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ABSTRACT 
An alternative to the current method of forecasting size of the annual terminal run of large (age 1.3−1.5, 
approximately >659 mm from mid eye to tail fork) Chinook salmon Oncorhynchus tshawytscha to the Taku River is 
demonstrated. Both the current method and the alternative are based on sibling relationships within brood years; 
however, the alternative is based on median forecasts from power functions with lognormal error. Bayesian analysis 
using the program WinBUGS was used to avoid bias in forecasted run size from measurement error, and to quantify 
conditional uncertainty in forecasts. Because of greater imprecision in estimates of annual run size in earlier years, 
only data from 1995 to 2013 were used to exercise both current and alternative methods.  From jackknifed 
hindcasting the mean percent error for the current method was +13% and +7% for the alternative; the former had 
two negative predictions. A Bayesian forecast with the alternative method produced the posterior probability 
distribution for the estimated terminal run size in 2014 with median 24,440 and mean 25,980 large salmon. 
Management targets under the Pacific Salmon Treaty for Taku fisheries were described, and the forecast posterior 
probability distribution was used to calculate probabilities of meeting those targets in 2014. Relevance of forecasting 
with a truncated data series of recent years was discussed. Instructions were given on how to expand the WinBUGS 
code to produce a forecast for 2015 and for years beyond. 

Key words: Chinook salmon, Taku River, forecast, sibling regressions, Bayesian regression, medians, MPE, MAPE, 
credibility intervals. 

 

INTRODUCTION 
Management of terminal fisheries and near-terminal fisheries on Chinook salmon (Oncorhynchus 
tshawytscha) migrating to the Taku River of Alaska and Canada (Figure 1) depends in part on a 
preseason forecast of annual terminal run size1. In 2011 and before, the preseason forecast 
depended on sibling relationships. The presumption was that numbers of older Chinook salmon 
are linearly related to numbers of younger Chinook salmon in the same brood year. The current 
model used is to regress estimated terminal run of age-1.32 Chinook salmon in a calendar year 
(cy) against the estimated terminal run of age-1.2 salmon in year cy – 1. A second linear 
regression involves age-1.4 and age-1.3 Chinook salmon from years cy and cy – 1, respectively. 
These regressions are updated annually, then used to predict the number of age-1.3 and age-1.4 
Chinook salmon in the terminal run for the upcoming year (cy + 1). Residual error in these 
regressions is presumed additive. The sum of the two predictions is considered the preseason 
forecast for large Chinook salmon (>659 mm from mid eye to tail fork [METF]), the group 
relevant for fisheries management3.  

The shortcomings of the current method for forecasting are as follows: 

• not all brood year information is used in the forecast of age-1.4 fish; 
• effect of measurement error in independent variables on both the 1.3 vs. 1.2 and 1.4 vs. 

1.3 regressions is ignored; 
• negative predictions for an age group are possible; 
• residual error follows a normal distribution and is additive, but it should follow a  

log-normal distribution and be multiplicative; and 
• uncertainty in forecasts is incompletely expressed. 

1  As mandated in ANNEX IV, Chapter 1, Section (3)(b)(3)(viii) of the Pacific Salmon Treaty, December 8, 2008. 
2  European notation is used to describe age of salmon, such that an age x.y salmon spent x + 1 winters in fresh water incubating and rearing, and 
y years at sea maturing, with an overall age of x + y + 1 years. 

3  A third regression of age-1.5 and age-1.4 in years cy and cy – 1 is not included because age-1.5 salmon make up a few hundred fish per year in 
the terminal run. 
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A point-by-point description of these shortcomings in the current method follows: 
 

The run of age-1.4 fish is in part a function of the run of age-1.2 fish two years earlier; an 
age-1.4 vs. age-1.2 or -1.3) regression would potentially capture that added information. 

Ignoring measurement error in independent variables can bias parameter estimates and 
hence bias forecasts from sibling regressions.  

Given a steep enough slope in a regression, a negative intercept is possible, which can lead 
to a nonsensical prediction (i.e., a negative number of fish for a particular age class).  

Both process error and measurement error in dependent variables are more likely log-
normally distributed (i.e., estimates of run size cannot be negative); assuming additive 
normal error in sibling regressions tends to over-forecast small runs and under-forecast large 
ones.  

Finally, a single-number forecast from the current method does not have an associated 
estimate of uncertainty. 

 
The work described in this report was undertaken to improve the current preseason forecast. The 
resulting alternative method still depends upon sibling relationships, but measurement error in 
statistics and uncertainty in results is incorporated. This report begins with a description of 
available data and then continues with an exercise of the current method, the development of the 
alternative method, and an exercise of the alternative method relative to management of Taku 
fisheries.   

FORECASTING METHODS 
THE DATA 
The 35-year time series of basic demographic estimates of annual run size of the Taku stock is 
displayed in Figure 2 (for a description of estimation methods and for a source of statistics, see 
Jones et al. 2010; McPherson et al. 1996–1999, 2000, 2010; Pahlke and Bernard 1996). 
Sampling to estimate age and sex composition of spawning abundance and harvest extends back 
to calendar year 1977. Spawning abundance was indexed annually through aerial surveys from 
1977 to the present (2013 at the time of this writing). Mark–recapture studies were used to 
estimate spawning abundance for 1989, 1990, 1995−1997, and 1999 to the present; these 
estimates also allowed estimation of an expansion factor used to convert aerial indices from other 
years to spawning abundances. A result of this expansion is that precision of statistics for years 
prior to 1995 was generally considerably less (average CV for estimated run size is 31%) than 
for years after (average CV for estimated run size is 14%) (Figure 2). Because of this early 
imprecision, only the more precise data collected from 1995 forward have been used in 
forecasting. Also, because the abundance of age-1.5 salmon is almost exclusively <5% of large 
salmon, this age group was ignored in forecasts. 

Terminal run size consists of spawning abundance, inriver harvest, commercial harvest in 
District 111, and harvest in the Juneau area recreational fishery (Figure 1). Harvests in ocean 
fisheries are estimated through an ongoing tagging program based on coded wire tags (CWTs) 
and on fishery sampling to recover CWTs (McPherson et al. 2000). The estimated fraction of the 
total harvest of Chinook salmon composed of members of the Taku stock is multiplied by the 
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total harvest to estimate the harvest specific to the stock. Harvest of all stocks in commercial 
fisheries is a tally of landings, whereas harvest of all stocks in the recreational fishery is 
estimated through an annual postal survey of fishing households (see Jennings et al. 2010 for a 
description of the survey). Because there is approximately a 1-year delay in getting estimates 
from this postal survey, the latest year with direct estimates of total sport harvest is 2013. Annual 
spawning escapement is estimated by subtracting estimated inriver harvest in Canada from the 
size of the inriver run at Canyon Island in Alaska just downstream of the border (Figure 1) as 
estimated from a series of mark–recapture studies. Annual catches in a small personal use fishery 
(a hundred or so fish) downstream of Canyon Island are tallied from required permits, and 
because these catches occur below Canyon Island and the area germane to the inriver run 
estimate, they are tallied with other marine harvests. 

CURRENT METHOD 
The current method is used to forecast terminal run size of mature, large (age-1.3–1.4) Chinook 
salmon. The two regressions based on estimated run size by age over calendar years 1995–2013 
and brood years 1990–2007 are graphed in Figure 3 and are: 

cycycy RR ε+= −+ 1,2.1,3.1
ˆˆ 788.1173,10                                              (1a) 

cycycy RR ε+= −+− 1,3.1,4.1
ˆˆ 800.0336,9                                             (1b) 

where R̂ represents estimated run size by age and year, not the forecasted run, and  
εcy ~ ),0( 2

εσnorm represents additive error.  Regressions are based on n consecutive years of data 
and n – 1 data pairs. Here n = 19.  When cy represents the fishing season that just ended, both 
(1a) and (1b) are then used to predict the abundance of age-1.3 and age-1.4 salmon in the next 
fishing season (year n + 1 in the series). The sum of these two predictions is the forecast of 
terminal run size, here  

1,3.11,4.11
~~~

+++ += nnn RRR                                                      (1c) 

with  1
~

+nR  being the forecasted number of large (age-1.3−1.4) Chinook salmon in the upcoming 
run. The forecast for 2014 with the current method was 24,040. 

The accuracy and precision of forecasts from the current method were judged through a 
jackknife hindcast of data on runs from 1995 through 2013 (see Efron and Tibshirani 1993 for 
methods based on jackknifing). Statistics were “excluded” from the data 1 calendar year at a time 
from the series 1996–2013; sibling regressions as described above were recalculated from 
statistics for the “remaining” years, then these new sibling regressions were used with statistics 
from the year immediately preceding the “excluded” year to “forecast” the annual run size for 
the “excluded” year. Table 2 presents a simple example to demonstrate how the jackknifing and 
subsequent forecasting were organized. An individual percent error (IPE) was calculated for each 
jackknifed year as [IPE = (Forecast−Estimate) / Estimate × 100]. The mean of the IPEs, the mean 
percent error (MPE) for the entire n − 1 (18 years), is considered a measure of accuracy with an 
anticipated value of 0. The mean absolute IPEs (MAPE) is a measure of both precision and 
accuracy. 

Hindcasted forecasts using the current method were on average +13% (= MPE) higher than their 
comparable estimates of run size with an expected MAPE of 35% (Table 3). Forecasts by age 
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were positive for all “excluded” years except for the predicted runs of age-1.4 salmon in 1999 
and in 2008 (shaded cells in Table 3).  The empirical distribution of IPEs from the current 
method was broad and highly skewed with its mode less than zero and its mean (13%) and 
median (9%) above zero (Figure 4).    

ALTERNATIVE METHOD 
At its core the alternative method is still based on sibling relationships, but a set of 2 power 
functions are used to express those relationships: 

( ) )exp(ˆlnˆ 1

1,2.11,3.1 cy

b

cycy RaR ε−=                                                          (2a) 

( ) )exp(ˆˆˆ 2

2,2.11,3.12,4.1 cy

b

cycycy RRaR ε−− +=                                                    (2b) 

where a and b are parameters and εcy a variate following a normal probability distribution with 
mean 0 and variance 2

εσ . The use of power functions avoids the possibility that a forecast for 
either age group would be negative; this change also allows for lognormal error. Summing 
estimated run sizes for 4- and 5-year-old salmon within the same brood year to produce an 
independent variable for forecasting the number of 6-year-olds in the same brood year takes 
advantage of all available information for that brood year. As a further refinement, the alternative 
method is based on predicting medians, not means. Medians as a measure of central tendency are 
more relevant than means for predicting a lognormal variate such as annual run by age. 
Predictions are still produced through addition as in Equation (1c) above. 

These changes alone represent an improvement over the current method. Hindcasted predictions 
using the alternative method as so far described were on average 7% (= MPE) higher than their 
comparable estimates of run size with an expected MAPE of 33% (Table 4). Table 5 presents a 
simple example to demonstrate how the jackknifing and subsequent hindcasting were organized. 
The empirical distribution of IPEs was relatively flat (Figure 4, lower panel), partly the result of 
the IPEs having a trend in time (Figure 5) with predictions tending to be less than estimates early 
in the series and tending to be more later.   

An additional difference in the alternative method involves the modeling of error. The linear 
form of a power function with generic notation is 

cycycy xbay λ++= )ln(ln)ln(                                                         (3) 

where  λcy ~ ),0( 2
λσnorm  and represents what is commonly called “process error.” The 

dependent variable y in Equation (3) is assumed to be known without error, which is not so when 
forecasting run size to the Taku River. Run size is estimated with measurement error such that 
the estimate Ycy = ycy exp(ucy) where ucy ~ ),0( 2

unorm σ . Substituting Y→ y in Equation (3) 
produces 

cycycycy uxbaY +++= λ)ln(ln)ln( .                                               (4) 

Measurement error ucy is added to the right-hand side of the equation (3) to balance its 
incorporation into the left hand side resulting from the substitution. The terms λcy and ucy 
collectively become the residuals in a fit of Equation (4) and represent both process and 
measurement error combined in the dependent variable such that εcy ~ ),0( 22

unorm σσλ +  in 
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Equation (2).  However, the independent variable x is also an estimate and is known with error, 
such that estimate Xcy = xcy exp(vcy) where vcy ~ ),0( 2

vnorm σ . Substitution of X → x into 
Equation (4) presents an error-in-variables problem that, if ignored, as was the case in Equations 
(1) and (2), could result in strongly biased estimates of b in regression (Fuller 1987) and 
subsequently biased predictions.  

Bayesian analysis based on simulation was used to account for both measurement error in 
estimates and to express uncertainty in forecasts. In a Bayesian analysis, estimates of run size are 
treated as being known with certainty, whereas values of parameters and actual run sizes are 
considered to follow probability distributions (see Gelman et al. 1995, Carlin and Louis 2000 for 
explanations of Bayesian methods). Bayesian analysis begins with each parameter (i.e., the ln a, 
b, 2

εσ , 2
vσ ) and actual run size (i. e., the R1.2 and R1.3) each expressed as a “prior” probability 

distribution that represents current uncertainty in their values (Table 6). Simplistically expressed, 
the likelihoods of observing the estimates of run size are then calculated and multiplied by the 
prior distributions to get “posterior” probability distributions on parameters and functions of 
parameters, such as forecasts. Put another way, prior knowledge about a parameter is updated 
with data to reduce uncertainty.  

With one exception, all prior distributions in our analysis (Table 6) are non-informative (often 
called flat priors). For those variables with flat priors, posterior distributions will reflect only the 
effect of likelihoods based on data. The one exception concerns the informative prior on 
measurement error of xthe 2

vσ  ~ 1/gamma(c, d) where c and d are shape parameters. From 

Evans et al. (1993), c = ( 2
vσ )2 /V( 2

vσ )  and d = 2
vσ /V( 2

vσ ).  Sampling variances )ˆ( ,2.1 cyRv and 

)ˆ( ,3.1 cyRv were used to approximate these shape parameters. Again from Evans et al. (1993), 

]1)ˆ(ln[ˆ 22
, += cycyv Rcvσ  to transform estimated sampling variances to the log scale. The average 

and variance of the 2
,ˆ cyvσ from 1995 through 2013 were used as surrogates for 2

vσ  and V( 2
vσ ) to 

calculate the shape parameters for this informative prior. 

Uncertainty in forecasts was modeled in the alternative method with consideration of past IPEs. 
Equation (1c) provides a prediction of terminal run size but not the best forecast. As described 
above, the IPE is: 

100
Actual

ActualPredictionIPE ×
−

=  

Note that in “fitting” a time series of n years under the alternative method there will be n – 2 data 
triplets and n – 2 residuals with which to transform into n – 2 IPEs. Dropping percent in favor of 
a simple fraction, the equation above can be reformulated as: 

cy

cy
cy Actual

Prediction
)1(IPE =+                                                     (5) 

with Actualcy being the known estimate of terminal run size (from field sampling), and with  
∞ > (IPEcy + 1) ≥ 0.  Note that Predictioncy is the sum of two lognormal variates cyR ,3.1

~ and cyR ,4.1
~ , 

and is therefore assumed to be a lognormal variate itself, but with unknown mean and variance 
(Beaulieu and Xie 2004). As a result the (IPEcy + 1) is also a lognormal variate with mean µ(IPE+1) 
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and variance σ2
(IPE+1). During each iteration (sample, update) in the Bayesian simulation of the 

alternative method, (IPEcy + 1) is calculated for all cy except for 1995 and 1996, thereby 
providing n – 2 individual values with which to calculate a mean and a variance of the (IPE + 1).  
And that mean and variance were used to calculate values for µ(IPE+1) and σ2

(IPE+1) for each 
iteration in the simulation with the methods from Evans et al. (1993) noted above. This allows 
the generation of a value ~ lognormal(µ(IPE+1), σ2

(IPE+1)) in each iteration for the year to be 
forecasted, the calendar year one beyond the end of the data series (here that year is 2014).  
Rearranging Equation (5) to be used in the forecast for the year beyond the data: 

1)1(IPE
Prediction

Actual
)2014(

)2014(
)2014( −+
=                                                 (6) 

The subtraction of 1 from the denominator in Equation (6) is to rescale the forecasted IPE such 
that ∞ > IPE ≥ -1 (or ∞ > IPE ≥ -100%).  The posterior distribution on the variable Actual(2014) is 
the probability distribution for the estimated terminal run size for the Taku stock of large 
Chinook salmon in 2014, and it is the forecast under the alternative method. 

The computer program WinBUGS4 version 1.4.2 based on Markov Chain Monte Carlo (MCMC) 
algorithm was used to simulate posterior distributions that are part of the alternative method as 
described above (see Appendix A1 for a listing of the code).  Each simulation contained 3 
chains, each with different sets of starting values for priors. Each simulation was iterated 
(updated) 480,000 times after a burn-in of 20,000 updates, providing 1,440,000 samples from the 
joint probability distribution for parameters (referred to as nodes in the WinBUGS language). 
Posterior distributions in longer simulations (up to 3 million samples) produced the same means 
in posterior distributions for forecasts as did the shorter simulations with 1.44 million samples.  

Using the data from 1995 through 2013, the estimated terminal run size in 2014 (Actual(2014)) has 
a 90% chance of being between 13,830 and 43,330 large salmon (Table 7 contains this 
credibility interval (CI) along with statistics for a subset of parameters in the Bayesian analysis). 
The mean of the posterior distribution of Actual(2014) is 25,980 and its median a bit lower at 
24,440. As indicated by these results, the posterior is slightly skewed with a longer tail 
corresponding to higher numbers (Figure 6).  

Because IPEs for the later years in the time series differed than those for earlier years (Figure 5), 
the Bayesian analysis was also run on more recent years. Using the data from 2003 through 
2013, the estimated terminal run size in 2014 (Actual(2014)) has a 90% chance of being between 
13,560 and 33,390 large salmon (Table 8 contains this credibility interval along with statistics for 
a subset of parameters in the Bayesian analysis). The mean of the posterior distribution of 
Actual(2014) is 22,090 and its median a bit lower at 21,270. The lower bound of the 90% CI was 
about the same as with the full data set (13,560 vs. 13,830), but the upper bound was almost 
10,000 fish lower (33,390 vs. 43,330).  Subsequently, the mean of the posterior distribution was 
about 4,000 fish lower for the shorter series than the full series (22,090 vs. 25,980).  The 
posterior distribution for the forecast from the shorter series is also skewed, but less so than for 
the full series (Figure 6). 

4  © Medical Research Council, Imperial College, London, U. K. 2007. Product names used in this report are included for scientific 
completeness but do not constitute a product endorsement. 
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DISCUSSION 
To recap, the stated shortcomings of the current forecast method include the following: 

• negative predictions for an age group are possible; 
• residual error follows a normal distribution and is additive, but should follow a lognormal 

distribution and be multiplicative;  
• not all brood year information is used in the forecast of age-1.4 fish; 
• effect of measurement error in independent variables on both the 1.3 vs 1.2 and 1.4 vs 1.3 

regressions is ignored; and 
• uncertainty in forecasts is incompletely expressed. 

No negative predictions for an age group are possible with the alternative method, and by design, 
residual error is modeled with lognormal distributions. The alternative method does include more 
information from each brood year than the current method, but there are other ways to handle 
additional information than as was done here. Obviously, separating abundance estimates for 
age-1.2 and age-1.3 salmon into two independent variables instead of one is another way. 
Preliminary work along those lines (not reported here) showed little benefit to keeping estimates 
separate instead of summing them. If in the future a better expression of sibling relationships is 
found, the alternative method can be easily modified.  

The major improvements in the alternative method involve the Bayesian approach used in 
forecasting. Measurement error in data is modeled, and results have readily understandable 
expressions of uncertainty.  For instance, the accepted escapement goal for the Taku River is the 
range from a lower goal (LG) of 19,000 to a higher goal (HG) of 36,000 large salmon a year 
(CTC 2014). By negotiation, the base level catch (BLC) is 6,400 fish per year shared between 
Canadian and U.S. fisheries.  The midpoint of the escapement goal  [(LG + HG)/2 = 27,500] plus 
the BLC constitutes the base terminal run (BTR), which is 33,900 fish. If the preseason forecast 
is greater than 33,900 there will be additional, directed fishing. The mean of the node 
Prob.GT.BTR expressed as a percent in Table 7 is the probability that in 2014 the estimated 
terminal run size will be greater than the BTRput another way, the chance of having directed 
fishing in 2014.  That chance is about 17%.  Another relevant question is whether the run will be 
so low as to cut into the base level catch. The mean of the node Prob.GT.LGBLC from Table 7 
indicates that there is a 46% chance of the estimated run in 2014 being above the LG by at least 
the BLC. And finally, the mean of the node Prob.GT.LGBLC from Table 7 indicates that there 
is a 23% chance that the terminal run will be less than the LG.  These probability nodes were 
assigned either a 1 or zero for each update in the simulation whether or not the forecast (node 
Actual) was greater than a specified management target. The probability is the mean over the 
number of updates. A summary of these points for 2014 follows: 

• chance of having directed fishing is 17%; 
• chance of meeting at least the LG and realizing at least the BLC is 46%; and 
• chance of not meeting the LG even with prohibition of all fishing is 23%. 

All of these chances are based on simulations involving the full time series of estimated terminal 
run sizes from 1995 through 2013. 
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As with all forecasting, some decisions must be made as to the data used. Here we ignored data 
collected from 1977 through 1994 because they were too “noisy” to provide useful information. 
These early data were also, by definition, from a time that was perhaps not as relevant as more 
recent information. The unusual persistence of over-forecasts in later years demonstrated in 
Figure 5 is consistent with a shift in ocean survival that bears on our ability to forecast. The 
Bayesian forecast on the truncated time series bears this out (Figure 8). The posterior distribution 
from the truncated series is much more narrow than the distribution from the entire series. The 
consequence is a better, but different, forecast. Probabilities relative to management targets 
calculated from 2003 to 2013 data differ substantially with those reported above in this section: 

• chance of having directed fishing is 5%;
• chance of meeting at least the LG and realizing at least the BLC is 26%; and
• chance of not meeting the LG even with prohibition of all fishing is 34%:

A one-third chance of not meeting the LG even with no fishing is a sobering prospect, even with 
the implication there is a two-thirds chance of meeting the LG with some fishing in 2014. 

Management protocols for fisheries on Taku River Chinook salmon mandate a single number as 
a pre-season forecast. There are two logical choices: the mean or the median of the posterior 
probability distribution for the node Actual. The mean has been the traditional choice for 
forecasting in general; however, the median is attractive here because there is a 50/50 chance of 
the estimated run size being above or below it. In the analysis using the truncated data series, 
there is a difference of 820 fish between median and mean (see Table 8). In the analysis using 
the data series 1995–2013, the difference is 1,540 (see Table 7).  

The uncertainty expressed in this analysis, or any like analysis, is conditioned on the variation 
seen in the past being representative of variation to be experienced in the future. Our decisions to 
exclude some of the available data were in part to make forecasts reflect contemporary variation. 
However, the future may hold surprises with the introduction of “black swans,” events that by 
their very nature are unpredictable (Taleb 2007). Very anomalous events have happened with 
salmon runs before (see Quinn et al. 2007) and will obviously happen again. These anomalous 
events are more likely to involve large runs, but it is impossible to know in advance. 

The WinBUGS program listed in the Appendix was coded to be easily updated to produce 
forecasts for 2015 and for years beyond.  The program has three sectionsmodel, data, and 
initial conditions.  A simple extension of the analysis to forecast an additional year into the 
future (say a forecast for 2015) requires changes in the data and initial values sections only. 
Instructions for such an extension are given as comments in code between data and initial values 
sections listed in the Appendix. In the data section, new estimates of run size by age for 2014 
would be added to the end of vectors R12, R13, and R14; and the sample size n would be 
incremented by one year.  Values of c1, d1, c2, and d2 may be updated as well, but such updates 
are not necessary in all years. How to calculate c1, d1, c2, and d2 is described above. In the 
initial values section, vectors of initial values xR12 and xR13 need to be extended one element 
each by repeating the previous element or by continuing the pattern by one element. Such 
extensions are necessary for both vectors in each of three chains (sets of initial values). 
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Table 1.–Estimated run size by age for the Taku stock of Chinook salmon from calendar years 1995-
2013. 

 Run size by age 
Run size 

ages  
1.3-1.5 

 
Standard errors by age 

SE 
ages 

1.3-1.5 CY 1.2 1.3 1.4 1.5 1.2 1.3 1.4 1.5 

1995 34,471 16,559 22,105 753 39,417  3,870 2,001 2,610 180 3,294 

1996 8,685 79,109 10,969 214 90,291  1,230 7,721 1,324 89 7,834 

1997 2,880 47,381 78,242 0 125,623  641 6,605 11,128 0 12,941 

1998 8,763 10,156 22,721 860 33,737  2,006 2,902 7,132 271 7,704 

1999 12,009 14,139 4,538 253 18,930  1,476 2,212 711 105 2,326 

2000 10,778 27,455 10,300 104 37,859  1,768 3,748 1,484 62 4,031 

2001 5,918 40,142 10,729 80 50,952  908 5,192 1,443 30 5,389 

2002 8,221 36,649 23,332 247 60,228  1,139 6,529 4,248 82 7,790 

2003 18,842 25,388 15,565 131 41,085  1,994 3,984 2,371 57 4,637 

2004 27,462 62,156 15,562 330 78,049  2,318 7,399 1,971 112 7,658 

2005 10,123 48,274 18,654 194 67,122  841 3,368 1,312 66 3,615 

2006 4,363 29,536 31,482 467 61,484  537 2,690 2,779 100 3,870 

2007 8,348 10,842 7,434 283 18,559  1,481 1,784 1,335 119 2,231 

2008 13,888 26,737 4,851 31 31,619  999 1,749 411 24 1,797 

2009 12,627 24,175 9,115 114 33,404  1,240 1,761 650 61 1,878 

2010 9,098 27,123 6,712 488 34,322  798 1,847 494 12 1,912 

2011 15,216 27,028 5,700 143 32,872  1,680 2,824 541 18 2,875 

2012 5,165 18,162 6,999 61 25,223  836 1,632 679 44 1,769 

2013 5,646 16,379 6,060 88 22,526  835 1,625 677 45 1,761 

Note: Age is expressed in European notation. 
Note: McPherson et al. (2010) provide a general description of how estimates were derived. 
Note: Run size is estimated as the sum of estimated spawning abundance, Canadian in-river harvest, harvest in the U.S. 

terminal gillnet fishery (Alaska District 111), and estimated harvest of the Taku stock in the  U.S. sport fishery (Juneau 
marine creel). Estimates in marine fisheries are based on catch sampling to recover coded wire tags. 
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Table 2.–Example of calendar years (CY) removed, run size forecasted, data pairs no longer 
complete and dropped, and complete pairs used to build jackknife regressions for hindcasting 
from a time series of 5 years of paired data with the current method. 

Remove Forecast Dropped Pairs Pairs Used in Jackknife Regression 

CY1 No Forecast Possible 

CY2 CY2 from CY1 (CY2,CY1) and (CY3,CY2) (CY4,CY3) and (CY5,CY4) 

CY3 CY3 from CY2 (CY3,CY2) and (CY4,CY3) (CY2,CY1) and (CY5,CY4) 

CY4 CY4 from CY3 (CY4,CY3) and (CY5,CY4) (CY2,CY1) and (CY3,CY2) 

CY5 CY5 from CY4 (CY5,CY4) (CY2,CY1), (CY3,CY2), and (CY4,CY3) 

Note: With a time series of n years, there will be n – 1 data pairs; dropping a year would therefore affect 2 
years, leaving n – 3 data pairs to jackknife in all but the last year (n – 2 pairs left). 
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Table 3.–Mean percent error (MPE) and mean absolute error (MAPE) from hindcasting with the current method 
of forecasting the run size of large (age-1.3–1.5) Chinook salmon to the Taku River. 

CY 
excluded 

Regression 1 
1.3 vs. 1.2  

Regression 2 
1.4 vs. 1.3 

 
Predictions 

 
Estimated  % Error 

Slope Intercept  Slope Intercept  Age 1.3 Age 1.4 Total  Total  IPE Absolute 

1996 1.562 10,810  0.439         -550  64,665 6,715 71,380  90,077  -21% 21% 
1997 1.827 8,641  0.405 497  24,506 32,539 57,045  125,623  -55% 55% 
1998 1.688 12,511  0.845 -10,746  17,373 29,268 46,641  32,877  42% 42% 
1999 1.749 11,641  0.865 -12,417  26,968 -3,634 23,334  18,677  25% 25% 
2000 1.801 9,611  0.828 -10,664  31,235 1,048 32,283  37,755  -14% 14% 
2001 1.905 7,042  0.798 -9,180  27,578 12,732 40,310  50,872  -21% 21% 
2002 1.894 7,804  0.804 -9,208  19,013 23,070 42,083  59,981  -30% 30% 
2003 1.666 10,444  0.810 -9,638  24,139 20,032 44,171  40,953  8% 8% 
2004 1.833 9,236  0.956 -12,977  43,773 11,304 55,077  77,719  -29% 29% 
2005 2.002 8,379  0.961 -12,731  63,367 46,989 110,356  66,928  65% 65% 
2006 1.733 11,230  0.792 -8,771  28,777 29,439 58,216  61,018  -5% 5% 
2007 1.736 11,180  0.819 -9,886  18,753 14,319 33,072  18,276  81% 81% 
2008 1.811 10,465  0.821 -10,180  25,584 -1,280 24,304  31,587  -23% 23% 
2009 1.811 10,921  0.792 -8,683  36,078 12,500 48,578  33,290  46% 46% 
2010 1.792 10,440  0.789 -8,340  33,065 10,732 43,797  33,834  29% 29% 
2011 1.846 10,633  0.789 -8,224  27,432 13,178 40,610  32,729  24% 24% 
2012 1.822 11,149  0.797 -8,947  38,867 12,593 51,461  25,161  105% 105% 
2013 1.767 10,615  0.803 -9,461  19,740 5,117 24,857  22,438  11% 11% 

             MPE = 13% 
             MAPE = 35% 

Note: Sibling regressions are based on abundance by age within the same brood year.   
Note:  The IPE = (Prediction – Estimated)/Estimated x 100. 
Note: Age-1.5 Chinook salmon were not used in the calculations. 
Note: CY = calendar year; grey shading indicates negative predictions. 
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Table 4.–Mean error (MPE) and mean absolute error (MAPE) from hindcasting with the alternative method 
(measurement error unaddressed) of forecasting the run size of large (age-1.3–1.5) Chinook salmon to the Taku 
River. 

CY 
excluded 

Regression 1 
ln(1.3) vs. ln(1.2)  

Regression 2 
ln(1.4) vs. ln(1.3+1.2)  Predictions  Estimated  % Error 

Slope Intercept  Slope Intercept  Age 1.3 Age 1.4 Total  Total  IPE Absolute 
1997 0.602 4.622  0.962 -0.903  23,869 29,733 53,602    125,623  -57% 57% 
1998 0.545 5.231  1.375 -5.275  14,318 17,388 31,707      32,877  -4% 4% 
1999 0.637 4.377  1.396 -5.478  25,739 2,324 28,063      18,677  50% 50% 
2000 0.631 4.370  1.203 -3.413  29,555 5,795 35,350      37,755  -6% 6% 
2001 0.697 3.715  1.134 -2.663  26,494 11,400 37,894      50,872  -26% 26% 
2002 0.711 3.598  1.149 -2.862  17,633 14,692 32,325      59,981  -46% 46% 
2003 0.564 4.961  1.237 -3.732  23,036 12,761 35,797      40,953  -13% 13% 
2004 0.539 5.186  1.208 -3.423  36,133 9,552 45,685      77,719  -41% 41% 
2005 0.652 4.189  1.213 -3.413  51,821 29,682 81,503      66,928  22% 22% 
2006 0.564 5.019  1.180 -3.107  27,484 25,512 52,996      61,018  -13% 13% 
2007 0.568 4.984  1.206 -3.363  17,033 12,156 29,189      18,276  60% 60% 
2008 0.668 4.059  1.199 -3.286  24,149 3,867 28,016      31,587  -11% 11% 
2009 0.679 3.980  1.153 -2.730  34,690 11,377 46,067      33,290  38% 38% 
2010 0.647 4.241  1.149 -2.662  31,353 12,769 44,122      33,834  30% 30% 
2011 0.712 3.682  1.133 -2.496  26,259 13,376 39,635      32,729  21% 21% 
2012 0.702 3.781  1.134 -2.565  37,942 11,339 49,280      25,161  96% 96% 
2013 0.628 4.421  1.144 -2.698  17,788 10,041 27,829      22,438  24% 24% 
Reg 0.638 4.322  1.161 -2.912        MPE = 7% 

             MAPE = 33% 
Note: Sibling regressions are based on abundance by age within the same brood year.   
Note:  The IPE = (Prediction – Estimated)/Estimated x 100. 
Note: Age-1.5 Chinook salmon were not used in the calculations. 
Note: CY = calendar year. 
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Table 5.–Example of years (CY) removed, run size forecasted, data triplets no longer complete and 
dropped, and complete triplets used to build hindcasting jackknife regressions for a time series of 7 years 
of data. 

Remove Forecast 
Dropped 
Triplets 

Triplets in Jackknife 
Regression 

CY1 No Forecast Possible 

CY2 No Forecast Possible 

CY3 CY3 from 
(CY2,CY1) 

(CY3,CY2,CY1),(CY4,CY3,CY2), 

(CY5,CY4,CY3) 

(CY7,CY6,CY5) and (CY6,CY5,CY4) 

CY4 CY4 from 
(CY3,CY2) 

(CY4,CY3,CY2),(CY5,CY4,CY3), 

(CY6,CY5,CY4) 

(CY3,CY2,CY1) and (CY7,CY6,CY4) 

CY5 CY5 from 
(CY4,CY3) 

(CY5,CY4,CY3),(CY6,CY5,CY4), 

(CY7,CY6,CY5) 

(CY4,CY3,CY2) and (CY3,CY2,CY1) 

CY6 CY6 from 
(CY5,CY4) 

(CY6,CY5,CY4) and 
(CY7,CY6,CY5) 

(CY5,CY4,CY3),(CY4,CY3,CY2), 

(CY3,CY2,CY1) 

CY7 CY7 from 
(CY6,CY5) 

(CY7,CY6,CY5) (CY6,CY5,CY4),(CY5,CY4,CY3), 

(CY4,CY3,CY2),(CY3,Y2,Y1) 

Note: With a time series of n years there will be n – 2 data triplets under the alternative method; dropping a year would 
therefore affect 3 years, leaving n – 5 data triplets to jackknife in all but the last (n – 4 triplets left) and penultimate 
years (n – 3 triplets left). 
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Table 6.–Prior probability distributions, likelihoods, and data inputs used in the Bayesian analysis 
involving forecasts under the alternative method. 

Prior probability distributions: Comments: 

lna1,lna2  ~ uniform(-10,10) Flat priors for intercept in each transformed sibling regression 

b1,b2 ~ uniform(0,2) Flat priors for slope in each transformed sibling regression  

tau.Y1,tau.Y2  ~ gamma(0.001,0.001)  Flat priors representing precision due to combined process and 
measurement error in the dependent estimates for each sibling 
regression.  Note that precision is defined as 1/2.  

tau.R12,tau.R13  ~ gamma(c,d) Informative priors representing precision due to measurement 
error in the independent estimates for each sibling regression.  
Note that precision is defined as 1/2. 

xR12[cy], xR13[cy] ~ uniform(0,20) Flat priors for the logs of the actual values of terminal run size 
by age. Note the actual values are considered as variables here 
in this analysis. 

Likelihoods:  

R12[cy] ~ lognormal(xR12[cy],tau.R12) 

R13[cy] ~ lognormal(xR13[cy],tau.R13) 

R13[cy] ~ lognormal(mu1[cy],tau.Y1) 

R14[cy] ~ lognormal(mu2[cy],tau.Y2) 

Estimates from sampling programs of terminal run size by age 
(the Rs here) are considered to be known with certainty, 
whereas the means of the lognormal distributions (xR or mu) 
are variables. 

The estimate R13[cy] is involved with two likelihoodsone to 
express measurement error and the other to express uncertainty 
in regression parameters ln a and b. 

Data inputs:  

n 

R12[cy]
 

R13[cy]  

R14[cy] 

c1,d1 

c2,d2 

Number of years in the time series. 

Estimated number of Chinook salmon of age 1.2 in the terminal run in year cy. 

Estimated number of Chinook salmon of age 1.3 in the terminal run in year cy. 

Estimated number of Chinook salmon of age 1.4 in the terminal run in year cy. 

Shape parameters to define the informative prior for measurement error in R12. 

Shape parameters to define the informative prior for measurement error in R13. 

Note: Notation is defined in the text or is similar to identifiers in WinBUGS code (see Appendix). 
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Table 7.–Statistics on posterior distributions for a subset of variables (nodes) from a simulation run 
with WinBUGS on years 1995–2013 with a forecast for estimated terminal run size in 2014 of large 
Chinook salmon (age-1.3 and age-1.4) to the Taku River (Actual). 

Node (variable) Mean SD Median 
Lower CI 

90% 
Higher CI 

90% MC Error a 

Actual 25,980 9,341 24,440 13,830 43,330 39.6 

b1 0.639 0.190 0.638 0.323 0.948 0.00299 

b2 1.160 0.219 1.163 0.793 1.514 0.00374 

lna1 4.313 1.739 4.322 1.482 7.207 0.02743 

lna2 -2.896 2.316 -2.936 -6.654 0.982 0.03957 

MPE 0.066 0.085 0.062 -0.066 0.211 0.00019 

Prob.GT.BTR  100  17.2%     0.00118 

Prob.GT.LGBLC  
100 

45.6%     0.00170 

Prob.LT.LG  100 23.3%     0.00133 

a  MC Error is the standard error of the mean of the posterior distribution for each node (variable) and should be  
< 1% of the standard deviation for that distribution in a successful simulation. 
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Table 8.–Statistics on posterior distributions for a subset of variables (nodes) from a simulation run 
with WinBUGS on years 2003–2013 with a forecast for estimated terminal run size in 2014 of large 
Chinook salmon (age-1.3 and age-1.4) to the Taku River (Actual). 

Node (variable) Mean SD Median 

Lower CI 

90% 

Higher CI 

90% MC Errora 

Actual 22,090 6,207 21,270 13,560 33,390 37.75

b1 0.602 0.200 0.597 0.283 0.932 0.00320 

b2 1.059 0.281 1.066 0.579 1.517 0.00501 

lna1 4.505 1.850 4.552 1.449 7.458 0.02957 

lna2 -2.126 2.979 -2.199 -6.980 2.959 0.05303

MPE 0.031 0.091 0.026 -0.106 0.184 0.00016

Prob.GT.BTR  100  4.5%     0.00070 

Prob.GT.LGBLC  
100 

66.3%     0.00221 

Prob.LT.LG  100 33.7%     0.00221 

a  MC Error is the standard error of the mean of the posterior distribution for each node (variable) and should be 
< 1% of the standard deviation for that distribution in a successful simulation. 
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Figure 1.Taku River watershed and significant tributary systems in northern Southeast Alaska and northwestern British Columbia.  
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Figure 2.Estimated annual run size for age-1.21.5 Chinook salmon of the Taku River, 1977-

2013. Vertical bars represent 90% confidence intervals with positions of horizontal bars 
representing point estimates. Only estimates from 1995 (flagged by the arrow) through 2013 were 
used in our analysis.  
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Figure 3.Regressions (solid line) and data (circles) between run 

size of age-1.3 and age-1.2 Chinook salmon within the same brood 
year (top panel) and between run size of age-1.4 and age-1.3 
Chinook salmon within the same brood year (bottom panel). Both 
regressions were based on estimated run sizes from 1995 through 
2013 for the Taku stock. These regressions form the basis of the 
current method. CY = calendar year. 
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Figure 4.Comparisons of individual percent error (IPE) in hindcast jackknifed 
forecasts of the annual run size of large (age-1.31.5) Chinook salmon of the Taku 
River from the current method (top panel) and from the alternative method (lower 
panel). Solid vertical lines designate IPE = 0, and dashed vertical lines MPE (13% 
for the current method and 7% for the alternative). Results in both panels are from 
methods that do not address measurement error in estimates of terminal run size. 
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Figure 5.Individual percent errors (IPEs) for hindcast, jackknifed forecasts of terminal run size to the 
Taku River of large Chinook salmon from the alternative method.  Each forecast was the sum of median 
projections from two sibling regressions, each using a power function to forecast age-1.4 or age-1.3 
salmon returning in the excluded year. 
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Figure 6.–Kernel densities for posterior probability distributions for the node Actual, the unknown 
variable that represents the estimated terminal run size in the year yet to comehere 2014.  Top panel is 
the density from data collected from 1995 through 2013; middle panel is the density from data collected 
from 2003 through 2013; and the bottom panel contains both densities for comparison. Vertical lines 
represent the means for the longer data series (25,980 large, age-1.3 and age-1.4 Chinook salmon) and for 
the truncated series (22,090). 
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Appendix A1.–WinBUGS (Version 1.4.2) code to model sibling relationships under the alternative 
method to forecast terminal run size of large Chinook salmon to the transboundary Taku River of the US 
(Alaska) and Canada. 

model { 
# --------------------set single priors for regressions 
lna1 ~ dunif(-10,10) 
lna2 ~ dunif(-10,10) 
b1 ~ dunif(0,2) 
b2 ~ dunif(0,2) 
tau.R12 ~ dgamma(c12,d12)       #  tau.R12 (and tau.R13) represent measurement  
tau.R13 ~ dgamma(c13,d13)       #       error in estimates of abundance 
tau.Y1 ~ dgamma(0.001,0.001)   # tau.Y1 (and tau.Y2) represents combined measurement and  
tau.Y2 ~ dgamma(0.001,0.001)   #      process error in the dependent variable in a sibling regression 
for(j in 1:n) {                                    #  j represents CY 1995 thru 2013 
# --------------------set priors for data series for actual abundance of independent variables 
xR12[j] ~ dunif(0,20) 
xR13[j] ~ dunif(0,20) 
} 
# --------------------regression to predict 1.3s from 1.2s 
R12[1] ~ dlnorm(xR12[1],tau.R12) 
R13[1] ~ dlnorm(xR13[1],tau.R13)                              # not needed, but completes array 
for(j in 3:n) {                                                                    #  j represents CY 1997 thru 2013 
R12[j-1] ~ dlnorm(xR12[j-1],tau.R12) 
mu1[j-2] <- lna1+b1*log(R12[j-1])                               #  j-2 scales mu1 array to begin with 1  
R13[j] ~ dlnorm(mu1[j-2],tau.Y1) 
# --------------------regression to predict 1.4s from 1.2s and 1.3s 
R13[j-1] ~ dlnorm(xR13[j-1],tau.R13) 
mu2[j-2] <- lna2+b2*log(R12[j-2] + R13[j-1])             #  j-2 scales mu2 array to begin with 1 
R14[j] ~ dlnorm(mu2[j-2],tau.Y2) 
# --------------------calculation of IPEs 
Prd[j-2] <-exp(mu1[j-2])+exp(mu2[j-2]) 
Est[j-2] <- R14[j]+R13[j] 
IPE[j-2] <- (Prd[j-2]-Est[j-2])/Est[j-2] 
} 
# --------------------use observed IPEs (scaled) to get parameters for their lognormal distribution  
MPE <- mean(IPE[]) 
MPE.1  <- MPE+1                                                             #  Scale IPEs to begin at 0 instead of -1 
IPE.sd <- sd(IPE[])                                
IPE.cv <- IPE.sd/MPE.1 
sig2.IPE <- log(pow(IPE.cv,2)+1) 
IPE.mu <- log(MPE.1)-sig2.IPE/2 
tau.IPE <- 1/sig2.IPE 
# --------------------generate posterior distribution for estimated run size 1 year beyond series  
IPE.t ~ dlnorm(IPE.mu,tau.IPE) 
R13.t <- exp(lna1+b1*log(R12[n])) 
R14.t <- exp(lna2+b2*log(R12[n-1]+R13[n])) 
Actual <- (R13.t + R14.t)/IPE.t                                        #  +1 in denominator dropped to unscale IPEs  
 
 
 

-continued-  
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Appendix A1.–Page 2 of 2. 

# --------------------probabilities of management  actions given posterior for estimated run size 1 year beyond series 
Prob.GT.BTR <- step(Actual-33901)                          # counter for probability having directed fishing 
Prob.GT.LGBLC <- step(Actual-25401)                      # counter for probability of not compromising base level catch 
Prob.LT.LG <- step(19000-Actual)                             # counter for probability of not having fishing at all        
} 
  
data: 
 
list(n =19, c12 = 2.23051, d12 =114.90877, c13 = 0.95114, d13 = 48.93510, 
R12 = c(34471, 8685, 2880, 8763, 12009, 10778, 5918, 8221, 18842, 27462, 10123, 4363, 8348, 13888, 12627, 
9098, 15216, 5165, 5646), 
R13 = c(16559, 79109, 47381, 10156, 14139, 27455, 40142, 36649, 25388, 62156, 48274, 29536,10842, 26737, 
24175, 27123, 27028, 18162, 16379), 
R14 = c(22105, 10969, 78242, 22721, 4538, 10300, 10729, 23332, 15565, 15562, 18654, 31482, 7434, 4851, 9115, 
6712, 5700, 6999, 6060))      
 
# ----------------------------To add another year, just tack the 
#                                           relevant statistics on the end of 
#                                           R12, R13, and R14, and increment  
#                                           n by +1 in the data section.  
#  
#                                           If desired (but not needed), update 
#                                           the gamma distribution shape 
#                                           parameters to produce informative   
#                                           priors for measurement error: 
#                                           c12 and d12 for age-1.2 estimates, 
#                                           c13 and d13 for age-1.3 estimates. 
#                                      
#                                           In the initial values section, just  
#                                           extend the sequence in xR12 and xR13 
#                                           by an additional element in each vector  
#                                           of initial values.  
# ------------------------------------------------------------------------------ 
initial values:   
inits: 
list(lna1=1.0, lna2=1.0, b1=1.0, b2=1.0, tau.Y1=4.0, tau.Y2=4.0, tau.R12=0.02, tau.R13=0.02,IPE.t=1.0, 
xR12 = c(10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10.), 
xR13 = c(10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10., 10.))  
 
list(lna1=2.0, lna2=2.0, b1=1.5, b2=1.5, tau.Y1=3.0, tau.Y2=3.0, tau.R12=0.03, tau.R13=0.03,IPE.t=0.5, 
xR12 = c(11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11.), 
xR13 = c(11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11., 11.))    
 
list(lna1=0.5, lna2=0.5, b1=0.5, b2=0.5, tau.Y1=2.0, tau.Y2=2.0, tau.R12=0.01, tau.R13=0.01,IPE.t=1.5, 
xR12 = c(10., 9., 10., 9., 10., 9., 10., 9., 10., 9., 10., 9., 10., 9.,10., 9., 10., 9., 10.), 
xR13 = c(10., 9., 10., 9., 10., 9., 10., 9., 10., 9., 10., 9., 10., 9.,10., 9., 10., 9., 10.))  
 
Note: WinBUGS code developed by D.R. Bernard of D.R. Bernard Consulting LLC, 17 November, 2014.  Prior distributions, 

likelihoods, and data in the code are described in Table 6.   
Note: Prior distributions, likelihoods, and data in the code are described in Table 6.  Nodes describing probability of 

management actions (Prob.) are described in the Discussion Section.  
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Appendix A2.–Computer data file used in the analyses described in this report. 

File name Description 

 
Taku Chin Production_73-
13.xls 

 
Computer file containing the estimated production by year and age of Chinook 
salmon bound for the Taku River, 1973 to 2013 

Note: Electronic data file is available upon request from Research and Technical Services (RTS) Publication archives, 
ADF&G, Sport Fish Division, 333 Raspberry Road, Anchorage, AK 99518-1565. 
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