distribution
function of M5 than the skewness of the 1975 and 1978 Flat Island distributions,
which are relatively poorly approximated.

The calculated mean day of catch is consistently earlier than the mean day of
catch calculated by M;, and the variance is smaller. The wind parameter g;, is
positive for all years and the effort parameter, g2, is negative for all catch
distributions. Although minimizing the sum of squared deviations is not the
criterion used in estimating the parameters of the Mg, the values of sum of
squares for each year compare favorably with corresponding values of 3. The
1969, 1970, 1971, 1972, 1973, 1974, 1975, and 1977 Flat Island, the 1979 and 1580
Middle Mouth and Big Eddy, and the 1980 Big Eddy distributions all resulted in
lower sum of squares for M5 compared to Mj.

The relative ability of each model to accurately describe the distiibution of
daily catch can be summarized as follows. Models one and M, demonstrate the
poorest predictive ability, followed by ¥; and M. Model four proved to be the
most accurate estimator of daily catch. It can ge concluded that models three,
four, and five all accurately depict the time distribution of catch. Obviously,
accurate estimation of the parameters is necessary to make these methods appli-
cable to actual intraseason forecasts. The consistent positive value of the

wind speed coefficient, 8;, and negative value of the commercial effort coeffi-
cient, 8,, are significant and consideration of these two effects would undoubtedly
improve abundance estimates.

The statistics of the estimated values of the parameters of 3, M4, and g are
summarized in Tables 21, 22, and 23 respectively. The wind parameter, g;, and
the commercial effort parameter, g, are significantly different from 0 for all
three models. Average April air temperatures were highly correlated with the
fitted mean of w3, the variance of M3, the mean of s; and s, of m,, the variance
of s, of My, and the mean of mMs. Linear regression techniques were applied in
the analysis of the relationship of the spring air temperatures and the means
and the variances of 3 and Mz, and the means of Ms. A logarithmic transforma-
tion was employed to stabilize the variance (02?). The statistics of the linear
regression analysis are presented in Tables 21, 22, and 23.
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Table 19. The estimated values of the mean and variance of a homogeneous popu-
lation migrating past the test fisheries, and the values of the
coefficients quantifying the effect of wind speed and commercial
effort on the migration. Model five (equation 40) is fitted to
observed data by maximization of the likelihood function. Data
are from the Big Eddy and Middle Mouth test fishery operations.

Year Site Mean Variamnce Bo Bl Bz Sum of
Squares
1979 Big Eddy 5.247 20.923 0.0443 .00491 -0.3583 .0363204

1980 Big Bddy 13.115 50.602 0.0137 .,02329 -0.449% .0067951
1980 Middle Mouth 16.801 62.846 0.0292 .01726 -0.5957 .0101368

1980 Total Test 15.433 62.506 0.0268 .01856 -0.5313 .0067193
Fishery

1981 Big Eddy 4.550 7.509 0.0048 ,00936 -0.6332 .0069554

1981 Middle Mouth 13.627 74.399 0.2659 .01025 -0.6823 ,0113025

1981 Total Test 4.964 8.829 0.0267 .00748 -0.6935 .0059759
Fishery
Average 10.534 41.089 0.0588 .01302 -0.5634 .0120291
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Table 20. The estimated values of the mean and variance of a homogeneous pop-

ulation migrating past the test fisheries, and the values of the
ccefficients quantifying the effect of wind speed and commercial
effort on the migration. Data are from the Flat Island test fish-
ery operations.

Year Site Mean Varianoce no BI B2 Sum of
Squares

1968 Flat Island 14.704 38.482 0.2434 .00000 -0.3524 .0223267
1969 Flat Island 7.302 7.116 0.0735 .00433 -0.2536 .,0297612
1970 Flat Island 19.955 46.045 0.3688 .03752 -0.2394 .0143960
1971 Flat Island 27.653 59.287 0.1146 ,02131 -0.1439 .0186809
1972 Flat Island 15.150 4.69 0.0320 .00590 -0.5347 .0213226
1973 Flat Island 18,185 62.721 0.0000 .02874 -0.3510 .0134308
1974 Flat Island 7.762 15.864 0.0145 .01242 -0.2526 .0068396
1975 Flat Island 25.703 37.293 0.0000 .03415 -0.4769 .0300980
1976 Flat Island 28.263 19.530 0.2618 .00773 -0.4167 .0220395
1977 Flat Island 27.206 32.399 0.4614 .00424 -0.2136 .0175581
1978 Flat Ialand 12.726 86.259 0.0597 .02354 -0.6942 ,0172667
Average 18,601 37.245 0.1482 .01726 -0.3572 .0194383
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Figure 31. Observed daily proportions of total catch and expected proportions from model five for 1977 Flat
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Table 21. Mean parameter values, confidence limits, and the relation between
mean and variance for model three and average April air temperature.

Mean Lower 95% limit Upper 95% limit

Mean day of migration 20.243 16.526 23.960
Variance of migration 225.159 148.667 301.651
Constant 10.471 8.549 12.393
Wind parameter 0.272 0.099 0.445
Commercial effort parameter -3.772 -4.887 -2.657
The Pearscn Correlation Coefficients are:
Mean day and April temperature: r=-.9154 P < .001
Variance and April temperature: r = .6092 P = .021
Natural log of variance and
April temperature: r=.6961 P = .006

Mean day = 37.933 - 1.0056 (Mean April air temperature, °F)
with an R2 value of .838 and F-value of 62.01

Vartance = E(3.9242 + .0757%63 (Mean April air temperature, °F)
with an R? value of .485 and F-value of 11.28

Sum of squares for all years = .432103
Average error of estimated observation = .0169135
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Table 22. Mean parameter values, confidence 1imits, and the relation between
the means and variances for model three and average April air

temperature.
Mean Lower 95% limit Upper 95% limit

Early mean day of migration 13.744 9.173 18.315
Late mean day of migration 26.85) 22.712 30.990
Early variance of migration 31.200 15.093 47.307
Late variance of migration 133.5n¢ 45,978 221.038

Proportion of early
subpopulation 0.377 0.219 0.535

Proportion of late
subpopulation 0.623 0.465 0.78l
Constant 9.502 7.899 11.105
Jind parameter 0.223 0.042 0.404
Commercial effort parameter -3.453 -4.241 -2.665

The Pearson correlation coefficients are:
Mean day of Sy and April temperature: r = -.8810 P < .001
Mean day of S2 and April temperature: r = -.7946 P = .001
Variance of S» and April temperature: r= .7106 P = .004
Natural log of variance and

April temperature: r= .7395 P = .003

Mean day of S} = 34.681 - 1.1901 (Mean April air temperature, °F)
with an R2 value of .776 and F-value of 41.59]

Mean day of Sp = 43.952 - 0.9720 (Mean April air temperature, °F)
with an R2 value of .631 and F-value of 20.55]
Viriance = e(1.3628 + .165373 (Mean April air temperature, °F)
with an R? value of .5468 and F-value of 14.482

Sum of squares for all years = .511062
Average error of estimated proportion = .01800
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Table 23. Mean narameter values, confidence 1imits, and the relation between
mean and variance of model five and average April air temperature.

Mean Lower 95% 1limit Upper 95% limit

Mean day of migration 16.251 11.350 21.152
Variance of migration 34.909 20.923 48.895
Constant 0.1210 0.0346 0.2074
Wind parameter 0.016 0.010 0.022
Commercial effort parameter -0.384 -0.477 -0.291

The Pearson correlation coefficients are:
Mean day and April air temperature: r = -.8516 P < .001

Mean day = 37.958 - 1.2338 (Mean April air temperature, °F)
with an R? value of .725 and F-value of 31.67




Comparisons of the ability of M3, M4, and M5, and the time series model to accur-
ately estimate both daily and total abundance are summarized in Tables 24, 25,
and 26. Given accurate least squares estimates of the parameters of M; and My
(Tables 15-18) or maximum 1ikelihood estimation of M5 (Tables 19 and 26). the
average daily error of estimation of 1968 to 1979 test fishery catches is smaller
for both m; (averaging 0.01449) and my (averaging 0.01318) than the average daily
error of time series model (averaging 0.01666?. The time series model more
accurately predicts the daily proportion of 1980 and 1981 total Big Eddy catch
compared to m;, although less accurately than m;. The ability of M; and My to
forecast total catch within a 50% error intervaf (predicted total catch equals
the ratio of cumulative catch over estimated cumulative proportions of total
catch) is not consistently better or worse than the ability of the time series
model to predict total catch. Model 5 results in an average error of daily pre-
diction of .01365 for the 1968 to 1981 proportions of total annual test fishery
catch (Table 25), which is less than the average error of m; (6% less) but greater
than the average error of M, (3% greater).

Total catch estimated by m; remained within a 50% error interval previous to the
forecasts of the time series model for years 1968, 1971, 1974, 1976, 1979, 1980,
and 1981, where as 1970, 1972, 1975, and 1977 total catch was more promptly esti-
mated by the time series model. The time series model estimated total catch
within a 50% error interval in advance of M4 for 1969, 1970, 1971, 1972, 1973,
and 1977 catch data. The time series model was superior to both 3 and ay; in

the ability to predict total annual catch within a 20% error interval. Predicted
total annual catches are greater than observed total catches. Total observed
catch was not within 20% of final predicted catch of M5 for the years 1969, 1971,
1972, 1975, 1979, and of my for years 1971, 1975, and f9?9.

Annual values of m3's mean, variance, B8y, B3, and 8, were estimated according

to the linear relationship or averages presented in Table 21 and substituted

into #3. In a similar manner the mean, variance, and proportion of s;, the mean,
variance, and proportion of s;, 8,, 81, and 82 were estimated by a 1inear function
of temperature (uj,u;, 0?) or as an average of the 14 estimated annual values of
the parameters (6275 Pys P25 Bgs Bj» and B,). Estimates of both daily and total
abundance of M4 werc more in error than estimates of the time series model (Table
25) or mM;. Estimates of daily abundance by the time series model were, on the
average, 39% more accurate and those of M3 were 36% closer to the observed daily
catch than the corresponding estimates of m,. Total abundance predictions did
not converge to within 50% of observed abundance for 4 years (1972, 1975, 1976,
1977) and within 20% of observed abundance for 7 years (1970, 1971, 1972, 1975,
1976, 1977, 1981). The residuals of m; were tested for independence and found to
be significantly correlated at 1ag 1 day. An autoregressive temm of 4; = .39 was
added to m; to satisfy the conditions of independence. Both »; and the time
series model re<ulted in differences of 0.01 to 0.02 between observed and fore-
casted daily proportion of total abundance. The time series model estimates

were an average of 4% closer to the observed proportions than m; estimates for

14 years of observations. The time series model does anticipate total abundance
with greater accuracy than M3 (Table 26). Model three estimates of total catch
failed to converge to within 20% of observed total catch for 8 years of test
fishery catches (1969, 1974, and 1976-1981).
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Table 24. Comparison of the ability of models three and four, fitted toc the
observed data by minimization of sum of squares, to predict daily
proportion of total catch and total annual catch. Average daily
error is defined by equation 66 in the text. NE signifies that the
20% error interval of predicted total catch did not include the
observed total catch the last day of the test fishery.

Fitted M3 Fitted M4

Year Average total within Average total within

daily error 50% 20% daily error 50% 20%
1968 01776 June 11 June 17 .015%0 June 10 June 13
1969 .01576 June 3 NE .01386 June 5§ June 25
1970 01442 June 14 June 28 .01159% June 14 June 20
1971 01694 June 13 NE .01652 June 17 NE
1972 01748 June 14 NE .01438 June 12 June 15§
1573 .01374 June § June 18 .01272 June 17 June 18
1974 00891 June 1 June 12 .00830 May 31 June 8
1975 .01651 June 25§ NE .01599 June 20 NE
1976 .01515 June 25 July 4 01315 June 20 July 4
1977 01284 June 20 July 1 01145 June 20 June 26
1978 .01020 May 31 July 15 .00992 May 30 Jume 3
1979 .01408 May 27 NE .01036 May 31 NE
1980 .00970 June 3 June 21 .00871 June 2 June 8
1981 .00953 June 3 June 14 .00830 May 31 June 2
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Table 25. Comparison of the ability of model four and the one population time
density model to predict daily proportion of total catch and tctal
annual catch. Parameters of model four are estimated by statistics
presented in Tables 17 and 18. Parameters of model five are esti-
mated by maximization of the likelihood function. Average daily
error is defined by equation 66 in the text. NE signifies that the
50% or 20% error interval of predicted total catch did not include
the observed total catch the last day of the test fishery,

Estimated two-—population model Fitted time density model, ¥s

Year Average error Predicted total Average error Predicted total
daily predictions 50% 20% daily predictions 50% 20%
198 .03348 June 24 July 30 .01819 June 12 June 16
1969 .01582 June 4 June 5§ .01636 June § June 12
1970 .02016 June 16 NE .01470 June 9 June 17

1971 02982 July 10 NE .01543 June 17 NE

1972 .04153 NE NE .01713 June 17 June 26
1973 01499 June 11 June 13 .01389 June 11 June 20
1974 .00981 June 2 June 8 .00864 June 3 June 8
1975 .02811 NE NE .01615 June 18 June 28
1976 04977 NE NE .01503 June 25 July 4
1977 05478 NE NE 01244 June 12 June 21
1978 .01478 June 10 June 19 .01207 June 6 NE

1979 .01869 June 7 June 17 .01483 June 2 June 13
1980 .01554 June 15 June 18 .00802 June 4 June 18
1981 .01240 June 5 NE .00819 June 3 NE
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Table 26. Comparison of the ability of model three and the time series model
to predict daily proportion of total catch and total annual catch.
Parameters of model three are estimated by statistics presented in
Table 15 and 16. Average daily error is defined by eouation 66 in
the text. NE signifies that the 20% error interval of predicted
total catch did not include the chserved total catch the last day
of the test fishery.

Time Series Model Fitted ome-population model
Year Average error Predicted total Average orror Predicted total
daily predictions 50% 20% daily predictions 50% 20%
1968 .02188 June 18 July 3 .02279 June 25 June 30
1969 01742 June 2 June 14 .01651 June 10 NE
1970 .01519 June 7 June 22 01514 June 12 June 21
1971 01770 June 16 June 28 .01932 June 24 July 17
1972 .01881 June 11 June 23 .02123 June 15 July 8
1973 .01599 June § June 13 .01573 June 5 June 19
1974 .01204 June 2 June 19 .01123 June 11 NE
1975 .02034 Juae 22 June 23 .0198S June 22 June 30
1976 .01902 June 28 June 30 .02162 June 30 NE
1977 .01503 June 18 July 1 .01814 June 11 NE
1978 .01103 May 31 June 7 .01155 June 5 NE
197% .01542 June 7 June B8 .01489 May 28 NE
1980 .00912 June 6 June 16 00968 Jone § NE
1981 .00946 June § June 6 .01105 June 1 NE
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DISCUSSION AND CONCLUSIONS ON MATHEMATICAL MODELS OF MIGRATORY TIMING

Two fundamentally different methods of intraseason estimation of abundance are
evolving; the use of cumulative proportions averaged across defined days of
historic data, and the adoption of hypothetical models which assume the general
shape of the distribution of proportions over time. The first method was first
formally quantified by Walters and Buckingham (1975) who suggested that total

run size could be quantitativeiy anticipated by the ritio of catch plus escape-
ment to date and the average cumulative proportion expected to have returned by
that date. The average cumulative proportion on a given calendar date was
defined as the arithmetic mean across years of the cumulative proportions re-
corded on that date. They concluded that the run size estimates were quite
unreliable until over half of the run had past. Variation in average daily
cumulative proportions can be reduced by standardizing the calendar date to day
of the run, where the first day of the run is defined as the maximum of the
second derivative of the normal equation defined by the mean and variance of

each year (Hornberger and Mathisen 1980; Brannian 1982). Although the a posteriori
assessment of average cumulative daily proportions is refined, the difficulties
of objectively ascertaining the first day of the run during the season have yet
to be resolved. Another means of synchronizing the calendar dates of migration
is to objectively classify the years as early, average, or late according to mean
day of migration (Mundy 1982a). The expected cumulative proportion is the aver-
age cumulative proportion across a calendar date for a subset of years, determined
by spring temperatures.

The second technique developing as a method for intraseason abundance estimation
assumes the existence of a probability density function which acurrately reflects
the time distribution of proportions of total abundance for all years. Vaughan
(1954) first recommended that temporal distributions of proportion could be
modeled as probability distribution functions which best fit the data. For
Southeastern Alaskan pink salmon migrations, beta curves were chosen the major-
ity of times from the family of Pearson probability densities. In a study of
Bristol Bay sockeye migrations, a two-parameter legistic function which asymptot-
ically approaches one was chosen as an appropriate mcdel of cumulative proportions
over time (Mundy and Mathisen 1981). The parameters of the equation were esti-
mated intraseason by least-squares fitting to early daily abundance estimates.
Accurate estimates of total abundance were obtained well before the median day

of migration in one of the two years. In contrast, Hornberger and Mathisen
(1980) compared intraseason prediction performance of a normal curve function
fitted to the average abundance distribution with the curve of the historical
data average. They concluded that the historical average was the preferred means
of intraseason prediction.

The results of the present study demonstrate that variations in the temporal
distribution of abundance can be approximated by fitted probability density
functions or by fitted analytical models; both of which employ equations used
by previously-cited authors to express the daily proportion of total abundance
as a function of time, environmental factors, and fishing effort. Errors of
daily proportions estimated by empirical time series models are comparable to
errors of daily proportions predicted by analytical models whose parameters are
estimated by a function of average April temperatures or as an average of pre-
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iously determined parameter values. However, empirical methods renain superior
to hypothetical models in their ability to forecast total abundance.

One advantage of the analytical approach is that the underlying mechanics of
migratory behavior can be more easily incorporated into existing models without
radically altering the model or the procedure for estimation of parameter values.
The bell-shaped normal curve function is the nucleus of the models presented in
the present study. The use of the normal curve is justified by virtue of the
genetic nature of migratory timing (Mundy 1979); and the parameters of the nor-
mal curve function, mean and variance, are more readily related to the migratory
time distribution than parameters of other bell-shaped curves. The assumption
that catch is linearly dependent on wind and commercial effort is not contra-
dicted by the results, but more directed studies may uncover a more compiex nor-
linear relationship. The ultimate objective of developing refinements in the
quantitative description of migration should be a more complete conceptual model
which explains the variation in migratory behavior as a function of intrinsic
behavior of each major stock and the environmental parameters which directly
affect the physiology of the animal.

A second advantage derives from the reduced number of parameters to be estimated
in the analytical model. In the present study of chinook salmon migration, the
problem of intraseason abundance forecasts is now reduced to the accurate esti-
mation of the parameter values which characterize the analytical model. Mean cay
and variance of the Yukon River commercial catch have already been shown to be
highly dependent on spring temperatures (Mundy 1982b). A similar relationship
has been reported for Bristol Bay sockeye timing and May air temperatures (Burc-
ner 1979). The mean and variance of the Yukon River test fishery catch is shown
to be highly dependent on spring temperatures. Accurate forecasts of the cnn-
stants which determine the distribution of predicted catches over time are essen-
tial for accurate catch estimates.

The results of the present study demonstrate that significant improvements in

the ability to estimate daily proportions of total catch are achieved with the
incorporation of wind speed and commercial effort measurements into the models.
High wind speeds are often accompanied by larger-than-expected test fishery
catches, intensive commercial effort reduces the test fishery catch, and the
effects of both factors can be quantified. The time density of the migration

is not readily and consistently divisible into two distinct migrations. Stud-
ies in progress confirm that the migrations of major upriver and downriver stocks
of chinook salmon are not temporally separated at the Yukon River delta based on
scale measurements (McBride and Wilcox, pers. comm.; pers. observ.). The inabil-
ity to morpholoaically separate early and late migrants and the less accurate
daily catch estimates of two population models presently restrict the class of
analytical models describing the migratory timing of Yukon River chincok salmon
to those models assuming only one population. However, fisheries of proven mix-
ture of two or more populations (e.g., Lynn Canal in Southeastern Alaska) would
be appropriate for such an analysis. Length frequencies of a mixture of age
classes are routinely described by Hasselblad's (1966) iteration equations
(MacDonald and Pitcher 1979).

As knowledge of migratory behavior continues to accumulate, quantitative des-

criptions will become more conceptual in nature. Yet interim analysis should
not be restricted to the options of average proportional expectation of fitting
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nonlinear function to observed data. Statistical techniques of multiple regres-
sion analysis and time series analysis are relevant. Multivariate methods are
regularly employed in quantifying bird migrations (e.g., Beason 1978; Blokpod
1978; and review by Richardson 1978). Time series analysis, utilizing the pop-
ular Box Jenkins Models (Box and Jenkins 1976) have been applied to yearly catch
data of Atlantic Menhaden (Jensen 1976) and lobster landings (Boudreault et al.
1977) and monthly catch data cf the New Zealand Rock Lobster (Saila et al. 1978)
and the skipjack tuna fishery (Mendelssohn 1981). However, the danger of extra-
polating false relationships is inherent in all statistically-based empirical
models, and conceptual models should take precedence if acceptable accuracy is
attainable.

Claims of the ability to foretell the abundance of a salmonid resource probably
are as old as exploitation of the resource itself. Native Yukon Delta fishermen
gage the magnitude of daily abundance by the speed and direction of wind at the
river mouth. The track record of some old-timers is impressive, but the causal
relation between wind and migratory behavior remains elusive, even though pre-
sently approximated by a linear function. Several authors have noted the diffi-
culty of trying to statistically quantify the effects of atmospheric and water
conditions on animal migrations. Banks (1969) comments that although there is

an obvious correlation between stream flow and incoming Atlantic salmon migrants,
it cannot be predicted accurately or reduced to a mathematical formula. Ellis
(1962) reported that although correlations between river entry of sockeye salmon
and six environmental measurements and changes of intensity of these measurements
were not significant, upriver movement could be qualitatively predicted by observ-
ing changes from sunny weather to cloudy weather. Onshore wind speed was found

to be more highly correlated with number of kokanee entering their spawning stream
when the tails of the run were deleted (Lorz and Northcote 1965).

The relationship between wind speed and migratory behavior is elusive. Lorz and
Northcote (1965) suggested that wind affects the spatial distribution of home
stream water, broadcasting the chemical identity of the stream along a greater
area of the shoreline. Reduction of 1ight penetration was secondarily implicated.
Barber (1979) speculated that some species of salmon may navigate bv Langmuir
circulations in the open ocean. Hornberger and Mathisen (1981) noted that chin-
ook salmon in Nushagak Bay are more susceptible to catch on windy days.

The present level of understanding limits the classification of analytical models
developed in the present study and fitted to the lower Yukon test fishery data

to an empirical set of relationships. The bridge from proxy data to the casual
factor is either tentatively established (day or run, temperature and photoperiod;
the negative commercial effort parameter and removal of chinook salmon by commer-
cial fleet) or completely unknown (wind speed). To suggest that the proposed
models represent conceptual or mechanistic models would be misleading (Austin

and Ingham 1978). To some extent they approximate the true model. As noted by
Brannian (1982), an empirical model many times is the predecessor of the concep-
tual or mechanistic model.

Tne mechanistic approach often provides new insights into the underlying dynamics
and character of the migration. Figures 33-35 depict the relationship between
April temperatures and annual mean, variance, and wind coefficients calculated

by M3. Chinook salmon returning to the Yukon River in years of warm springs

arrive at an earlier date (Figure 33), the time interval of migration is prolonged,
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as demonstrated by larger variances (Figure 34), and are more susceptible to

the influence of wind (Figure 35). In contrast, the migration of chinook salmon
whose arrival is retarded by a cool spring is characterized by a smaller time
interval and reduced effect of wind. The physiological changes which accompany
migratory behavior may become more insistent for fish arriving late. The para-
meter quantifying the rffect of commercial effort on relative abundance has
predictably become more negative in recent years (Figure 36). The increase in
efficiency of the commercial fleet and its impact on cninook management is dis-
cussed by Mundy (1982a).

In order to avoid overharvesting or underharvesting the temporal components of

a migratory population, managers need reliable estimates of abundance and time
distribution of the resource. Increasing the accuracy of the yield estimates

can result in substantial profit to the fishing community (Mathews 1967; Mundy
aid Mathisen 1981). To accomplish this objective, control systems have been
proposed which incorporate long-range abundance estimation with intraseason mod-
ification (Walters and Suckingham 1965; Mundy and Mathisen 1981). Initially the
estimation process uses escapement counts and the historical recruit-per-spawner
relationship to forecast long range recruitment. Predicted yield is further
refined at observable life history stages (fry, smolt, marine immature) when
total yield is a function of the estimated abundance at the particular life
history stage. Error in yield estimates tends to decrease for later life stages
(Mundy and Mathisen 1981). The most accurate prediction of total abundance is
expected to be the intraseason estimate which should deliver increasingly accur-
ate forecasts of abundance as the run develops. Development of intraseason abun-
dance estimation techniques should be viewed in the context of a complete abundance
estimation system.
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