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the prediction intervals from the corresponding model successfully cover actual
runs. For example, the frequency of 0.4 means that the prediction intervals cover
actual values 40% and miss those values 60%.

FagUIC O oo e
Forecast model performance for total run size of Lower River Hatchery (LRH)
population in terms of forecast relative error (%) and 90% prediction interval.
Notes of M1-M16 above each panel indicate forecast model used in the panel,
where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-
autoregressive models, and bold font models with even numbers (e.g., M2, M4,
etc.) are their autoregressive versions (Table 3). The x-axis of each panel is sample
size, which is the number of years of data used in hind-casting forecasts. Vertical
dots over each sample size in panels of first two rows are relative errors (%) in
forecasts of 10 years (1995-2004)’ runs made with the corresponding forecast
model. Horizontal broken lines are added at + 50% for help to compare models in
forecast relative errors. The y-axis in panels of the last two rows is frequency that
the prediction intervals from the corresponding model successfully cover actual
runs. For example, the frequency of 0.4 means that the prediction intervals cover
actual values 40% and miss those values 60%.

FagUI T e
Forecast model performance for total run size of Bonneville Pool Hatchery (BPH)
population in terms of forecast relative error (%) and 90% prediction interval.
Notes of M1-M16 above each panel indicate forecast model used in the panel,
where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-
autoregressive models, and bold font models with even numbers (e.g., M2, M4,
etc.) are their autoregressive versions (Table 3). The x-axis of each panel is sample
size, which is the number of years of data used in hind-casting forecasts. Vertical
dots over each sample size in panels of first two rows are relative errors (%) in
forecasts of 10 years (1995-2004)’ runs made with the corresponding forecast
model. Horizontal broken lines are added at + 70% for help to compare models in
forecast relative errors. The y-axis in panels of the last two rows is frequency that
the prediction intervals from the corresponding model successfully cover actual
runs. For example, the frequency of 0.4 means that the prediction intervals cover
actual values 40% and miss those values 60%.

FIgUIe B e
Forecast model performance for total run size of Upper Columbia River summer
(UCS) population in terms of forecast relative error (%) and 90% prediction
interval. Notes of M1-M16 above each panel indicate forecast model used in the
panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-
autoregressive models, and bold font models with even numbers (e.g., M2, M4,
etc.) are their autoregressive versions (Table 3). The x-axis of each panel is sample
size, which is the number of years of data used in hind-casting forecasts. Vertical
dots over each sample size in panels of first two rows are relative errors (%) in

vi

30

31

32



forecasts of three years (2002-2004)’ runs made with the corresponding forecast
model. Horizontal broken lines are added at + 15% for help to compare models in
forecast relative errors. The y-axis in panels of the last two rows is frequency that
the prediction intervals from the corresponding model successfully cover actual
runs. For example, the frequency of 0.4 means that the prediction intervals cover
actual values 40% and miss those values 60%.

FagUIC O oo s
Examination of autocorrelations of model residuals over lag 1, comparing
traditional and selected models. Dots over each sample size (data years) in a panel
are autocorrelation coefficients of residuals over lag-1 from the corresponding
model for forecasting population- and age- runs in 1995-2004. (a)-(d) are such
autocorrelation coefficients from forecasts of URB age-3, -4, -5, and -6 runs by the
traditional model M1 while (a’)-(d’) are those by model M6 selected for URB
population. In the same arrangement, (e)-(h) = those of BUB age-3, -4, -5, and -6
runs by the traditional model M1; (e')-(h’) = those by model M10 selected for BUB
population; (i)-(1) = those of LRW age-3, -4, -5 and -6 runs by the traditional model
M1; (i’)-(I') = those by model M4 selected for LRW population; (m)-(p) = those of
LRH age-3, -4, -5 and -6 runs by the traditional model M1; (m’)-(p’) = those by
model M14 selected for LRH population; (q)-(s) = those of BPH age-3, -4, and -5
runs by the traditional model M1; (m’)-(p’) = those by model M 16 selected for BPH
population.

Figure 10 oo
Comparison of 90% prediction interval from 16 models (x-axis) and actual runs,
where sample size (years of data) used for each hind-casting forecast was fixed as
13. 10 years’ hind-casting forecasts (columns) were made for five populations
(rows). Vertical line over each model in each panel is 90% prediction interval (i.e.,
from lower bound to upper bound), and horizontal line in each panel indicates
actual run size. This summary for PUB and UCS populations is not shown because
of lack of data on these populations (Figs. 4 and 8).

Figure 11 o
Goodness-of-fit of selected model for each population in terms of determination
coefficients (+7): (a)-(d) = goodness of fit of model M6 for forecasts of URB age-3,
-4, -5 and -6 runs; (e)-(h) = that of model M10 for forecasts of BUB age-3, -4, -5
and -6 runs; (i)-(1) = that of model M4 for forecasts of LRW age-3, -4, -5 and -6
runs; (m)-(p) = that of model M 14 for forecasts of LRH age-3, -4, -5 and -6 runs;
(q)-(s) = that of model M16 for forecasts of BPH age-3, -4, and -5 runs. Vertical
dots over each sample size each panel are determination coefficients (+*) of the
corresponding model used for hind-casting forecasts of population- and age-runs in
10 years (1995-2004). This summary for PUB and UCS populations is not shown
because of lack of data on these populations (Figs. 4 and 8).

FagUIE 12 oo e
Significance of selected model for each population in terms of p-value of F-

vil

33

34

35

36



statistics: (a)-(d) = significance of model M6 for forecasts of URB age-3, -4, -5 and
-6 runs; (e)-(h) = that of model M 10 for forecasts of BUB age-3, -4, -5 and -6 runs;
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model M16 for forecasts of BPH age-3, -4, and -5 runs. Vertical dots over each
sample size each panel are p-values of F-statistics of the corresponding model used
for hind-casting forecasts of population- and age-runs in 10 years (1995-2004).
Horizontal broken line in each panel indicates p-value of 0.1. This summary for
PUB and UCS populations is not shown because of lack of data on these
populations (Figs. 4 and 8).
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respective model are arranged by age-3 (first two rows), -4 (3" and 4™ rows), -5
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numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models
with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3).
The x-axis of each panel is sample size, which is the number of years of data used
in hind-casting forecasts. Vertical dots over each sample size in each panel are
relative errors (%) in forecasts of 10 years (1995-2004)’ runs made with the
corresponding forecast model.

FagUIe A o
Forecast model performance for age-specific run size of Lower River Wild (LRW)
population in terms of 90% prediction interval where the prediction coverage from
the respective model is arranged by age-3 (first two rows), -4 (3rd and 4™ rows), -5
(5™ and 6™ rows) and -6 (last two rows) runs. Notes of M1-M16 above each panel
indicate forecast model used in the panel, where non-bold font models with odd
numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models
with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3).
The x-axis of each panel is sample size, which is the number of years of data used
in hind-casting forecasts. Dot over each sample size in each panel is frequency that
the prediction intervals from the corresponding model’s 10-year hind-casting
forecasts (1995-2004) successfully cover actual runs.
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indicate forecast model used in the panel, where non-bold font models with odd
numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models
with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3).
The x-axis of each panel is sample size, which is the number of years of data used
in hind-casting forecasts. Vertical dots over each sample size in each panel are
relative errors (%) in forecasts of 10 years (1995-2004)’ runs made with the
corresponding forecast model.

FIGUIE ATO. ..
Forecast model performance for age-specific run size of Lower River Hatchery
(LRH) population in terms of 90% prediction interval where the prediction
coverage from the respective model is arranged by age-3 (first two rows), -4 (3"
and 4™ rows), -5 (5th and 6™ rows) and -6 (last two rows) runs. Notes of M1-M16
above each panel indicate forecast model used in the panel, where non-bold font
models with odd numbers (e.g., M1, M3, etc.) are non-autoregressive models, and
bold font models with even numbers (e.g., M2, M4, etc.) are their autoregressive
versions (Table 3). The x-axis of each panel is sample size, which is the number of
years of data used in hind-casting forecasts. Dot over each sample size in each
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panel is frequency that the prediction intervals from the corresponding model’s 10-
year hind-casting forecasts (1995-2004) successfully cover actual runs.
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(BPH) population in terms of 90% prediction interval where the prediction
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with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3).
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the prediction intervals from the corresponding model’s 10-year hind-casting
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Forecast model performance for age-specific run size of Upper Columbia River
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The x-axis of each panel is sample size, which is the number of years of data used
in hind-casting forecasts. Dot over each sample size in each panel is frequency that
the prediction intervals from the corresponding model’s three-year hind-casting
forecasts (2002-2004) successfully cover actual runs.
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1 Abstract

Preseason forecasts for ocean escapements of Columbia River summer and fall Chinook
salmon Oncorhynchus tshawytscha populations are not only scientifically but also politically
important. These forecasts affect salmon fishery quotas in the northeast Pacific Ocean. At
present, the preseason forecasts are made by the U.S. v. Oregon Technical Advisory Committee
(TAC), and are used as an input value for the Pacific Salmon Commission (PSC) and Pacific
Fishery Management Council (PFMC) models that calculate fish abundance in the ocean.
Annual harvest quotas for the Chinook salmon ocean fisheries are determined on the basis
of these ocean abundance estimates. Although the traditional forecasts by the TAC were
not seriously biased, they tended to be under-forecasts, and also uncertainty in the forecasts
such as prediction interval is not measured. The main objective of this study was to develop
robust forecast models and to express the forecast uncertainty. Fish populations of concern
were: Upriver Bright (URB), Bonneville Upriver Bright (BUB), Pool Upriver Bright (PUB),
Lower River Wild (LRW), Lower River Hatchery (LRH), Bonneville Pool Hatchery (BPH),
and Upper Columbia River summer (UCS). In addition to data on fish sibling runs (age-
specific runs from the same brood year) that the TAC uses for the traditional forecast, we
explored various data including sea surface temperature, upwelling, and coded-wire-tag (CWT)
records. The exploration indicated that ocean recovery rate of CWT fish and winter sea surface
temperatures (SSTs) in fish’s first ocean year from coast waters of British Columbia, Canada
significantly contributed to forecasts. Then, using these data for each population, we built
both ordinary regression models and autoregressive error models. To evaluate these models, we
made extensive hind-casting forecasts of population runs in 10 years of 1994-2005 with different

sample sizes except for PUB and UCS populations. Temporal range of data on PUB and UCS
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populations was not as long as those on the other populations, and five year (2000-2004) and
three year (2002-2004) run forecasts were made respectively. We tested candidate models based
on hind-casting forecast performance in terms of relative error, frequency of prediction interval’s
coverage, model residuals, and model parsimony. Results indicated that an autoregressive
model outperformed the traditional (ordinary regression) model for all populations studied.
The ordinary regression model was apparently confounded due to autocorrelation in the model
residuals, and routine inclusion of the intercept term in the ordinary regression model did not
contribute to forecast in some instances. Inclusion of data on SSTs and CWT ocean recovery
rate provided additional improvement in forecasts for some, though not all populations. Future
years’ forecasts would improve if instead of the current routine ordinary regression model,
population-specific autoregressive models were adopted. The form of each population’s model

could also be reexamined on a regular basis as data accumulates over time.



2 Introduction

Columbia River summer and fall Chinook salmon Oncorhynchus tshawytscha are a major
species to the Pacific Salmon Commission (PSC), because they form the largest contributing
fish group to ocean Chinook fisheries north of Cape Falcon, Oregon (Fig. 1). For fishery
management purposes, any Chinook salmon, which passes Bonneville Dam or is harvested
in Zones 1-6 (Columbia River mouth through McNary Dam) between 16 June and 31 July,
is defined as a summer Chinook salmon, and any Chinook salmon between 1 August and
31 December is a fall Chinook salmon. These dates correspond to the management seasons
that were defined by the Parties to US v. Oregon which include tribes, states, and federal
agencies (U.S. v. Oregon Parties 2005). The Upper Columbia River summer (UCS) Chinook
salmon population is the major component of the summer run, and they are primarily from
the Wenatchee, Entiat, and Methow Rivers (Fig. 1). Columbia River fall Chinook salmon
are comprised of five major populations: Upriver Bright (URB), Bonneville Upriver Bright
(BUB), Pool Upriver Bright (PUB), Lower River Wild (LRW), and Lower River Hatchery
(LRH). URB wild and hatchery fish originate mainly from Hanford Reach and the Snake
River and partially from the Deschutes River (Fig. 1). Combined BUB and PUB populations
are sometimes referred as Mid-Columbia Bright (MCB) group, and they are all hatchery fish.
In determining in-river harvest rates, URB fish are a key population, because they include
wild fish from the Hanford Reach, which is only free-flow (unrestricted by a hydropower dam
and reservoir) area in the Columbia River basin, and also because they include Snake River
fall Chinook salmon listed as threatened under the US Endangered Species Act (ESA). BUB
and PUB are hatchery fish whose harvest is constrained only by brood stock needs. A minor

population of Columbia River fall Chinook salmon is early maturing fish called “Tule”, which
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are produced at Bonneville Pool Hatchery (BPH) (also called Spring Creek Hatchery (SCH)).
Except for LRH and LRW, adults of the other populations pass Bonneville Dam when they
return.

The ocean distribution of Columbia River summer and fall Chinook salmon covers Ore-
gon, Washington, British Columbia, and Alaska coasts. Numbers of the fish distributed in the
ocean fishery areas are important parameters to management agencies. At present, the US v.
Oregon Technical Advisory Committee (TAC) makes preseason forecasts of ocean escapements
of Columbia River Chinook salmon populations five or six months before fish populations return
in a year (i.e., about February or March each year). Ocean escapement means the number of
fish that survive in the ocean to Columbia River mouth. The PSC Chinook Technical Team and
the Pacific Fishery Management Council (PFMC) Salmon Technical Team use those preseason
forecasts as input values for their own ocean models whose output includes the ocean run esti-
mates in the year. Based on the output of ocean run estimates, the PFMC recommends ocean
fishery quotas and seasons in the year to the U.S. National Marine Fisheries Service (NMFS),
which regulates the ocean fishery in the south of the US-Canada border. That is, preseason
forecasts affect ocean fishery management of Chinook salmon through the fishery management
models. Because of this practical importance, preseason forecasts of greater accuracy (less
biased and more precise) would be desirable.

The TAC’s traditional forecast of ocean escapement for a population is based on rela-
tionships between age-specific returns from the same brood year (so-called siblings’ returns).
They apply an ordinary regression model to data on siblings’ ocean escapements. On the
basis of the regression model, they predict unknown age-a escapement in a year using age-

“a-1” escapement observed in the previous year, and then sum the respective predicted age-a
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escapements to total population escapement. Overall the TAC’s forecast model’s historical
performance has not been poor in terms of bias, but its forecasts have been often lower than
actual escapements. Such under-forecasts may lead to under-estimates of ocean abundance by
way of the PSC and PFMC ocean models, and then result in forcing ocean fishery quotas to
be reduced. Also, the TAC’s forecast methods do not measure forecast uncertainty such as
a forecast interval. Measurement of a forecast interval must be addressed because a forecast
of only a point value does not carry information about how likely the forecast is (e.g., how
widely or narrowly the forecast distribution is). In this project, we build various candidate
forecast models and also evaluate candidate forecast models in terms of not only bias but also

a forecast interval.

3 Methods

Hereafter, we express ocean escapement as run or return size. Notations are summarized

in Table 1.

3.1 Target populations and data

Forecasts for seven Chinook salmon population runs were studied (Table 2). Data on
annual population return sizes by age were available from the TAC. Temporal range of the
data varied by population (Table 2). We extracted coded-wire-tag (CWT) data on fall and
summer Chinook salmon to calculate annual ocean recovery rate of CWT fish by age, which is
proportional to annual ocean fishing mortality by age. Ocean recoveries of CWT fish are usually
small, and thus we increased CWT records by including the records on all fall Chinook salmon

populations from the entire Columbia River basin. The CWT data on fall Chinook salmon were
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available from brood years since 1972. We separately extracted CWT data for summer Chinook
salmon because their behavior and distribution in the ocean may be significantly different
from fall Chinook salmon. The CWT data on summer Chinook salmon were available from
brood years since 1975. As annual ocean condition data, we explored sea surface temperatures
(SSTs) and ocean upwelling measured along the west coast of North America. Previous studies
reported significant correlations between these variables and cohort strength of Hanford Upriver
Bright (URB) fall Chinook salmon and Snake River spring/summer Chinook salmon (Hyun

1996; Scheuerell and Willams 2005). Those data were available from years since 1963.

3.2 Deterministic relationship between age-specific returns

Deterministic relationship between sibling runs of age-“a” run against age-“a-1” run
is perfectly multiplicative. To illustrate the multiplicative relationship, we built conceptual
models as a discrete time manner. The decrease in fish abundance at age a-1 in the ocean to
next age a involves survival from age a-1 to age a: i.e., Oy—1S,-1 = O, (Table 1). And return
of age a-fish in the ocean to natal river is related to maturation at the age: i.e., R, = O A,
(Table 1). Thus, the ratio of sibling runs is:

Ra 015152+ S4-14,
Ro—1 015152+ Sqa—244-1

Sa—lAa
Aa—l

Lumping unknown quantities of age-specific survival and maturation rates (S,, and A,) in

eq. 1, R, is the product of the lumped parameter and R,_1:

Ra =K- Ra—l (2)
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where K = (S4-1A44/Aa—1). Because S, and A, are fractions and positive, K is dimensionless
and positive.

We can reduce the uncertainty in ocean survival rate because of available information
about CW'T ocean recovery rate, which is proportional to ocean mortality. Replacing ocean
survival rate in eq. 1 with ocean mortality and also expressing it with ocean CWT recovery
rate (i.e., Sq = (1 — M,) = (1 — coH,)), where ¢ is a positive proportional constant, eq. 1 for

R, becomes

Aq
Ra = (1 - Ca—lHa—l)TRa—l (3)
a—1
Aqy Aq
= ERG_I - Ca—lHa—lﬂRa—l

where A,, A,—1, and ¢,—1 are unknown. Lumping unknown parameters (K = (Aq/Aq—1),

and Ko = (aq—144/Aa-1)), we have the following equation.

R, =KiRq1—KoyH, 1Rq1 (4)

K7 and K> are dimensionless and positive because A, and ¢ are dimensionless and positive.
H, (CWT ocean recovery rate of age-a fish in a year) is the following equation (Hyun 1996):
H, =V,/(LP) where V, is ocean recoveries of age-a fish in a year, P is sampling fraction for
tagged fish in the ocean catch in the year, and L is release number of tagged fish from release
year (= brood year + 1) (Table 1). These three quantities of V,, P, and L were from CWT

database. We do not add a notation of a year for simplicity.



3.3 Stochastic relationship between age-specific returns

Those parameters involved in the above deterministic relationship are unknown and not
constant over years. Also even known values of R, and H, have observation errors. Thus,
we proceed to a stochastic model, allowing an error term and incorporating other explanatory
variables that could reduce the model error. We have the following general stochastic model

based on the above deterministic relation.

R, =00+ B1Ra-1+ PoHy1Ru—1+ B3X3+ -+ B, Xy, + ¢ (5)

where X} is an additional candidate explanatory variable, and [ is the coefficient of Xj.
Although the sign of coefficient (=f32) of H,—1R,_1 is positive (4+) in the above equation
for the general expression, one expects the coefficient value will be negative based on eq.4.
Exploring candidate elements in X, we found a significant contribution (p-value < 0.05) of
November and December SSTs measured from coastal waters of British Columbia, Canada
(Amphitrite Point and Kains Island sites) during fish’s first ocean year, and considered the
mean of the SSTs as another explanatory variable.

Considering combination effects between the four terms of intercept, sibling run, the
product of ocean recovery rate and sibling run, and SST in eq. 5, we explored 8 different
models (see Table 3: M1, M3, M5, M7, M9, M11, M13, M15). Further, we considered lag-1
autoregressive error models because we found significant lag-1 autocorrelations over annual
runs. M2, M4, M6, M8, M10, M12, M14, and M16 in Table 3 are autoregressive versions
transformed from M1, M3, M5, M7, M9, M11, M13, and M15, respectively. That is, we
examined a total of 16 models. Model 1 is the same as the TAC’s traditional model (Table 3).

We described a general form of lag-1 autoregressive models in Appendix.



3.4 Forecast of total run
3.4.1 Hind-casting with different sample sizes

We make forecasts of runs, using hind-casting methods, where data used for forecast of
run in a year are from years prior to the forecast year. Because of the significant autocorrelation
over annual runs, one must not treat runs from each year independently as in cross-validation
or retrospective analysis. We made hind-casting forecasts of runs in 10 years of 1995-2004 for
all populations except for PUB and UCS populations whose data’s temporal range was short
(Table 2).

We did not fix a sample size (the number of years of data) for the hind-casting forecasts.
To identify the optimal sample size, we used different sample sizes of 10 years and more because
a statistically defensible sample size is at least 10.

Allowing data from such different numbers of years led to a large number of hind-casting
forecasts. For example, in forecasting age-3 URB runs in the 10 years, we could explore sample
sizes of 10 through 19 (i.e., data from 10 - 19 years prior to every forecast year). That is, 100
forecasts (= 10 sample sizes x 10 forecast years) were made for the age-3 URB run. Including
the other age runs (age-4, -5, and -6 runs) and further including the other populations, the
number of forecasts was about 2,000. The main goal for performing such a large number of
forecasts was to accommodate all forecast performance regardless of outlier effects as well as

to identify optimal sample sizes.

3.4.2 Point forecast of total run and its prediction interval

We assumed the error term in each forecast model (Table 3) is a normal (Gaussian)

random variable: ¢ ~ N(0,02%), where o2 is the variance of the error term, e. First, we
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predicted unknown age-specific runs (R,), where we distinguish unknown run size with a tilde
(7) from observed and fitted runs (Table 1).

After estimating coefficients in a model of interest by fitting the model to data, we
applied those estimates to predictors of explanatory variables. Such a model fitting process is
routine and it is taken care of by most statistical software. The mean of the predicted value
of éa is calculated as follows.

E(R,) =X} b (6)

where vector X, indicates predictors of explanatory variables in a model of concern (Table 3),
and vector b are estimates of coefficients of those explanatory variables.

The variance of unknown return size in a forecast year is the sum of error mean square
(MSE) of a model of concern fitted to data, and the estimated variance of fitted return size.

That is,

Var(R,) = MSE + Var(R,) (7)

= MSE + X}, - %(b) - Xp,

where MSE = error mean square of a model of concern fitted to data, and X(b) = the estimated
variance-covariance matrix of the model coefficients.

Letting v equal Type-I error, (1 — «)% prediction interval for unknown age-a run size is

E(R~a)it(l_a/Q;n_p)‘SD(RNcJ (8)

where n = the number of years of data; p = the number of coefficients in a model of concern;

(n — p) = degrees of freedom; t(1 — a/2;n — p) = t-statistic that corresponds to cumulative
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probability of (1—a/2) under the degrees of freedom, (n—p); and SD(R,) = standard deviation

of R,.

Our ultimate goal is to predict unknown total return size of a population (R). The mean

and variance of unknown total return size, R are the sum of eqs. 6 and 7. That is,

E(R)=> E(R,) 9)

Var(R) = Z Var(R,)
a>2

Fish return size at age 2 are precocious jacks and are not predicted. Note that covariance was
involved in eq. 7 but it was not in eq. 9. The respective age-a returns in the same year are
from different brood year, and thus the runs are independent (Hyun 2002; Hyun et al. 2005).

(1 — @)% prediction interval is

E(R)+2(1—a/2)- SD(R) (10)

where z(1 — «/2) is z-statistic that corresponds to cumulative probability of (1 — «/2). One
may argue that the z-statistic must be replaced by a t-statistic. However, the difference does
not concern us because R is the sum of age-specific runs and the sum approaches a normal
random variable by the central limit theorem (CLT). The sum of “any” random variables is
normally distributed by the CLT. Also as the number of sample size increases, t-distribution

approaches z-distribution.
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3.5 Model performance

To compare forecast models in forecast power, we used four criteria: (i) relative errors
(%) (= 100 x [point forecast - actual run]/[actual run]), (ii) coverage of prediction intervals,
(iii) model residuals, and (iv) model parsimony. The first two criteria measure both bias and

precision of forecasts. Determination coefficient often denoted as r2

is a goodness-of-fit index
of a model, but it does not represent forecast power. It is easy to get a large value of 72 (e.g.,
> 0.90) by putting many explanatory variables in a model, but a large value of 72 from such
over-fitting does not guarantee improvement in forecast power. Some literature exaggerates
forecast power of a model, showing such a large value of 72 (e.g., Scheuerell and Williams 2005).
By examining model residuals (third criterion), we check for violation of the assumption that
the error term in each model is a normal random variable (see section, “Point forecast of total
run and its prediction interval”). If candidate models are comparable based on the first three

criteria, then the model parsimony dictates a preference for model with the smaller number of

parameters (coefficients).

4 Results & Discussion

4.1 Upriver Bright (URB)

Forecasts of URB total runs in 1995-2004 were made with different sample sizes up to 14
(Fig. 2), whereas those of age-specific runs in this 10-year period were made with sample sizes
up to 19 (Figs. Al and A2). Temporal range of historical data on age-5 and -6 URB runs was
not long enough to make hind-casting forecasts of the 10 year runs with a sample size above
14 (Table 2, Fig. A1), and thus forecasts of total runs were made with sample sizes up to only

14 (Fig. 2).



13

Relative errors in forecasts of URB total runs by non-autoregressive models were often
negative (Fig. 2), indicating those models made under-forecasts. The tendency was obvious
especially in models M1, M3, M9, M11, M13, and M15 (Fig. 2). When examining the tendency
by age (Fig. Al), we found that such under-forecasts were most obvious in forecasts of age-3
runs by non-autoregressive models (first two rows in Fig. A1) and was minor in those of age-4
runs by such models (3rd and 4th rows in Fig. Al). The obvious under-forecasts seemed to be
due to serious autocorrelations in model residuals. We found significant autocorrelations over
lag-1 in residuals of non-autoregressive models for URB age-3. In Fig. 9, the autocorrelations
from the traditional model M1 hover around 0.5 whereas those from autoregressive models do
at zero.

Forecast of the URB run in 2001 was worst out of forecasts of runs in the 10 years.
Lowest dots over overall sample size (x-axis) in each panel in the first two rows in Fig. 2 are
relative error in forecast of 2001 run. The poor forecast of the 2001 run was obtained regardless
of model and sample size (first two rows in Fig. 2). Removing the 2001 run forecast, model
M6 was most acceptable because relative errors from model M6’s forecasts were within a zone
that the other competitive models (e.g., M2 and M4 in Fig. 2) allow, and the frequency of
its prediction coverage was highest (Fig. 2). Also, autocorrelations were not significant in

residuals of model M6 (Fig. 9).

4.2 Bonneville Upriver Bright (BUB)

Forecasts of BUB total runs in 1995-2004 were made with different sample sizes up to 13
(Fig. 3), whereas those of age-specific runs in the 10-year period were made with sample sizes
up to 14 (Figs. A3 and A4). The temporal range of historical data for BUB runs was shorter

than for URB, LRW, LRH, and BPH populations (Table 2).
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The tendency of negative relative errors found in non-autoregressive model forecasts of
URB runs was not clear in those of BUB runs (Fig. 3). In terms of forecast relative error,
forecast of BUB runs in 1998 was worst. Highest dots over overall sample size (x-axis) in each
panel in the first two rows in Fig. 3 are relative error in forecast of 1998 BUB run. The poor
forecast was obtained regardless of sample size, but improved in models M9, M10, M11 and
M12 by about 100% (first two rows in Fig. 3). Removing the worst forecast, models M10 and
M12 were most acceptable because relative errors from their forecasts were smaller than the
other models, and the frequency of the prediction intervals’ coverage over sample size 13 was
secondly highest (as about 80%) following models M6 and M8 (Fig. 3). Because of model
parsimony, we preferred M10 over M12. Also, autocorrelations in residuals of model M10 were

not significant (Fig. 9).

4.3 Pool Upriver Bright (PUB)

Forecasts of only 2000-2004 PUB total runs were made with sample sizes 10 and 11
because of lack of data (Fig. 4, Table 2). We selected model M14 for forecast of PUB run
based on criteria of the magnitude of forecast relative error, the prediction intervals’ coverage,
and autocorrelations in model residuals. However, this selection needs a caution because of

lack of data, and it may change in time as more data accumulate.

4.4 Lower River Wild (LRW)

Forecasts of LRW total runs in 1995-2004 were made with different sample sizes up to 14
(Fig. 5), whereas those of age-specific runs in the 10 years were made with sample sizes up to
19 (Figs. A7 and A8). The temporal range of historical data on age-5 and -6 LRW runs was

not long enough to make hind-casting forecasts of the 10 year runs with a sample size above
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14 (Table 2, Fig. A7), and thus forecasts of total runs were made with sample sizes up to only
14 (Fig. 5). On the basis of criteria of relative error magnitude, prediction intervals’ coverage,

and autocorrelations in residuals, model M4 was best (Figs. 5 and 9).

4.5 Lower River Hatchery (LRH)

Forecasts of LRH total runs in 1995-2004 were made with different sample sizes up to 14
(Fig. 6) whereas those of age-specific runs in the 10 years were made with sample sizes up to
19 (Figs. A9 and A10). Model selection for LRH run was difficult because no model satisfied
all selection criteria. Although models M10 and M12 appeared strong candidates based on
the magnitude of forecast relative errors and the prediction intervals’ coverage, residuals from
those models, especially for age-5 run forecasts, did not randomly behave. The non-random
pattern in residuals violates the assumption that the error term of each model is a normal
random variable. Alternatively, models M6 and M14 were considered, because these models
do not seriously violate this assumption and also because the frequency of their prediction
intervals’ coverage was as high as or higher than those of the other strong candidate models

(Fig. 6). Finally we selected model M14 instead of M6 because of model parsimony.

4.6 Bonneville Pool Hatchery (BPH)

Forecasts of BPH total runs in 1995-2004 were made with different sample sizes up to
18 (Fig. 7), whereas those of age-specific runs in the 10 years were made with sample sizes up
to 19 (Figs. A1l and A12). BPH age-6 runs are not considered (Table 2, Figs. A1l and A12).
On the basis of the three criteria of relative error magnitude, prediction intervals’ coverage,
and autocorrelations in residuals, models M16 were best (Figs. 7 and 9). Forecast performance

of model M16 especially with sample sizes 12 and 13 outperformed the others.
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4.7 Upriver Columbia River summer (UCS)

Forecasts of only 2002-2004 UCS total runs were made with sample sizes 10 and 11
because of lack of data (Fig. 8, Table 2). UCS age-3 runs are not considered (Table 2,
Figs. A13 and A14). On the basis of the three criteria of relative error magnitude, prediction
intervals’ coverage, and autocorrelations in residuals, models M12 were best (Fig. 8). However,
this selection needs a caution because of lack of data, and it may change in time as more data

accumulate.

4.8 Overall findings

Selected models with the highest forecast power were autoregressive models for all pop-
ulations. The frequency at which the prediction intervals from those selected models included
actual run sizes was always higher than that from the traditional (ordinary regression) model
M1. Also residuals from those selected models did not violate the assumption that error terms
of the models are normally distributed, whereas residuals from the traditional model M1 did
(Fig. 9). Autocorrelation of residuals from the traditional model M1 was serious; autocorre-
lation coefficients over lag 1 were often larger than |0.5| (a, f, i, q, and r in Fig. 9). In Fig.
9, autocorrelation examination for PUB and UCS populations is not shown because of lack of
data on these populations (Figs. 4 and 8). When autocorrelation of a model was substantial,
the prediction interval from the model was too narrow to cover actual runs (Fig. 10). In Fig.
10, we summarize forecast performance for total runs from all 16 models with sample size 13.
In forecasts of total runs, sample sizes 12 - 13 were optimal (Figs. 2-8, 11, and 12). Sample
sizes more than 14 were not explored because of lack of data on age-6 runs.

Data on ocean recovery rate and SST contributed to model forecast. Explanatory vari-
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ables in selected model M6 for URB, M4 for LRW, M14 for LRH and M16 for BPH include
the data. The coefficient of the product of age-specific ocean recovery rate and age-run (=
H, - R,) was negative as expected (eq. 4), and SST (winter SST from BC coastal waters) was
negatively correlated with fall Chinook salmon run size.

Although we accommodated all outliers in selecting models, most models’ goodness of
fit was overall satisfactory in terms of determination coefficient (r?) and p-value of F-statistics

(Figs. 11 and 12). If outliers were removed, models would improve further.

4.9 Conclusions

Selected forecast models varied by population, but they were all autoregressive error
models. Routine inclusion of intercept term in a regression model of relating sibling runs
should be reconsidered. If there were no error in measurements of data, the intercept term
should be zero because relationship between sibling runs is multiplicative. Indeed, the intercept
term did not contribute to forecasts for BUB, LRH, and BPH populations. We summarize the

models by population.

e URB: M6 (autoregressive error version of form, “R, = o+ 1 - Ra—1 + B2 - SST +¢”)
e BUB: M10 (autoregressive error version of form, “R, = - R,—1 +£”)

e LRW: M4 (autoregressive error version of form, “R, = Bo+ 51 Ra—1+02-Ha—1Ra—1+¢")
e LRH: M14 (autoregressive error version of form, “R, = 31 - Rq—1 + B2 - SST +¢ )

e BPH: M16 (autoregressive error version of form, “R, = 31 - Rq—1+ (2 - Ho—1Raq—1 + (3 -

SST +¢7)
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e PUB and UCS: Selected models for these populations were M14 and M12, but data was

insufficient to make a specific recommendation.
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Table 1. Notations.

Indices

Age

Return size (the number of fish)

Abundance of fish at age a in the ocean in a year

Fish survival rate (fraction) from age a to age a+1

Maturation rate (fraction) of fish at age a

Ocean mortality rate (fraction) of fish at age a (i.e., M, =1-S,)

A positive proportional coefficient between ocean mortality of fish at age a,
and ocean recovery rate of tagged fish at age a

Superscript ¢ denotes transpose operation for a vector (e.g., X' is the transpose

of vector X)

Point estimate of unknown quantity (e.g., R)

Unknown predictive variable. Tilde mark (~) notation helps to distinguish
between observed and predictive quantities. For example, R is predictive
(unknown) variable whereas R without tilde mark is random variable or

observed data

Return size (number) of fish at age a to river from the ocean in a year
Ocean recoveries of tagged fish at age a in a year

Sampling fraction for tagged fish in the ocean catch in an ocean recovery year




L Release number of tagged fish

H, Ocean recovery rate of tagged fish at age a in a year relative to release size
number of those tagged fish.

SST Mean of November and December sea surface temperatures measured from

coastal waters of British Columbia, Canada during fish’s first ocean year.

Parameters

B Vector of coefficients of explanatory variables in a regression model of
interest

& Error term in a regression model of interest

o’ Variance of error term in a regression model of interest

Predictive variable

R Unknown return size at age a in a forecast year

a

R Unknown total return size in a forecast year

21
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Table 2. List of Columbia River Chinook salmon (Oncorhynchus tshwytscha) populations

of forecast interest. These are all fall run stocks except for Upper Columbia River summer

(UCS) population (see Fig. 1 for origin locations).

Population name

Origin

Available data

Upriver Bright (URB)

Bonneville Upriver

Bright (BUB)

Pool Upriver Bright

(PUB)

Lower River Wild

(LRW)

Hanford Reach, Snake and

Deschutes Rivers

Mid-Columbia River
(Bonneville, Little White
Salmon national fish,
Klickitat and Umatilla
hatcheries)
Mid-Columbia River
(Bonneville, Little White
Salmon national fish,
Klickitat and Umatilla
hatcheries)

Lewis and Cowlitz Rivers

Age-3, -4, and -5 returns (brood years
since 1962); age-6 returns (brood years
since 1975)

Age-2 returns (brood years since 1978);
age-3 and -4 returns (brood years since
1977); age-5 and -6 returns (brood

years since 1976)

Age-2 and -3 returns (brood years since
1983); age-4 returns (brood years since
1982); age-5 returns (brood years since
1981); age-6 returns (brood years since
1983)

Age-2, -3, -4, and -5 returns (brood
years since 1962); age-6 returns (brood

years since 1975)



Lower River Hatchery

(LRH)

Bonneville Pool
Hatchery (BPH), or
“Tule”

Upper Columbia River

summer (UCS)

Lewis and Cowlitz Rivers

Bonneville Pool Hatchery
also called Spring Creek
Hatchery

Wenatchee, Entiat and

Methow Rivers

23

Age-2, -3, -4, and -5 returns (brood
years since 1962); age-6 returns (brood
years since 1975)

Age-2, -3, -4 and -5 returns (brood

years since 1962)

Age-3 returns (brood years since 1987);
age-4 returns (brood years since 1986);
age-5 returns (brood years since 1985);

age-6 returns (brood years since 1984)
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Table 3. Summary of candidate models for forecasts of age-return sizes. Column vector X

in eq. 5 contains explanatory variables, where “1” denotes intercept term. Measurement year

of sea surface temperature (SST) variable is fish’s ocean first year.

Model

MI

M2

M3

M4

M5

M6

M7

M8

M9

MI10

MIl11

MI12

MI13

M14

MI15

M16

Form
R =p,+p R, +¢
Autoregressive error version of M1
R =p,+p R +B,-H,_-R_ +&
Autoregressive error version of M3
R =p,+pB R, +B,-SST+¢

Autoregressive error version of M5

Ra :ﬂ0+ﬂl .Ra—] +ﬂ2 .Ha_] .Ra—l +ﬂ3 'SST"‘E

Autoregressive error version of M7
R,=pB-R,  +¢
Autoregressive error version of M9
R =B-R_+pB,-H, ‘R, +¢
Autoregressive error version of M11
R =p R+, SST+¢

Autoregressive error version of M 13

Ra :ﬁl 'Ra—l +ﬂ2 .Ha—l .Ra—l +ﬁ3 -SST + ¢

Autoregressive error version of M15

Vector X'

(1, Rs-1)

(1 5 Ra-l: Ha-IRa-I)

(1, Ry, SST)

(1, Ry-1, HaR41, SST)

(Ra—l )

(Ra-l B Ha-IRa-I)

(Ra-1, SST)

(Ra-la Ha-IRa-I, SST)
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Figure 1. Columbia River basin and locations of fish population natal rivers and hatcheries.

Clearwater R.

Bold letters denote hatchery locations: B = Bonneville dam hatchery, L = Little White Salmon

National fish hatchery; S = Spring Creek hatchery; K = Klickitat hatchery; and U = Umatilla

hatchery. Populations and origin locations are listed in Table 2.
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Figure 2. Forecast model performance for total run size of Upriver Bright (URB) population
in terms of forecast relative error (%) and 90% prediction interval. Notes of M1-M16 above
each panel indicate forecast model used in the panel, where non-bold font models with odd
numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models with even
numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3). The x-axis of each
panel is sample size, which is the number of years of data used in hind-casting forecasts.
Vertical dots over each sample size in panels of first two rows are relative errors (%) in
forecasts of 10 years (1995-2004)’ runs made with the corresponding forecast model.
Horizontal broken lines are added at + 30% for help to compare models in forecast relative
errors. The y-axis in panels of the last two rows is frequency that the prediction intervals
from the corresponding model successfully cover actual runs. For example, the frequency of
0.4 means that the prediction intervals cover actual values 40% and miss those values 60%.
Black dot on solid line is the frequency with forecast of 2001 run being removed, whereas
open dot on broken line is that with all forecasts being included.
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Figure 3. Forecast model performance for total run size of Bonneville Upriver Bright (BUB)
population in terms of forecast relative error (%) and 90% prediction interval. Notes of M1-
M16 above each panel indicate forecast model used in the panel, where non-bold font models
with odd numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models
with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3). The x-axis
of each panel is sample size, which is the number of years of data used in hind-casting
forecasts. Vertical dots over each sample size in panels of first two rows are relative errors
(%) in forecasts of 10 years (1995-2004)’ runs made with the corresponding forecast model.
Horizontal broken lines are added at + 70% for help to compare models in forecast relative
errors. The y-axis in panels of the last two rows is frequency that the prediction intervals
from the corresponding model successfully cover actual runs. For example, the frequency of
0.4 means that the prediction intervals cover actual values 40% and miss those values 60%.
Black dot on solid line is the frequency with forecast of 1998 run being removed, whereas
open dot on broken line is that with all forecasts being included.
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Figure 4. Forecast model performance for total run size of Pool Upriver Bright (PUB)
population in terms of forecast relative error (%) and 90% prediction interval. Notes of M1-
M16 above each panel indicate forecast model used in the panel, where non-bold font models
with odd numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models
with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3). The x-axis
of each panel is sample size, which is the number of years of data used in hind-casting

forecasts. Vertical dots over each sample size in panels of first two rows are relative errors

(%) in forecasts of five years (2000-2004)’ runs made with the corresponding forecast model.

Horizontal broken lines are added at +40% for help to compare models in forecast relative

errors. The y-axis in panels of the last two rows is frequency that the prediction intervals
from the corresponding model successfully cover actual runs. For example, the frequency of

0.4 means that the prediction intervals cover actual values 40% and miss those values 60%.
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Figure 5. Forecast model performance for total run size of Lower River Wild (LRW)
population in terms of forecast relative error (%) and 90% prediction interval. Notes of M1-
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M16 above each panel indicate forecast model used in the panel, where non-bold font models
with odd numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models
with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3). The x-axis
of each panel is sample size, which is the number of years of data used in hind-casting
forecasts. Vertical dots over each sample size in panels of first two rows are relative errors
(%) in forecasts of 10 years (1995-2004)’ runs made with the corresponding forecast model.
Horizontal broken lines are added at + 50% for help to compare models in forecast relative
errors. The y-axis in panels of the last two rows is frequency that the prediction intervals
from the corresponding model successfully cover actual runs. For example, the frequency of
0.4 means that the prediction intervals cover actual values 40% and miss those values 60%.
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Figure 6. Forecast model performance for total run size of Lower River Hatchery (LRH)
population in terms of forecast relative error (%) and 90% prediction interval. Notes of M1-
M16 above each panel indicate forecast model used in the panel, where non-bold font models
with odd numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models
with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3). The x-axis
of each panel is sample size, which is the number of years of data used in hind-casting
forecasts. Vertical dots over each sample size in panels of first two rows are relative errors
(%) 1in forecasts of 10 years (1995-2004)’ runs made with the corresponding forecast model.
Horizontal broken lines are added at £ 50% for help to compare models in forecast relative
errors. The y-axis in panels of the last two rows is frequency that the prediction intervals
from the corresponding model successfully cover actual runs. For example, the frequency of
0.4 means that the prediction intervals cover actual values 40% and miss those values 60%.
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Figure 7. Forecast model performance for total run size of Bonneville Pool Hatchery (BPH)
population in terms of forecast relative error (%) and 90% prediction interval. Notes of M1-
M16 above each panel indicate forecast model used in the panel, where non-bold font models
with odd numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font models
with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3). The x-axis
of each panel is sample size, which is the number of years of data used in hind-casting
forecasts. Vertical dots over each sample size in panels of first two rows are relative errors
(%) 1in forecasts of 10 years (1995-2004)’ runs made with the corresponding forecast model.
Horizontal broken lines are added at £ 70% for help to compare models in forecast relative
errors. The y-axis in panels of the last two rows is frequency that the prediction intervals
from the corresponding model successfully cover actual runs. For example, the frequency of
0.4 means that the prediction intervals cover actual values 40% and miss those values 60%.
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Figure 8. Forecast model performance for total run size of Upper Columbia River summer
(UCS) population in terms of forecast relative error (%) and 90% prediction interval. Notes
of M1-M16 above each panel indicate forecast model used in the panel, where non-bold font

models with odd numbers (e.g., M1, M3, etc.) are non-autoregressive models, and bold font

models with even numbers (e.g., M2, M4, etc.) are their autoregressive versions (Table 3).
The x-axis of each panel is sample size, which is the number of years of data used in hind-
casting forecasts. Vertical dots over each sample size in panels of first two rows are relative
errors (%) in forecasts of three years (2002-2004)’ runs made with the corresponding forecast
model. Horizontal broken lines are added at + 15% for help to compare models in forecast

relative errors. The y-axis in panels of the last two rows is frequency that the prediction
intervals from the corresponding model successfully cover actual runs. For example, the
frequency of 0.4 means that the prediction intervals cover actual values 40% and miss those

values 60%.
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Figure 9. Examination of autocorrelations of model residuals over lag 1, comparing
traditional and selected models. Dots over each sample size (data years) in a panel are
autocorrelation coefficients of residuals over lag-1 from the corresponding model for
forecasting population- and age- runs in 1995-2004. (a)-(d) are such autocorrelation
coefficients from forecasts of URB age-3, -4, -5, and -6 runs by the traditional model M1
while (a’)-(d") are those by model M6 selected for URB population. In the same arrangement,
(e)-(h) = those of BUB age-3, -4, -5, and -6 runs by the traditional model M1; (¢’)-(h’) = those
by model M10 selected for BUB population; (i)-(1) = those of LRW age-3, -4, -5 and -6 runs
by the traditional model M1; (i’)-(I") = those by model M4 selected for LRW population; (m)-
(p) = those of LRH age-3, -4, -5 and -6 runs by the traditional model M1; (m’)-(p’) = those by
model M 14 selected for LRH population; (q)-(s) = those of BPH age-3, -4, and -5 runs by the
traditional model M1; (m’)-(p’) = those by model M 16 selected for BPH population.
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Figure 10. Comparison of 90% prediction interval from 16 models (x-axis) and actual runs,
where sample size (years of data) used for each hind-casting forecast was fixed as 13. 10
years’ hind-casting forecasts (columns) were made for five populations (rows). Vertical line
over each model in each panel is 90% prediction interval (i.e., from lower bound to upper
bound), and horizontal line in each panel indicates actual run size. This summary for PUB
and UCS populations is not shown because of lack of data on these populations (Figs. 4 and
8).
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Figure 11. Goodness-of-fit of selected model for each population in terms of determination

coefficients (+7): (a)-(d) = goodness of fit of model M6 for forecasts of URB age-3, -4, -5 and

-6 runs; (e)-(h) = that of model M 10 for forecasts of BUB age-3, -4, -5 and -6 runs; (1)-(1) =
that of model M4 for forecasts of LRW age-3, -4, -5 and -6 runs; (m)-(p) = that of model M14
for forecasts of LRH age-3, -4, -5 and -6 runs; (q)-(s) = that of model M 16 for forecasts of

BPH age-3, -4, and -5 runs. Vertical dots over each sample size each panel are determination

coefficients () of the corresponding model used for hind-casting forecasts of population- and

age-runs in 10 years (1995-2004). This summary for PUB and UCS populations is not shown

because of lack of data on these populations (Figs. 4 and 8).

URB

BUB

LRW

LRH

BPH



p-value

0.4
0.3
0.2
0.1
0.0

0.4
0.3
0.2

0.1

0.0

0.4
0.3
0.2

01 T;

0.0

0.4
0.3
0.2
0.1
0.0

0.4
0.3
0.2
0.1
0.0

Age-3 run

Age-4 run

Age-5 run

36

Age-6 run

_________________________

s e
.....

Sample size

Figure 12. Significance of selected model for each population in terms of p-value of F-
statistics: (a)-(d) = significance of model M6 for forecasts of URB age-3, -4, -5 and -6 runs;
(e)-(h) = that of model M10 for forecasts of BUB age-3, -4, -5 and -6 runs; (i)-(1) = that of
model M4 for forecasts of LRW age-3, -4, -5 and -6 runs; (m)-(p) = that of model M14 for
forecasts of LRH age-3, -4, -5 and -6 runs; (q)-(s) = that of model M 16 for forecasts of BPH
age-3, -4, and -5 runs. Vertical dots over each sample size each panel are p-values of F-
statistics of the corresponding model used for hind-casting forecasts of population- and age-
runs in 10 years (1995-2004). Horizontal broken line in each panel indicates p-value of 0.1.
This summary for PUB and UCS populations is not shown because of lack of data on these
populations (Figs. 4 and 8).
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APPENDIX

A Autoregressive error model

This description is lag-1 autoregressive error model, where Cochrane-Orcutt procedure
is used for estimation of the regression parameters. Neter et al. (1996) shows the description
for the regression model with one explanatory variable (i.e., Y = By + 1 - X + ¢). Here, we
describe a generalized form where two explanatory variables are considered.

Yy = (Bo+B1- Xe1+ P Xeo+er) (A-1)
Letting p be the autocorrelation parameter between errors over lag 1, we introduce the
transformed dependent variable, Y/ like the following:
Y/ =Y —p-Yia (A-2)
= Bo+ 61 Xea+ B2 Xeg+er) —p(Bo+ B Xe—11+ B2 Xi—12 +€-1)
=001 —p)+L1( X1 —p- Xi11) + Bo(Xp2 —p- Xyp12) + (60 —p-ei-1)

Letting

to= (X1 —p-Xi11)
o= (Xe2—p-Xi12)
By = Bo(1 - p)
By = B
By = B2
ur = (et — p-eg-1)

eq. A-2is

Y/ =00+ 01 - Xi1+ 0 Xio+u (A-3)

First, one needs to estimate p from
Et = pP-E—1 + Ut (A—4)

Equation A-4 is an ordinary regression model without the intercept term, where p is the slope
of the regression line and w; is the error term.

Once the estimate of p is obtained, now transformed data are obtained using the following
equations.

Y/=Y,—p Y
Xt =Xe1—p X1
Xio=Xio—p-Xi 19

Transformed model of eq. A-3 is fitted to the above transformed data, yielding an
estimated regression function:

Y = by + by - X+ by X} (A-5)
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by = bo(1 - p)
W, = b
b, = by

Thus, estimates of parameters in the original model (before transformation), and vari-
ances of those estimates are

bo = bo/(1 = p) (A-6)
by = b,
by = b,

Var(bo) = Var(by)/(1 — p)?
Var(by) = Var(b))
Var(by) = Var(bh)

The fitted regression function in the original variables is

Y:bo—l-bl-Xl—i-bg'Xg (A-7)

A.1 Forecasting

Yoi1 = Bo+B1- Xnt11+ Bo- Xnt12+p en + Ut (A-8)

Estimates of Gy, (1, and (2 are shown in eq. A-6, and the estimate of p is from eq. A-4. g,
is estimated by the residual e,. Also, E(up+1) = 0. That is,

en =Yn — Yn (A-9)
= Yn - (bO + by - Xn,l + by - Xn,Z)

Thus, the expected valule of forecast, Y11 is

E(Ypi1) =bo+b1- Xpy11+bo- Xpy12+p-en (A-10)

Variance of forecast, Y, 41 is the sum of MSE and variance of the fitted value.

Var(Yns1) = MSE + Var(Yns1) (A-11)

A~

where MSE is based on eq. A-3. For calculation of Var(Y;,11), the following matrix form is
convenient when there are multiple explanatory variables.

Var(Vui1) = Xhy1 - B(b) - Xaox (A-12)

where ¥(b) is the covariance-variance matrix of coefficients in the regression model of eq. A-3,
and Xt 11 is the transpose form of the column vector, Xy11. That is, the transpose form is
the row vector (= [1, X411, Xn+1,2])-
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Table A1. Summary timetable of project activities.

Although the contract term started on 1 March 2005, the research fund was not awarded until
June 2005.

June 2005 — June 2006

Tasks 6 7 8 91011121 2 3 4 5 6
Data collection and filtering raw data XX XX
Literature review XX XX

Data analysis, model development, model validation XXXXXXXXXXX
Bi-annual report in an oral presentation and/or written XX XXXXX

format in related meetings (e.g., the TAC meetings,

Statistics for Aquatic Resources)

Incorporating feedback from colleagues, and XX XXX

writing final report in a scientific literature format
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Figure Al. Forecast model performance for age-specific run size of Upriver Bright (URB)
population in terms of forecast relative error (%) where the errors from the respective model
are arranged by age-3 (first two rows), -4 (3" and 4 rows), -5 (Sth and 6" rows) and -6 (last
two rows) runs. Notes of M1-M16 above each panel indicate forecast model used in the panel,
where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-autoregressive
models, and bold font models with even numbers (e.g., M2, M4, etc.) are their autoregressive
versions (Table 3). The x-axis of each panel is sample size, which is the number of years of
data used in hind-casting forecasts. Vertical dots over each sample size in each panel are
relative errors (%) in forecasts of 10 years (1995-2004)’ runs made with the corresponding
forecast model.
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Figure A2. Forecast model performance for age-specific run size of Upriver Bright (URB)
population in terms of 90% prediction interval where the prediction coverage from the
respective model is arranged by age-3 (first two rows), -4 (3" and 4™ rows), -5 (5™ and 6"

rows) and -6 (last two rows) runs. Notes of M1-M16 above each panel indicate forecast

model used in the panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.)

are non-autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.)
are their autoregressive versions (Table 3). The x-axis of each panel is sample size, which is
the number of years of data used in hind-casting forecasts. Dot over each sample size in each
panel is frequency that the prediction intervals from the corresponding model’s 10-year hind-

casting forecasts (1995-2004) successfully cover actual runs.
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Figure A3. Forecast model performance for age-specific run size of Bonneville Upriver
Bright (BUB) population in terms of forecast relative error (%) where the errors from the
respective model are arranged by age-3 (first two rows), -4 (3™ and 4™ rows), -5 (5™ and 6™
rows) and -6 (last two rows) runs. Notes of M1-M16 above each panel indicate forecast
model used in the panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.)
are non-autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.)
are their autoregressive versions (Table 3). The x-axis of each panel is sample size, which is
the number of years of data used in hind-casting forecasts. Vertical dots over each sample
size in each panel are relative errors (%) in forecasts of 10 years (1995-2004)’ runs made with
the corresponding forecast model.
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Figure A4. Forecast model performance for age-specific run size of Bonneville Upriver

Bright (BUB) population in terms of 90% prediction interval where the prediction coverage
from the respective model is arranged by age-3 (first two rows), -4 (3" and 4™ rows), -5 (5"
and 6" rows) and -6 (last two rows) runs. Notes of M1-M16 above each panel indicate
forecast model used in the panel, where non-bold font models with odd numbers (e.g., M1,
M3, etc.) are non-autoregressive models, and bold font models with even numbers (e.g., M2,

M4, etc.) are their autoregressive versions (Table 3). The x-axis of each panel is sample size,

which is the number of years of data used in hind-casting forecasts. Dot over each sample size
in each panel is frequency that the prediction intervals from the corresponding model’s 10-
year hind-casting forecasts (1995-2004) successfully cover actual runs.
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Figure AS. Forecast model performance for age-specific run size of Pool Upriver Bright
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(PUB) population in terms of forecast relative error (%) where the errors from the respective

model are arranged by age-3 (first two rows), -4 (3" and 4t rows), -5 (Sth and 6" rows) and -6
(last two rows) runs. Notes of M1-M16 above each panel indicate forecast model used in the
panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-
autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.) are their
autoregressive versions (Table 3). The x-axis of each panel is sample size, which is the
number of years of data used in hind-casting forecasts. Vertical dots over each sample size in
each panel are relative errors (%) in forecasts of five years (2000-2004)’ runs made with the

corresponding forecast model.
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Figure A6. Forecast model performance for age-specific run size of Pool Upriver Bright

10 1

Sample size

(PUB) population in terms of 90% prediction interval where the prediction coverage from the
respective model is arranged by age-3 (first two rows), -4 (3" and 4™ rows), -5 (5™ and 6"

rows) and -6 (last two rows) runs. Notes of M1-M16 above each panel indicate forecast

model used in the panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.)

are non-autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.)
are their autoregressive versions (Table 3). The x-axis of each panel is sample size, which is
the number of years of data used in hind-casting forecasts. Dot over each sample size in each

panel is frequency that the prediction intervals from the corresponding model’s five-year

hind-casting forecasts (2000-2004) successfully cover actual runs.
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Figure A7. Forecast model performance for age-specific run size of Lower River Wild
(LRW) population in terms of forecast relative error (%) where the errors from the respective
model are arranged by age-3 (first two rows), -4 (3™ and 4" rows), -5 (5" and 6™ rows) and -6
(last two rows) runs. Notes of M1-M16 above each panel indicate forecast model used in the
panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-
autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.) are their
autoregressive versions (Table 3). The x-axis of each panel is sample size, which is the
number of years of data used in hind-casting forecasts. Vertical dots over each sample size in
each panel are relative errors (%) in forecasts of 10 years (1995-2004)’ runs made with the
corresponding forecast model.
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Figure A8. Forecast model performance for age-specific run size of Lower River Wild
(LRW) population in terms of 90% prediction interval where the prediction coverage from the
respective model is arranged by age-3 (first two rows), -4 (3" and 4™ rows), -5 (5™ and 6™
rows) and -6 (last two rows) runs. Notes of M1-M16 above each panel indicate forecast
model used in the panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.)
are non-autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.)
are their autoregressive versions (Table 3). The x-axis of each panel is sample size, which is
the number of years of data used in hind-casting forecasts. Dot over each sample size in each
panel is frequency that the prediction intervals from the corresponding model’s 10-year hind-
casting forecasts (1995-2004) successfully cover actual runs.

Age-5 run Age-4 run Age-3 run

Age-6 run



100
-100

100
-100

100
-100

%)

~ 100
-100

20

Relative error

-200

200

o

-200

20000

-20000

20000

-20000

48

M1 M2 M3 M4 M5 M6 M7 M8
Rasee oo qoof3izee ] 100fE T 100F%2E o0 100fzsse’ | 100fsgges’ Y 100f3Eczeet 100fF:siiiesc
ARRERRRRE _100311,:11111 _1001111111111 _10031}1111111 _100111.!1_31.111 _100g1i{!13311 -100“‘.3”1&"1 _100|1l,§1!111
10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18

M9 M11 M13 M15
Poceccocoe gggeccccscec yagfoccecooaand 100.““-,.“ 100:::o.°'°-° 100,:°:a.°°~° 100f8°%°°°°°°" 100,.:: 0000
RRRRRRRRE] _100|;111‘l11111 PSS LRLLARALY _mOFn]nﬂﬂ _1008111111111 _100I;n~,:11111 _100i'gu111111 _mol;nnn-lﬂ
10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18

M1 M2 M3 M4 M5 M6 M7 M8

oJ 100} . .o 100 esosod 100fos cood 100f g cess823 100fcgcosents 100Le teensze 100foo'2eeyss

ERRRRRY 1144 it 14444 144 144444 11144 14
Hodtidd] | b R i i e i
10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18

M9 M10 M11 M12 M13 M14 M15 M16
b occcoocced 100fosszzsood 100[cecoscecd 100fossssesed 100 100f; , 100 J 100} o4
0444444444 TREEEEEET] 1444414444 gi44444444 4 4444444 g444444444
e R ORI ] ]
10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18

o

0 M 200 200 M3 200 4 200 Mo 200 200 M7 200
0 1 0 f44trEiid 11 o pd4redid opdtbEEigd  ofidd i1 ofiftHHi1d o fdiHHEH
AALLE _mﬁi. P oftrrrey oHrrRbe o Rt _ZOOEﬁ,ﬂHu Lol o ity

10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18

MO Ml M1 M2 M3 M4 MI5 M6
T ) P T e TR R T R T | T TUTFF ) FRRTEOI Ogﬁﬂﬂnﬁ
-200 -200 -200 -200 -200 -200 -200 .

10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18 10 14 18

M1 M2 M3 M4 M5 M6 M7 M8
20000 20000 20000 20000 200007 20000 20000
iy ofroptiy opyrity optyroit 0ptbtyy 0 vortyty optrortty of-trrored

-20000 -20000 -20000 -20000 -20000 -20000 * -20000— —

10 12 14 10 12 14 10 12 14 10 12 14 10 12 14 10 12 14 10 12 14 10 12 14

M9 200007, M10 20000 M11 20000 Mi2 20000 M13 20000 M14 20000 M15 20000 M16
8- 3--8_-3-3 0 8- 8- -8-3-38 op-8--+-8-3 Op-—--¢-4-- 0 ‘:'—-:--:—:—1 0 E—-:-—'s-:--: 0 ;—-:--:—:—-: 0 :—-;--:—:--;
-20000 -20000 -20000 -20000 -20000 -20000 -20000

10 12 14 10 12 14 10 12 14 10 12 14 10 12 14 10 12 14 10 12 14 10 12 14

Sample size
Figure A9. Forecast model performance for age-specific run size of Lower River Hatchery
(LRH) population in terms of forecast relative error (%) where the errors from the respective
model are arranged by age-3 (first two rows), -4 (3" and 4t rows), -5 (Sth and 6" rows) and -6
(last two rows) runs. Notes of M1-M16 above each panel indicate forecast model used in the
panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-
autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.) are their
autoregressive versions (Table 3). The x-axis of each panel is sample size, which is the
number of years of data used in hind-casting forecasts. Vertical dots over each sample size in
each panel are relative errors (%) in forecasts of 10 years (1995-2004)’ runs made with the
corresponding forecast model.
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Figure A10. Forecast model performance for age-specific run size of Lower River Hatchery
(LRH) population in terms of 90% prediction interval where the prediction coverage from the
respective model is arranged by age-3 (first two rows), -4 (3" and 4™ rows), -5 (5™ and 6"

rows) and -6 (last two rows) runs. Notes of M1-M16 above each panel indicate forecast

model used in the panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.)

are non-autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.)
are their autoregressive versions (Table 3). The x-axis of each panel is sample size, which is
the number of years of data used in hind-casting forecasts. Dot over each sample size in each
panel is frequency that the prediction intervals from the corresponding model’s 10-year hind-

casting forecasts (1995-2004) successfully cover actual runs.
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Figure A11. Forecast model performance for age-specific run size of Bonneville Pool
Hatchery (BPH) population in terms of forecast relative error (%) where the errors from the
respective model are arranged by age-3 (first two rows), -4 (3" and 4t rows), and -5 (last two
rows) runs. Notes of M1-M16 above each panel indicate forecast model used in the panel,
where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-autoregressive
models, and bold font models with even numbers (e.g., M2, M4, etc.) are their autoregressive
versions (Table 3). The x-axis of each panel is sample size, which is the number of years of
data used in hind-casting forecasts. Vertical dots over each sample size in each panel are
relative errors (%) in forecasts of 10 years (1995-2004)’ runs made with the corresponding
forecast model.
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Figure A12. Forecast model performance for age-specific run size of Bonneville Pool

Hatchery (BPH) population in terms of 90% prediction interval where the prediction coverage
from the respective model is arranged by age-3 (first two rows), -4 (3™ and 4™ rows), and -5
(last two rows) runs. Notes of M1-M16 above each panel indicate forecast model used in the
panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-
autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.) are their
autoregressive versions (Table 3). The x-axis of each panel is sample size, which is the
number of years of data used in hind-casting forecasts. Dot over each sample size in each
panel is frequency that the prediction intervals from the corresponding model’s 10-year hind-
casting forecasts (1995-2004) successfully cover actual runs.
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Figure A13. Forecast model performance for age-specific run size of Upper Columbia River
summer (UCS) population in terms of forecast relative error (%) where the errors from the
respective model are arranged by age-4 (first two rows), -5 (3" and 4 rows), and -6 (last two
rows) runs. Notes of M1-M16 above each panel indicate forecast model used in the panel,
where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-autoregressive
models, and bold font models with even numbers (e.g., M2, M4, etc.) are their autoregressive
versions (Table 3). The x-axis of each panel is sample size, which is the number of years of
data used in hind-casting forecasts. Vertical dots over each sample size in each panel are
relative errors (%) in forecasts of three years (2002-2004)’ runs made with the corresponding

forecast model.
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Figure A14. Forecast model performance for age-specific run size of Upper Columbia River
summer (UCS) population in terms of 90% prediction interval where the prediction coverage
from the respective model is arranged by age-4 (first two rows), -5 (3™ and 4™ rows), and -6

(last two rows) runs. Notes of M1-M16 above each panel indicate forecast model used in the
panel, where non-bold font models with odd numbers (e.g., M1, M3, etc.) are non-
autoregressive models, and bold font models with even numbers (e.g., M2, M4, etc.) are their
autoregressive versions (Table 3). The x-axis of each panel is sample size, which is the
number of years of data used in hind-casting forecasts. Dot over each sample size in each
panel is frequency that the prediction intervals from the corresponding model’s three-year
hind-casting forecasts (2002-2004) successfully cover actual runs.
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