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EXECUTIVE SUMMARY

A marking, tagging, and recovery program for Central Valley hatchery
chinook salmon

We extended statistical procedures that we had previously developed for estimating the pro-
duction of wild and hatchery chinook salmon in the Central Valley. Corresponding enhancements
were also made to a computer program called CFM Sim which simulates marking, tagging, sam-
pling, and production estimation procedures. Using CFM Sim and a factorial experiment design,
we evaluated the effects of varying four man-controlled factors on the quality of estimates of wild
and hatchery chinook salmon production.

The four man-controlled factors were:

• Constant Fractional Marking (CFM) rate (f): the percentage of production releases at a
given hatchery that received a coded-wire-tag and an adipose fin clip,

• Catch sampling rate (CSR): the fraction of ocean and freshwater salmon catch being sampled,

• Escapement sampling rate (ESR): the fraction of in-river escapement being sampled, and

• Coefficient of variation of escapement estimates (ECV ).

Costs were also included in our analysis. In particular we considered the cost of tagging and
marking juvenile hatchery-reared chinook salmon, the cost of sampling ocean catches, the cost
of estimating in-river escapement, and the cost of recovering and reading coded-wire-tags. Cost
calculations were incomplete, however, in that costs for freshwater catch sampling (which, to the
best of our knowledge, is not currently being done) were not included. Additionally the costs of
escapement sampling, including sampling especially for coded-wire-tagged returns in the in-river
escapement, were only approximately calculated.

The association between current escapement sampling efforts, the precision of current estimates
of escapement, and the costs of escapement sampling was imprecise and coarsely approximated,
too. As a result our recommendations given below, regarding constant fractional marking levels
and some of the other manipulable factors, are of a general, relative nature.

General recommendations:

1. Implement a system-wide constant fractional marking program for Central Valley hatchery
reared salmon. The recommended constant fractional marking rate for production releases
from all hatcheries is at least 1/3 or 33%.

If relatively good estimates are wanted for all the individual watershed natural production
estimates, then a CFM rate greater than 1/3 may be wanted.

2. Calculate measures of the precision and bias of watershed-specific wild salmon escapement
estimates. This means at a minimum calculating standard errors to accompany the point
estimates for each watershed (and race, e.g., fall-run, late fall-run, winter run). For one
or more watersheds, or portions of watersheds, carry out an estimation procedure which can
serve as a benchmark for assessing the accuracy of existing escapement estimation procedures.
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This could mean installing temporary weirs on smaller streams, for example, which would
allow counts of returning spawners to be made in conjunction with implementation of current
sampling and estimation procedures on the same streams.

3. Implement a consistent system-wide freshwater catch sampling program and develop, if not
already available, corresponding estimation procedures. Standard errors should be calculated
along with point estimates of total catches and catches of particular wild and hatchery stocks.

4. In order to evaluate how well a hatchery release group, chosen as a surrogate stock for a wild
stock, actually represents the wild stock (in terms of age 3 and older survival rates, harvest
rates, and maturation rates, in particular), mark and tag for multiple years, on multiple
watersheds outmigrating wild juvenile salmon. Compare the tag recovery patterns for these
tagged wild fish with those of the surrogate hatchery fish.
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Abstract

To estimate and monitor trends in adult chinook salmon production from Central Valley
hatcheries as well as wild salmon populations of the Sacramento River system, a marking, tag-
ging, and recovery program for hatchery reared salmon has been developed. The program is de-
signed assuming that selective fisheries for these salmon will not be established in the near future.
Alternative programs for the Central Valley that were designed with selective fisheries in mind
have been described previously (“Estimating natural chinook salmon production using tagged and
marked hatchery releases as surrogates”, Newman, Hicks, and Hankin 2003). Statistical estimators
of hatchery and wild abundances in any given year based on catch and escapement samples and
recoveries of marked and tagged fish are also described. Cost estimates for various levels of tagging,
marking, sampling, and tag recovery and reading are included and compared to the corresponding
accuracy of hatchery and wild production estimates.
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1 Introduction

A comprehensive marking, tagging, and recovery (MTR) program for all chinook salmon reared
at Central Valley salmon hatcheries, labelled NS2, is described in this report. The objectives of
the MTR program include estimating the production of any given wild or hatchery stock, where
production is calculated on an annual basis and is the sum of catches and escapements during a
year that begins at the end of one period of escapement and ends a year later, approximately, at
the end of a second period of escapement. We denote the production of a given stock s in a given
year by Ps, where the year index is suppressed. Then Ps is calculated by

Ps =
∑
a

CO,sa +
∑
a

CF,sa +
∑
a

Escin−river,sa +
∑
a

Escin−hatchery,sa, (1)

where CO and CF are ocean and freshwater catches, Escin−river and Escin−hatchery are escapement
to spawn naturally and escapement entering hatcheries, with summation over all relevant age classes
(denoted by a). Note that s can refer to a particular stream, whether the fish is of hatchery or wild
origin, and race (fall, late fall, spring, or winter).

The MTR program, NS2, is just one of six presented previously to the Central Valley Salmon
Team. The NS in NS2 stands for non-selective, and it is based on the assumption that selective
fisheries targeted on Sacramento river hatchery salmon will not occur in the near future. NS2
contrasts with one of the other six programs, labelled NS1, in that NS1 required at least ad-
clipping (removing the adipose fin) all production releases of hatchery fish, whereas NS2 allows a
designated fraction of production releases to be released with no distinguishing marks. To improve
the readability of this report we do not further discuss the other five marking and tagging options.
For such details we refer to an earlier report (Newman, Hicks, and Hankin 2003). Nor do we
describe in considerable detail the basis for the cost estimates and refer to another earlier report
(Hicks and Hankin 2003).

The remainder of this report consists of three sections. In Section 2 the NS2 marking and
tagging scheme is described along with the associated statistical estimation procedures. Estimated
fixed and variable costs for the marking and tagging as well as catch and escapement sampling and
recovery of tags are presented in Section 3. Section 4 is a comparison of different marking, tagging,
and sampling levels with associated cost estimates and accuracies of production estimates.

2 MTR scheme and associated statistical estimators

The term wild salmon has been used interchangeably in previous reports with natural salmon. Here
we will solely use the term wild salmon and by this we mean any salmon that are not born in a
hatchery. To maintain consistency of notation, however, with earlier reports the subscript n, which
did denote natural, will be retained.

2.1 Marking and tagging scheme

Releases from a hatchery fall into one of four categories which are denoted by the subscripts a, b,
c, and d. The four release categories are:
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• Ad hoc tagged releases, a: these fish are not assumed to represent wild fish, e.g., experimental
releases, and are internally tagged with CWT and adipose-clipped. There are no restrictions
on the numbers in this group and multiple CWT codes can be used.

• Surrogate tagged releases, b: these fish are assumed to have the same natural survival rates,
migration paths, fisheries vulnerability, and maturation probabilities as a designated wild
stock. These fish are marked and tagged and the CWT code must be unique for later identi-
fication.

• CFM tagged releases, c: fish that are CWT’d and adipose-clipped and are a constant fraction,
f , of production releases (Hankin 1982). Production releases, CFM and Remainder, may be
a mixture of types of releases, fingerlings or yearlings, for example. The CWT codes need
to be unique, however, for each of the subgroups in the mixture because survival rates and
maturation rates may differ by release type.

• Remainder releases, d: the 1-f fraction of production releases that are not CWT’d and do not
receive an adipose-clip; they are the complement of the CFM releases in the total production
release.

Note that production releases equal the sum of CFM and Remainder releases.

The estimation procedures assume that adipose-clipped fish recovered in catch and escapement
samples will have their heads removed and the CWT will be extracted and read. The program
CFM Sim, which simulates the MTR process and calculates production estimates, assumes that
there are no tag reading errors. We further assume that the same CFM rate, f , is applied to each
type (e.g., fingerling, yearling) of production release.

Before detailing the statistical estimation procedures, we point out two issues regarding the
current MTR programs that we do not address explicitly. One is that in the discussion below we
do not distinguish between different races of chinook salmon, fall, late fall, winter, and spring; all
are dealt with as if a single race. Implicitly we assume that the hatchery production releases of
different races of chinook salmon would all have the same CFM rate f . On the recovery end, we
do not address the difficult issue of separating the different races among unmarked returns. A
second issue is the situation where juvenile wild salmon are captured and then released with an
adipose fin clip and a CWT. Recoveries of such fish in catch and escapement samples could simply
be labelled “other” and would be culled from CWT returns of hatchery fish in the estimation
procedures described below.

2.2 Production estimates

The underlying basis for the estimation procedures is a combination of simple random sampling
mean-per-unit expansions (Cochran 1977) and a method of moments approach (Mood, Graybill,
and Boes 1974). The estimation procedures are oversimplified in that we ignore the details of how
total ocean, freshwater mainstem, and terminal area catches and watershed-specific escapement
are estimated. To some degree the particulars of estimating these values are not important in
that the point estimates of stock-specific production will be calculated the same way given such
estimates of totals. Simple random samples (SRS) are assumed for the sampling of both harvest
and escapement. Thus all temporal (and spatial) stratification is ignored. In the case of harvest,
SRS’s of sizes nO, nF , and nTj are taken from the total ocean, freshwater, and terminal area j
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catches, CO, CF , and CTj . Likewise for escapement, a SRS of size nEj is taken from the total
escapement to watershed j, denoted Ej . If a hatchery is present in a watershed, we assume an
SRS of size nEj,α from Ej,α, and an SRS of size nEj ,β from Ej,β , where Ej,α is in-river escapement
and Ej,β is in-hatchery escapement. We assume that all hatchery returns are normally searched
for adipose clips and CWTs. Therefore, typically nEj ,β = Ej,β .

This oversimplification is disadvantageous in that the precision of catch data may be underes-
timated compared to the stratified samples typically taken from ocean fisheries. For escapement
estimation, it is difficult to say what the actual precision is, or will be, but some degree of stratifi-
cation would likely be done.

While our analysis methods allow hatchery fish to stray to non-natal watersheds, we assume
that wild fish do not stray from their natal watersheds. Thus the wild fish sampled from the
terminal catch and escapement are assumed native to that watershed. This assumption could be
relaxed but the estimation would become more complicated.

Finally, fates of wild fish can differ from their corresponding Surrogate releases in one important
regard. The initial survival rates from time of “release” to age 2 can differ between the wild fish and
the Surrogate fish. From age 2 on, hatchery Surrogates and wild fish are assumed to share survival,
exploitation and maturation rates. Our estimation procedures lead to a convenient cancellation of
the Surrogate initial survival rates. Table 1 contains some of the notation used in the estimation
equations.

Hatchery-specific production

For hatchery i releases, the estimates of total catches in the ocean, freshwater, and terminal area
fisheries are simple random sampling mean-per-unit expansion estimates assuming simple random
samples are taken from each fishery. Letting ĈO, ĈF , and ĈTj be estimates of the total ocean,
freshwater and tributary-specific terminal catches, and letting x, y, and t refer to sample recoveries
in ocean, freshwater mainstem, and terminal area catches with additional notation for the hatchery
release group categories (a, b, and c),

ĈOhi =
ĈO

nO

(
xai + xbi +

xci

f

)
(2)

ĈFhi =
ĈF

nF

(
yai + ybi +

yci

f

)
(3)

ĈThi =
k∑

j=1

ĈTj

nTj

(
taij + tbij +

tcij

f

)
. (4)

Recall that f is a constant marking fraction for production releases. If this fraction were to vary
across hatcheries, then f would instead be fi in the above equations.

The escapement to any watershed is estimated in a manner similar to harvest. The escapement
of hatchery stock i is the sum of k watershed-specific escapement estimates because we allow
hatchery fish to stray to non-natal watersheds. The subscripts α and β refer to fish that escaped
either in-river or in-hatchery, respectively. Letting z denote escapement sample recoveries with
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additional subscripting α and β and hatchery release group categories,

Êhi,α =
k∑

j=1

Êj,α

nEj,α

(
zaij,α + zbij,α +

zcij,α

f

)
(5)

Êhi,β =
k∑

j=1

Êj,β

nEj,β

(
zaij,β + zbij,β +

zcij,β

f

)
. (6)

The total escapement is simply the sum of the in-river and in-hatchery escapements.

Êhi = Êhi,α + Êhi,β (7)

Total hatchery production would be estimated as

P̂hi = ĈOhi + ĈFhi + ĈThi + Êhi (8)

Watershed-specific wild production

The wild escapement and terminal area catch are estimated first, and then the catches of wild
stocks in the ocean and freshwater are estimated with a method of moments style estimator based
on the escapement estimates. Recall the assumption that wild fish from watershed j do not stray
from their natal watersheds.

To estimate wild terminal catch and escapement to a given watershed, estimates of hatchery
terminal catch or escapement to the watershed are subtracted from the estimate of total terminal
catch or escapement. Assuming that there are r hatchery stocks that contribute to the escapement
in watershed j,

ĈTnj = ĈTj −
r∑

i=1

ĈThij
(9)

Ênj = Êj,α −
r∑

i=1

Êhij,α + Êj,β −
r∑

i=1

Êhij,β, (10)

where

ĈThij =
ĈTj

nCTj

(
taij + tbij +

tcij

f

)
,

Êhij,α =
Êj,α

nEj,α

(
zaij,α + zbij,α +

zcij,α

f

)
, and

Êhij,β =
Êj,β

nEj,β

(
zaij,β + zbij,β +

zcij,β

f

)
.

The catches of the wild stock in the ocean and freshwater mainstem fisheries, COnj and CFnj ,
are estimated using the recoveries of the Surrogate group and the estimated escapement for both
the wild and the Surrogate group. The ages of recoveries of wild and hatchery Surrogate fish need
to be known because of variation between cohorts in the number of Surrogate fish released, in wild
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stock outmigration numbers, and in survival, maturation, and harvest rates. Let the Surrogate
group come from hatchery i and denote the age-specific recoveries with an additional subscript a
for age a. The ocean and freshwater catches of wild stock j are estimated as follows.

ĈOnj =
5∑

a=2

(
ĈO

nO
xbia

)
ĈTnja + Ênja∑k

j=1

(
ĈTj

nTj
tbija + Êj,α

nEj,α
zbija,α + Êj,β

nEj,β
zbija,β

) (11)

ĈFnj =
5∑

a=2

(
ĈF

nF
ybia

)
ĈTnja + Ênja∑k

j=1

(
ĈTj

nTj
tbija + Êj,α

nEj,α
zbija,α + Êj,β

nEj,β
zbija,β

) (12)

Estimation of the age-specific wild stock numbers in the terminal catch and the escapement is
difficult because unmarked fish include wild and Remainder fish. For both the terminal catch and
the in-river and in-hatchery escapements, unmarked fish in the samples (nTj , nEj,α, and nEj,β) need
to be aged, or at least subsamples of the unmarked fish need to be aged. We assume that random
subsamples of the unmarked fish in the samples of the terminal catch and escapement are taken
to age the unmarked fish. Let tuj , zuj,α, and zuj,β be the unmarked fish in the terminal catch,
in-river escapement, and in-hatchery escapement samples, respectively. Then nT (age)j , nE(age)j,α,
and nE(age)j,β are the corresponding subsample sizes, where nT (age)j ≤ tuj , nE(age)j,α ≤ zuj,α,
and nE(age)j,β ≤ zuj,β . Let vuja, wuja,α, and wuja,β be the age a fish in the terminal catch, in-
river escapement, and in-hatchery escapement subsamples. The catch, in-river escapement, and
in-hatchery escapement of age a unmarked fish are estimated by multiplying (a) the estimated
proportion of unmarked fish (denoted p̂Tuj , p̂Euj,α , p̂Euj,β

) times (b) the proportion of age a fish
amongst the unmarked fish (denoted p̂a|Tuj

, p̂a|Euj,α
, and p̂a|Euj,β

) times (c) the corresponding
estimated terminal catch and escapements.

ĈTuja = ĈTj p̂Tuj p̂a|Tuj

Êuja,α = Êj,α p̂Euj,α p̂a|Euj,α

Êuja,β = Êj,β p̂Euj,β
p̂a|Euj,β

where,

p̂Tuj =
tuj

nTj
, p̂a|Tuj

=
vuja

nT (age)j

p̂Euj,α =
zuj,α

nEj,α
, p̂a|Euj,α

=
wuja,α

nE(age)j,α

p̂Euj,β
=

zuj,β

nEj,β
, p̂a|Euj,β

=
wuja,β

nE(age)j,β

The unmarked hatchery components of the terminal catch and the escapement, namely the Re-
mainder groups, are estimated using the sample recoveries of CFM fish and the constant marking
fraction f . For hatchery i,

ĈTdija =
ĈTj

nTj

[
tcija

1− f

f

]

Êdija,α =
Êj,α

nEj,α

[
zcija,α

1− f

f

]

Êdija,β =
Êj,β

nEj,β

[
zcija,β

1− f

f

]
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Estimates of the age-specific wild components of the terminal catch and escapement are then
calculated by subtraction.

ĈTnja = ĈTuja −
r∑

i=1

ĈTdija (13)

Ênja,α = Êuja,α −
r∑

i=1

Êdija,α (14)

Ênja,β = Êuja,β −
r∑

i=1

Êdija,β (15)

The estimated production for the wild stock from watershed j is the sum of equations (9)-(12).

P̂nj = ĈOnj + ĈFnj + ĈTnj + Ênj (16)

2.3 Inclusion of otolith marks

There is the possibility that an otolith thermal program will be implemented at one or more CV
hatcheries. If implemented system wide, then, ignoring identification errors, it will be technically
possible to distinguish unmarked hatchery fish from unmarked wild fish. This possibility was
not considered by Newman, et al. (2003) and for completeness we now briefly address how such
additional information could be incorporated in the estimation procedures. The resulting estimators
are a hybrid of the NS1 and NS2 procedures. The hatchery production estimators would remain
as previously described. Differences would arise in the estimation of wild production.

The terminal catch of wild salmon would be estimated as follows.

ĈTnj = ĈTj
tuj

nTj

vnj

nT (sub)j

where:

tuj = #unmarked fish in nTj

nT (sub)j = subsample of tuj

vnj = #wild fish in nT (sub)j

Fish in the subsample nT (sub)j would be sacrificed, otoliths “read” and hatchery or wild designation
is made. The same subsample used for aging, nT (age)j , could used for reading otoliths.

The same would be done for with Êα and Êβ.

For estimating the ocean and freshwater catches, age-specific terminal catch and escapement of
wild fish are needed. A procedure similar to that used in ĈTnja is followed.

ĈTnja = ĈTj
tuj

nTj

vnja

nT (sub)j

where

vnja = #age a wild fish in nT (sub)j
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Note that one attraction of having thermal otolith marks, in contrast to NS2, is that negative
terminal catch and escapement estimates for wild fish will never occur with the above estimation
procedure. Whether or not the above procedure is consistently more precise and accurate, however,
depends somewhat on the percentages of wild fish amongst the unmarked returns and the accuracy
of determining the presence or absence of a thermal mark. Additional analysis is required to
quantify the gain or loss in precision and accuracy.

Additionally, if hatchery-specific thermal otolith marking becomes feasible at some point, one
could use otoliths to check for mortality caused by CWT/Ad-clip combination. The fraction of age
a CWT/Ad-Clip fish recovered to those released, e.g., tcai/Rcai, could be compared to the fraction
of unclipped hatchery fish recovered to those released, e.g., tdai/Rdai, where Rcai and Rdai are the
number of CFM and Remainder fish released from hatchery i that are now age a.

3 Costs

For a detailed report on costs we refer to Hicks and Hankin (2003) and here we just summarize
the essential cost categories and approximate estimates within each category. All costs fall in one
of two categories: (1) marking and tagging of juvenile fish before release and (2) recovery of adult
fish, and tag reading. For both categories several sub-categories can be defined. Below we briefly
list these sub-categories and provide very approximate cost estimates.

1. Marking and tagging of juvenile fish. Costs are incurred for the coded-wire tags, for the
marking of fish by removal of the adipose fin, and for the quality control checks for tag reten-
tion and post tagging and/or marking mortality. There are two distinctly different marking
and tagging systems under consideration for Central Valley hatcheries: the conventional ap-
proach with people directly handling the fish for tagging and clipping and the new approach
of Northwest Marine Technologies (NMT) based on newly designed machinery for automated
tagging and clipping. For simplicity we present equations for estimating total marking and
tagging costs based on the conventional approach (and base our calculations on figures pro-
vided by Big Eagle & Associates). The assumed cost of CWTs alone is $72/1000 tags, and
the cost of tag application is $140/1000 fish. The average total number of fish released from
each hatchery is the sum of the Ad hoc, Surrogate, and the production releases, as shown
beside each hatchery’s name. The CFM rate is applied to the “production” portion of the
release. The tagging cost for each hatchery can be calculated as follows, assuming current
release strategies with the addition of 100,000 surrogate fish released (Table 4).

Coleman NFH Cost = (100, 000 + 11, 900, 000 ∗ f) ∗
[

$140
1, 000

+
$72

1, 000

]
(17)

Feather River Cost = (1, 500, 000 + 100, 000 + 6, 400, 000 ∗ f) ∗
[

$140
1, 000

+
$72

1, 000

]
(18)

Merced Cost = (750, 000 + 100, 000 + 150, 000 ∗ f) ∗
[

$140
1, 000

+
$72

1, 000

]
(19)

Mokelumne Cost = (500, 000 + 100, 000 + 4, 800, 000 ∗ f) ∗
[

$140
1, 000

+
$72

1, 000

]
(20)

Nimbus Cost = (100, 000 + 4, 500, 000 ∗ f) ∗
[

$140
1, 000

+
$72

1, 000

]
(21)
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2. Recovery, estimation, and tag reading.

(a) Ocean fishery sampling. The personnel costs are based upon figures provided by Matt
Erickson (CDFG), who provided estimates of person months of labor, distinguished by
temporary help (both port samplers and lab workers are called sci-aides) and permanent
help (which includes biologists and associate biologists). Currently about 20% of all
landed salmon are sampled by CDFG. Matt Erickson compared current manpower with
that required in the advent of a doubling or tripling of number of adipose fin clipped
fish in the catch. The temporary help monthly pay is $1,850 on average (costs vary by
location). The monthly pay for a biologist is $3,750, for a new associate biologist it is
$4,123, and for an experienced associate biologist it is $4,969. Currently there are one
biologist and three associate biologists (assumed experienced) who are dedicated for 12
months to the ocean fishery sampling program. When calculating biologist costs under
the doubling and tripling scheme, it was assumed that additional permanent help were
new associate biologists. The current, doubling, and tripling costs for ocean sampling
are shown in Table 2.
If sampling were halved to 10%, which is one of the sampling scenarios considered later
in the report, we estimate that there would be a 1/3 decrease in the above costs.

(b) Freshwater fishery sampling. We never received information from the agencies regarding
the costs of sampling the freshwater fishery and thus were not able to include estimates
of the costs under different sampling levels and ad-clip/tagging levels.

(c) Hatchery recovery costs. We assume that the costs of recovery of CWTs among returns
of fish to hatcheries is a very modest expense that can be ignored when compared to
the much more substantial expenses of CWT purchase and application and sampling of
fisheries and escapement for CWTs.

(d) In-river escapement recovery (and estimation) costs.
The cost from in-river escapement is associated with the abundance survey and CWT
sampling done on each watershed. The CWT sampling is typically done during the
abundance survey, but some watersheds are moving towards a separate CWT survey.
We decided to make the escapement cost as simple as possible because determining exact
escapement costs is complicated, varies greatly between watersheds, and protocols may
change in the future with a standardized marking program in place. Therefore, we relate
in-river escapement cost to the coefficient of variation (cv) of the in-river escapement
estimate only, assuming that the current costs result in a 40% cv on the estimates and
doubling the cost results in a 20% cv.
The current escapement cost for each watershed was provided by personnel from the
organization conducting the abundance survey for that watershed (Table 3). All water-
sheds except Mokelumne River use a time-stratified carcass mark-recapture survey to
estimate the in-river escapement. Mokelumne River uses video and trap monitoring at
the Woodbridge Irrigation District Dam to estimate numbers of fish escaping to that
watershed.

(e) Tag reading costs. Non-hatchery CDFG personnel read the tags recovered from the ocean
and freshwater fisheries, the escapement samples, and the FRH, Mokelumne, and Nimbus
hatcheries. Personnel at Merced and Coleman hatcheries read their own tags. We
assume a cost of $10 per head for extraction and reading CWTs. Total tag reading costs
depend on tagging levels (f) and sampling rates (ESR, and CSR). For each treatment
combination, over the 3,000 simulations conducted for each treatment, we calculated
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the average number of tagged fish that were caught in ocean fisheries, were caught
in freshwater fisheries, escaped to freshwater spawning areas or escaped to hatcheries.
Approximate expected number of heads collected were then calculated by applying the
appropriate catch or escapement sampling rates to the totals for tagged fish. Finally,
total costs of tag reading were calculated by applying the $10 per head cost to the
expected number of heads that would be collected for a given treatment combination.

(f) Scale Aging. Our estimation methods require aging of samples of scales taken from
unmarked fish in spawning escapements. Our total cost calculations do not include
these costs, because we are uncertain whether or not sample scale reading is currently
carried out in samples taken from spawning escapements. We recognize that these costs
should properly be included in the total costs of a revised marking program, however.

4 Comparison of tagging and marking levels, costs, and accuracy

Simulations were done using CFM Sim to determine the effects that the CFM rate, catch sampling,
and escapement sampling have on the errors in estimation of production. CFM Sim, short for Con-
stant Fractional Marking Simulation, is an IBM PC compatible computer program that simulates
the following processes for multiple stocks of chinook salmon over multiple years:

1. the initial marking and tagging of fish, followed by natural mortality, fishing mortality, and
maturation, each repeated for ages 2, 3, 4, and 5;

2. the sampling of marine and freshwater catches and escapements, where the catches and es-
capements generally include a mixture of stocks;

3. the statistical estimation of catches and escapements for each stock separately, based on the
catch and escapement sample data.

The program was designed to simulate these processes for hatchery-raised and naturally-spawned
chinook salmon in up to 14 different watersheds from California’s Central Valley. Many simulations
can be performed to determine the inherent process variability as well as sampling variability. Pro-
cess error is introduced into the simulation by the user entering a minimum, mode, and maximum,
for a parameter that is then drawn from a triangle distribution. Sampling variability is modeled
with user entered sampling percentages and simple sampling variance calculations. A detailed de-
scription of CFM Sim can be found in Hicks & Newman (2000) and changes made since then are
documented here.

4.1 Fixed inputs and parameters for CFM Sim simulations

CFM Sim has many input variables and parameters in addition to the factors of our primary
interest, which, as stated above, were CFM rate, catch sampling rate, in-river escapement sampling
rate, and the variability of the in-river escapement estimates. In this subsection we describe the
additional inputs that had fixed values or fixed distribution of values for all simulations.

The values were chosen based on published data, discussions with scientists, and matching
simulation output with 1992–1998 averages from KingProd (1995). The specified parameter values
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assume that future releases of hatchery fish will all be on-site (thus leading to relatively low out-of-
watershed straying rates as compared to probable historic values), and we also tried to account for
obvious changes in current conditions from the 1992–1998 averages taken from KingProd (1995).
Most of the parameters are summarized in Tables 4, 5, 6, and 7. Explanations for the values
assigned to each of the fixed parameters, or, in some cases, the fixed probability distributions for
the parameters, are given below.

Hatchery and wild smolt numbers Hatchery release numbers (Table 4) were taken from
current production goals for the five hatcheries and Surrogate releases were fixed at 100,000 for
each hatchery. The number of wild smolts leaving each watershed (Table 5) was determined by
matching simulation results with estimates of escapement and catch from KingProd (1995).

Survival and straying rates We allowed initial survival rates (survival from release or outmi-
gration to ocean age 2), straying rates (probabilities of failing to return to natal streams), and
the percentage of fish that enter the hatchery after tributary entrance to differ between hatchery
and wild stocks. Most other parameters (e.g., age-specific maturation parameters) did not differ
between hatchery or wild stocks, however. Assumed initial survival rates are listed in Table 6 with
survival rates of wild fish considerably higher than those of hatchery fish. Initial survival rates
for hatchery fish were based on previous analyses of coded wire tag releases of hatchery chinook
salmon (Hankin 1990); initial survival rates for wild fish were assumed to be greater than those of
hatchery fish. Straying rates of hatchery fish (Table 7) were based on an assumption that future
on-site release practices would result in 85% of returning hatchery fish correctly seeking their natal
watersheds so that only 15% of hatchery returns would stray to other watersheds . We assumed that
wild fish all returned to their natal watershed but that 2% of such fish might enter a fish hatchery
if it were located on their natal watershed. For the hatchery fish that return to a watershed with a
hatchery, we assumed that 50% of these hatchery fish entered the hatcheries on Battle Creek (Cole-
man NFH) or Feather River (Feather River Hatchery) and that 60% of these hatchery fish entered
the hatcheries on Merced River (Merced Hatchery), Mokelumne River (Mokelumne Hatchery), or
American River (Nimbus Hatchery). When returning hatchery fish did not enter hatcheries, they
spawned with the natural population in a given tributary, often constituting a large fraction of the
total in-river escapement.

Freshwater harvest rates We did not split freshwater harvest into separate mainstem (San
Francisco Bay/lower Sacramento River/lower San Joaquin River) and terminal (tributary-specific)
harvest components because we could not find adequate data to support specification of freshwater
harvest rates for two separate components. Therefore, even though no freshwater fishing may be
allowed in a specific watershed, in the simulations there may still be a small amount of freshwater
harvest on the population from that watershed; this small amount of harvest would result from a
mainstem fishery. Therefore, given a group of fish that would have escaped to a specific water-
shed, the overall freshwater harvest rate is the percentage of fish that would have escaped to that
watershed, but were instead harvested in freshwater.

The 2003-04 freshwater fishing regulations published by the California Department of Fish and
Game (2003) were used to determine which watersheds had a terminal fishery. For watersheds
without a terminal fishery the minimum, mode, and maximum freshwater harvest rates were set at
0.02, 0.05, and 0.08 to account for the small amount of harvest in the mainstem. Harvest rates in
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other watersheds ranged from 0.09 to 0.30 (Table 5) and were based on KingProd (1995).

Maturation rates Assumed maturity rates (Table 6) were intended to mimic early-maturing
chinook salmon stock types (see Hankin and Healey 1986, Nicholas and Hankin 1988) but did
not differ among stocks. Ocean harvest rates (Table 6) were set to achieve average ocean catches
that approximated those reported in KingProd (1995). (Note that the available “Central Valley
Index” values do not provide useful values for ocean harvest rates because freshwater escapement
is substantially underestimated.)

Aging Rates and Aging Errors Aging sampling rates (in freshwater escapement surveys) were
set at 5%, and in-hatchery sampling rates were assumed to be 100% (Table 6). Aging errors were
introduced in the freshwater catch and escapement sampling using the misclassification matrix
shown in Table 8 (G. Kautsky, Hoopa Tribal Fisheries Department & Allen Grover, CDFG, pers.
comm.).

Randomness in CFM rate A new feature added to CFM Sim for this project was that the
actual CFM rate can vary at random from the target value f . We chose to draw the CFM rate
from a triangle distribution with the minimum, mode, and maximum set at 96%, 98%, and 100% of
the chosen f . This specification causes the intended CFM rate to never be fully achieved, a result
consistent with modest tag losses and/or tagging mortality.

4.2 Experimental design and methods

4.2.1 Experimental factors

We studied the effects of four factors: the constant fractional marking rate (f), ocean and freshwater
catch sampling rates (CSR), the in-river escapement sampling rate (ESR), and the coefficient
of variation (cv) of in-river escapement estimate (ECV ). There is a large number of possible
combinations of these factors, but we considered a relatively restricted set.

The levels of the constant fractional marking rates (f) were chosen to cover a broad range of
marking levels that, when implemented, would mean that 1 in k fish would be marked, where k was
an integer value. For example, an f of 1/5 indicates 1 in 5 fish would be marked (after Ad Hoc and
Surrogate fish have been marked). The levels of f in this study are 1 in 20, 1 in 10, 1 in 5, 1 in 4,
1 in 3, 1 in 2, and 1 in 1 or 5%, 10%, 20%, 25%, 33%, 50%, and 100%.

The ocean catch and freshwater catch sampling levels were varied simultaneously and are col-
lectively called catch sampling rate (CSR). Two levels (10% and 20%) were chosen to give an
idea how the production estimates are affected by these sampling rates and to keep the total num-
ber of simulations down to a reasonable number. These sampling levels determine the number of
CWT tags that are sampled, but are also used to calculate the variance of the catch estimates, as
explained below. More detailed information can be found in the CFM Sim User Guide (Hicks &
Newman 2000).

The variance of the ocean catch depends only on the recreational catches because the commercial
catches are assumed to be known (from landing tickets). In the simulations, one-third of the entire
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ocean catch is assumed to come from the recreational fisheries (Pacific Fishery Management Council
2001). Assuming simple random sampling and a Poisson distribution for the number of fish caught
by an angler, the variance of the ocean catch is calculated as

V ar(ĈO) =
(

1
CSR

− 1
)

CO

3
(22)

where CO is the simulated total ocean catch. The variance of the freshwater catch is calculated in
the same manner except that the entire freshwater catch is used. Hicks & Newman (2000) describe
the logic behind this formula.

Hicks (2003) found that the in-river escapement sampling rate has a very large influence on
the precision of the production estimates. However, in his study, the in-river escapement sampling
rate was not only used to determine the number of CWT’s collected, but was also used to calculate
the variance of the in-river escapement estimate. Here, we split these two components so that the
in-river escapement sampling rate determines the number of CWT’s collected, and a separate value
is entered for the cv of the in-river escapement estimate. Three levels of the in-river escapement
sampling rate were used (2.5%, 5%, and 10%), and two ECV s were simulated (20% and 40%).

To summarize, 7 levels of f (1/20, 1/10, 1/5, 1/4, 1/3, 1/2, and 1/1), 2 levels of CSR (10%
and 20%), 3 levels of ESR (2.5%, 5%, 10%), and 2 levels of ECV (20% and 40%) were chosen,
resulting in 96 combinations. For each treatment combination, 3,000 simulations were performed
for a single year of production.

4.2.2 Measures of production

Different measures of production were used to study and to isolate the effects of the four experiment
factors.

Ocean Catch: the ocean catch for a particular stock s,

COs =
∑
a

COsa.

Freshwater Catch: the freshwater catch for a particular stock s,

CFs =
∑
a

CFsa.

Escapement: the sum of in-river and in-hatchery escapements for a particular stock s,

Es =
∑
a

Esa,α + Esa,β.

Hatchery-specific Production: the sum of the catches and escapement from a specific hatchery,
i.e., Phi, where the subscript i refers to the specific hatchery (e.g., Coleman NFH).

Watershed-specific Natural Production: the sum of the catches and escapement from the
wild stock in a particular watershed, i.e., Pnj , where the subscript j refers to the specific
watershed (e.g. American River).
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Total Natural Production: the sum of the catches and escapement from all wild stocks denoted
by

Pn =
13∑

j=1

Pnj .

Total Production: the sum of the catches and escapement from all hatchery stocks (subscript h)
and all wild stocks (subscript n). Referring to Eq (1),

P· =
5∑

i=1

Phi +
13∑

j=1

Pnj

where 5 is the number of hatcheries (see Table 4) and 13 is the number of watersheds (see
Table 5).

4.2.3 Evaluation of the performance of estimators

In simple settings with fixed estimation targets, the performance of an estimation scheme can be
evaluated in terms of its bias, variance and mean square error (variance + squared bias). This
simple setting does not apply to evaluation of the CV production estimation methods that we have
developed, however, because the target of estimation is not fixed but instead varies across years due
to chance. For each individual year simulated by the CFM Sim program, there are specific realized
values for hatchery-specific and watershed-specific catches, escapements and associated values of
production that emerge out of the chain of simulated events. Thus, the targets of estimation vary,
sometimes substantially, across simulated years.

We studied the effects of f , CSR, ESR, and ECV on the performance of production estimates,
and we measured performance in terms of a bias-like measure and a measure that essentially
combines bias and variance.

We used Mean Estimation Error, MEE, as a bias-like measure of the performance of our
estimation methods:

MEE =
∑3000

l=1 (P̂l − Pl)
3000

, (23)

where l indicates the simulation number.

A positive bias in estimates of wild production exists because we truncated negative estimates
of wild terminal catch estimates and wild in-river escapement at zero. Negative estimates of wild
terminal catch estimates or wild in-river escapement are possible for wild stocks that mix with
hatchery fish in their terminal watershed, as can be seen from equations 9 and 10. Only six
watersheds in these simulations contained both hatchery and wild fish (see Table 7).

We measured the relative magnitude of estimation errors compared to the true valued being
estimated by Relative Mean Estimation Error, RMEE:

RMEE =

∑3000
l=1

(
P̂l − Pl

)
/Pl

3000
(24)
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A measure that reflects bias and variance was assessed by a risk function based on the chance
that an over- or under- estimate could occur. This risk function (labeled RISK and defined in
Equation (25)) is a weighted sum of the probability that the predicted value is 120% or more of the
true value and the probability that it is 90% or less of the true value. The upper tail probability
is weighted twice as much as the lower tail because over-prediction has more severe management
implications than under-prediction.

RISK = 2
[
Pr(P̂ > 1.2P )

]
+ Pr(P̂ < 0.9P ) (25)

Pr(P̂ > 1.2P ) =
∑3000

l=1 I(P̂l > 1.2Pl)
3000

Pr(P̂ < 0.9P ) =
∑3000

l=1 I(P̂l < 0.9Pl)
3000

RISK can range between the values of 0 and 2, with zero meaning no estimates were greater than
120% of the true production or less than 90% of the true production. A value of 2 indicates that
all estimates were greater than 120% of the production. Values between 0 and 2 can include a
combination of both probabilities, although an exact value of 1 may indicate that all estimates
were less than 90% of the true production.

Interaction plots of RMEE, and RISK were used to show the effect of each factor. Plots of
main effects are not shown and can be somewhat misleading in the presence of interaction (although
admittedly the interactions were sometimes slight). Simulating 13 natural stocks and 5 hatchery
stocks took a large amount of computer time, thus only 3000 simulations could be done in a timely
manner. Therefore, the plots typically do not show smooth trends, which can be attributed to
Monte Carlo variation.

4.3 Simulation results and cost comparisons

For each type of production (Section 4.2.2), we first present interaction plots of the relative mean
estimation error, RMEE, against the main experimental factor levels. We follow these plots of
RMEE with related plots of RISK for each treatment combination. For Natural Production, we
also display the number of negative estimates and we relate these to the various factors. The costs
and how they change with the treatment levels follow the simulation results.

4.3.1 Hatchery-specific Production

MEE of Hatchery-specific Production was zero for all hatcheries (subsequently RMEE was zero),
thus showing that these estimates are unbiased. Hatchery-specific Production estimates were un-
biased for all treatment combinations, although the large amount of variability in the simulations
makes it difficult to see this fact (Figure 1 shows results for Coleman NFH stocks).

All four factors had effects on RISK for hatchery-specific production estimates, although the
sizes of the effects varied for each hatchery. Figure 2 shows RISK interaction plots for two of the
most contrasting hatcheries, Coleman NFH and Nimbus Fish Hatchery. As seen in these plots,
ECV reduced RISK the most. The CFM rate also showed some influence on RISK, especially at
lower sampling rates.
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The different magnitudes of the effects on RISK for each hatchery are due to the different
parameters values assigned to each hatchery stock. Hatchery-specific parameter values differed in
three general areas: (i) the numbers of releases (Table 4), (ii) straying rates and locations (Table 7),
and (iii) the percent of hatchery fish, of any origin, that enter the watershed containing the hatchery
and enter that specific hatchery, regardless of stock. Differences in straying rates also resulted in
each hatchery’s production being exposed to different freshwater harvest rates (Table 5). These
differences are intertwined and difficult to separate, but additional simulations not reported here
showed that when all hatcheries shared the same parameter values, MEE, RMEE, and RISK
were the same for all estimates of Hatchery-specific Production.

Separating the production into its three components (ocean, freshwater, and escapement) gives
more insight into the effect of the different factors. Figures 3 and 4 show RISK plots for each
type of production from Coleman and Nimbus hatcheries, respectively. Estimates of ocean catch
and freshwater production, freshwater catch plus escapement, are most affected by the CFM rate,
and less affected by the catch sampling rate. A higher CSR lessens the effect of the CFM rate on
estimates of both ocean production and freshwater production. RISK was near its lowest value for
estimates of ocean catch when the marking rate was at or greater than 20%. RISK for estimates of
freshwater production was still decreasing significantly with a CFM rate above 25%. Escapement
estimates are less affected by the CFM rate, but RISK associated with escapement estimates is
reduced greatly by lowering ECV . Increasing the escapement sampling rate also lowers RISK,
although not as much as lowering ECV . Escapement makes up a large proportion of the total
production for these stocks, which is why the overall production is affected most by ECV and
ESR, with typically smaller effects due to CSR and CFM rate.

4.3.2 Watershed-specific Natural Production

A watershed-specific wild stock is a stock of fish that were produced naturally and return to a specific
watershed. Although our simulations did not allow wild fish to stray to other watersheds, some of
the watersheds may contain hatchery fish because the watershed has a hatchery located within it, or
because some hatchery fish stray to that watershed. Six watersheds had the possibility of containing
hatchery fish in the simulations: American River, Battle Creek, Feather River, Merced River,
Mokelumne River, and Sacramento River (see Table 7). The following analysis of the Watershed-
specific Natural Production is split into those watersheds containing hatchery fish in the escapement
and those watersheds with escapement consisting of only wild fish.

Wild stocks with no hatchery fish in the escapement

There were seven watersheds in the simulations that did not contain straying hatchery fish. These
were Butte Creek, Clear Creek, Deer Creek, Mill Creek, Stanislaus River, Tuolumne River, and
Yuba River. The results for these wild stocks were very similar across watersheds, and only the
smallest and largest stocks are discussed in any detail. In general, the freshwater catch and escape-
ment estimation error showed no bias, but the estimation error for ocean catch showed a slight bias
which decreased with higher escapement sampling rates and lower escapement cvs. Similar effects
from the treatment variables were seen for the analysis of RISK.

The smallest wild stock was Deer Creek with 8000 smolts leaving the system and a mean
escapement of about 85 fish aged 2 through 5. Simulated escapement ranged from 15 to 233. A
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small amount of terminal catch occurred in the simulations, ranging from 0 to 26 fish caught. The
ocean catch was larger and ranged from 15 to 275 fish caught with a mean of 103 fish caught.

MEE for estimates of freshwater catch and escapement for the Deer Creek stock was close to
zero, but MEE for estimates of ocean catch was greater than zero. RMEE ranged from 5.1% to
22.6% for the various treatment combinations and is summarized in Table 9 for the combinations
of CFM rate and ESR. MEE and RMEE for estimates of ocean catch were reduced significantly
with larger escapement sampling rates (ESR) and were reduced slightly with a lower escapement
cv (ECV ) as seen in Figure 5. RISK for estimates of Deer Creek natural production was low-
ered by decreasing the escapement cv (ECV ) and/or by increasing the escapement sampling rate
(ESR), although only slightly. No other factors had a noticeable effect (Figure 6). RISK for each
component of the production was affected in a similar manner, although the trend was not as clear
with the very small terminal catch estimates.

The largest wild stock without hatchery fish in the escapement was Yuba River, which, in
the simulations, had 1,800,000 smolts leaving the system and an average simulated escapement of
about 19,000 fish (all ages), ranging from 4,465 to 49,971 fish. Simulated terminal catch of this
stock ranged from 123 to 3,361 fish, and the simulated ocean catch ranged from 4,996 and 64,436
fish. Mean simulated freshwater and ocean catches were 1,005 and 19,114, respectively.

Similar results were seen for the Yuba River wild stock as were seen for the Deer Creek wild
stock. MEE for estimates of ocean catch was greater than zero and RMEE ranged from 4.8% to
17.7% over the various treatment combinations (Table 9). The escapement sampling rate (ESR)
and escapement cv (ECV ) had the greatest influence on estimation error and RISK (Figures 7
and 8).

Overall, for stocks where the escapement consisted of only natural fish, the CFM rate did not
have much influence on the precision of the production estimates, but the escapement variables did.
The lack of influence from the CFM rate occurs because there are no unmarked hatchery fish in the
escapement, and all unmarked fish are natural fish. Therefore, the estimators for terminal fishery
and escapement production become unbiased estimators based on the simple random sampling
expansion of means, independent of any hatchery fish. The estimate of ocean fishery production
involves the ratio of wild escapement and terminal fishery estimates with similar estimates of its
surrogate stock (Equation 11). This ratio-type estimator causes a bias, and even though surrogate
hatchery fish are now included in the estimation, the CFM rate was not a very influential factor.

Wild stocks with hatchery fish in the escapement

The six remaining watersheds contained both wild fish and hatchery fish in the escapement and
freshwater fisheries. Five of the watersheds had hatcheries present: American River, Battle Creek,
Feather River, Merced River, and Mokelumne River. The sixth watershed was the mainstem
Sacramento River (see Table 7).

Different results were seen across watersheds depending on the proportion of wild fish in the
escapement. Table 9 shows the approximate mean percentage of wild fish in the in-river escapement
for each watershed1. Three watersheds contained more than 60% wild fish in the in-river escapement
(American River, Feather River, Sacramento River), whereas the other three watersheds had less

1The values less than 100% are approximate values. The average percentage of wild fish in a watershed was
calculated based on a single simulation of CFM Sim from each of the 84 treatment combinations.
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than 25% wild fish (Battle Creek, Merced River, and Mokelumne River). We label wild stocks from
watersheds where the majority of returns are wild fish as Type M wild stocks and wild stocks from
watersheds where the minority of returns are wild fish as Type m wild stocks. The wild stock from
the American River will be used to represent the Type M wild stocks. Nimbus Hatchery is located
on the American River, and fish from all other hatcheries except Coleman NFH were allowed to
stray to this watershed (Table 7). The wild stock from Battle Creek will be used to represent Type
m wild stocks. Our simulations assumed that only hatchery fish from Coleman NFH strayed to
Battle Creek.

• MEE and RMEE. For Type M wild stocks, MEE was slightly greater than zero (apparently
due to the positive bias in estimates of ocean production) and RMEE ranged from 4.4% to
17.8% (Table 9). These results were very similar to those seen for the wild stocks with no
hatchery fish in the escapement. Increasing CFM rates did not noticeably affect RMEE, but
an increase in catch and escapement sampling rates did decrease RMEE. Figures 9 and 10
show the results for the American River wild stock.

For Type m wild stocks, increasing CFM rates did steadily lower RMEE (Figure 11). A
higher escapement sampling rate (ESR) also reduced RMEE, although this effect was re-
duced when f was high. The catch sampling rate (CSR) had a very slight influence and
ECV had no observable effect on RMEE for estimates of overall production.

In contrast to Type M wild stocks, the Type m wild stocks had positive RMEEs for all
the different components of production, and for each component the RMEE decreased as
the CFM rate increased (Figure 12). The magnitude of RMEE was inversely related to the
percentage of wild fish in the escapement, suggesting that when few wild fish were mixed with
the hatchery fish it was difficult to accurately estimate their number (Tables 9–11). Negative
estimates occurred more frequently when there were fewer wild fish in the escapement or
freshwater production. The rounding of negative estimates to zero was entirely responsible
for the bias seen in freshwater production and escapement estimates (Figure 13), and this
in turn caused additional bias in the ocean production estimates. This phenomenon can
be more readily seen with the three Type m wild stocks. Table 9 shows that RMEE was
sometimes very large, ranging from about 3% to over 1300%. Even when f was 100%, MEE
and RMEE remained greater than zero in the ocean production estimates even, as was shown
earlier, for wild stocks in watersheds without hatchery fish. RMEE in the escapement and
freshwater production estimates, however, approached zero as f approached 100% (Tables
10 & 11). More concisely, when the sampling and CFM rates were low, negative estimates
occurred more frequently and MEE was larger (Figures 12–14 and Tables 9–11). However,
the production levels of Type m wild stocks are small relative to Type M wild stocks and do
not contribute much to the Total Natural Production.

• RISK. We note first that the three measures, MEE, RMEE, and RISK, are not necessarily
independent of one another, and large values of MEE and RMEE can translate into large
values for RISK. Thus the analysis of RISK showed similar patterns to the analysis of
MEE and RMEE.

For Type M wild stocks increasing CFM rates had little to no apparent effect on RISK; the
escapement parameters exhibited the most influence, as was the case for RMEE (compare
Figures 9 and 15). When splitting the production for Type M wild stocks into its various
components, interesting patterns were observed (Figure 16).
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– The ocean catch estimates’ RISK values ranged between 0.7 and 1.1, and were influenced
slightly by ESR, ECV , and CSR. ESR showed the most influence on the ocean catch
estimates because MEE in these estimates was reduced by ESR.

– For the freshwater catch estimates’ RISK ranged from 0 (when the CFM rate was 100%)
to 0.22 when the sampling parameters and f were at their lowest values. The CFM rate
noticeably influenced RISK for freshwater catch and when f was 50% and CSR was
20%, RISK was zero. Despite the influence of CFM rate on freshwater catch, CFM rate
did not greatly influence RISK for total production because the freshwater catch was a
small component.

– For escapement estimates RISK was most influenced by ECV with values of about 0.65
when ECV was 20% and values around 1.0 when ECV was 40%.

• CFM rate and the percentage of wild fish in a mixed stock terminal area. Accurately and
precisely estimating wild fish production is more difficult when the wild fish mix with hatchery
fish in the terminal area than for terminal areas that contain only wild fish, because in the
former case the unmarked hatchery fish must be separated from unmarked wild fish. As the
percentage of wild fish in a mixed hatchery and wild stock terminal area decreases, the lower
the probability of a wild fish being drawn in a sample. If the CFM rate is relatively low
and the percentage of wild fish is low, then estimates of wild fish in the terminal area will
be unreliable. Increasing the CFM rate in such a situation allows for easier separation of
unmarked hatchery fish.

In particular, for Type M stocks (like American River) the RMEE and RISK for total
production were relatively unaffected by CFM . American River’s freshwater production’s
RISK was affected by CFM but the contribution of that component to total production
was relatively minor. On the other hand, for Type m stocks (like Battle Creek) the RMEE
and RISK were both affected by CFM rate and all the individual production components’
RMEE and RISK were also affected.

4.3.3 Total Natural Production

The Total Natural Production is the sum of the catches and escapements over all wild stocks and
may be of interest at a system-wide level. As above, we evaluate how MEE, RMEE, negative
estimates, and RISK interact with experimental variables.

The mean true Total Natural Production was approximately 425,000 fish, which is slightly
less than the Total Hatchery Production and is about 45% of the mean Total Production (Figure
19). The majority (≈ 95%) of the simulated true Total Natural Production numbers were between
230,000 and 670,000 fish. The mean estimated Total Natural Production was approximately 510,000
fish with the majority of simulations estimating values between 240,000 and 1,190,000 fish. These
numbers and Figure 19 indicate that the estimates are positively biased, have more variability than
the true values, and are distributed with a long right tail.

Further analysis of Total Natural Production showed that MEE was positive (i.e., positive
estimator bias), and the magnitude of MEE was affected by the different treatment variables.
RMEE ranged between 2.7% and 12.4%. RMEE was reduced most with increases in the escape-
ment sampling rate (ESR) and the CFM rate (f). Differences in RMEE due to changes in ECV
and CSR were very slight.
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The number of negative estimates of freshwater catch or in-river escapement was greatly influ-
enced by the CFM rate (Figure 21). Negative estimates only occurred for the three low-proportion
wild stocks (see Section 4.3.2), thus a maximum of 6 negative estimates occurred in any simula-
tion (freshwater catch and escapement for the three watersheds). The mean number of negative
estimates per simulation are plotted in Figure 21. The sampling rates (ESR and CSR) reduced
the occurrence of negative estimates by a small amount, but the marking rate (f) had the most
influence.

Figure 23 indicates that ESR and ECV were the most influential variables on the RISK
measure, whereas f had less of an influence. Increasing CSR from 10% to 20% had a very small
effect of reducing RISK. A higher ESR resulted in lower MEE and RISK, whereas reducing
ECV lead to lower RISK but not lower RMEE in estimates of production. The effect of f varied
somewhat depending on the level of other factors, but generally, as f increases above 33% the gains
were slight (Monte Carlo variation in the results is responsible for the lack of a smooth decline).
The value of RISK ranged from 0.17 to 0.78.

4.3.4 Total Production

Total Production is the sum of all production (natural and wild) in the system. The mean true
Total Production, from all simulations, was approximately 940,000 fish, and about 95% of the
simulated true Total Production values ranged from 500,000 to 1,600,000 fish. Figure 24 shows the
histogram of the range of true Total Production values which were simulated with variation in the
underlying natural processes.

RMEE for estimates of Total Production was affected by some of the treatment variables, most
notably by ESR and f (Figure 25). RMEE was small, however. The worst case mean estimation
error of about 50,000 is 5.8% of the mean true Total Production, whereas the best case mean
estimation error of about 10,800 is 1.2% of the mean true Total Production. Increases in the CFM
rate (f) and/or the escapement sampling rate caused decreases in the mean estimation error partly
because fewer negative estimates occurred in the Total Natural Production (see section 4.3.3). The
cv of the escapement estimate and freshwater sampling rate appear to have little effect on MEE
and RMEE.

RISK was calculated for each treatment combination and plotted in Figure 26. The cv on the
escapement estimate had great influence on RISK, as did ESR. The catch sampling rate reduced
RISK slightly. Interactions were apparent between the variables, mostly in how the CFM rate
affected RISK. At the lowest escapement sampling rate (ESR=2.5%) an increase in f reduced
RISK slightly. This affect was not as apparent when the sampling rates were high.

The analysis of Total Production showed that MEE was greater than zero, and the magnitude
of MEE was affected by the different treatment variables. The hatchery estimates are based
upon well-established statistical estimators known to be unbiased, thus whatever bias appeared in
estimates of Total Production arose from estimates of Natural Production (as was seen in Sections
4.3.1 and 4.3.2).
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4.3.5 Costs

Here we summarize the subsequent costs of an MTR program for various levels of tagging and
sampling by reporting the costs in four different categories: marking and tagging of juvenile fish,
ocean fishery catch sampling, in-river escapement estimation, and tag reading. Hatchery-specific
costs consist of tagging costs and can include tag reading costs if the hatchery reads the tags
recovered there. Watershed-specific costs consist of the in-river escapement costs and the tag
reading costs if the organization monitoring the watershed is responsible for reading the recovered
tags. The four different categories of costs are presented, and within those the hatchery- and/or
watershed-specific costs are presented, if they are appropriate and can be separated out. Total
costs and how they relate to the treatment combinations are presented last.

Marking and tagging costs

The cost to mark and tag juvenile fish varied with the CFM rate (f) and can be a substantial
proportion of the overall cost when using high marking levels. The rate of increase in cost relative to
increase in marking rates differed between the hatcheries depending on the total numbers released
and the numbers tagged in the Ad Hoc release group (see Equations (17)-(21)). These costs,
separated by hatchery, are shown in Table 12. Total marking and tagging costs ranged from
slightly less than $1 million when the CFM rate was only 5% to $6.6 million when the CFM rate
was 100%.

Ocean sampling costs

Two sampling rates were used for ocean sampling in our simulations (10% and 20%) and the costs
associated with those sampling rates were $339,189 and $508,784, respectively.

In-river escapement estimation costs

The costs associated with the estimation of in-river escapement were related only to the variable
ECV and did not account for the effect of varying ESR. Table 3 shows the current costs, which
total $600,740. We assumed that the current in-river escapement estimates achieve cvs of around
40%. The value 40% is presumably a conservative guess, and admittedly subjective. We were unable
to get information regarding estimates of the precision and bias of current escapement estimates
and were advised that they may vary widely between watersheds (Allan Grover, CDFG, personal
communication). We further assumed that to achieve a cv of 20% would require a doubling of the
cost for each watershed, totalling $1,201,480.

Tag reading costs

Tag reading costs vary with the sampling parameters (CSR and ESR) as well as the CFM rate
(f). The total simulated costs ranged from $54,000 to $4,275,000 depending on the number of
tagged fish in each fate (ocean catches, freshwater catches, in-river escapement, and in-hatchery
escapement) which changes as a result of the treatment combination and the natural variability.
The mean cost per treatment combination ranged from about $204,000 to $1,726,000. Figure 27
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shows how the various factors affect the total tag reading cost. The CFM rate and CSR are the
two factors that most affect this cost.

Sampled ocean catches and in-hatchery escapement contributed the greatest amount to the
total tag reading costs because 100% of the in-hatchery escapement is sampled in the simulations
and relatively many fish are harvested in the ocean fishery. The mean total tag reading costs
for the different fates and treatment combinations (without interactions) are shown in Figure 28.
Interaction plots of the effects of the factors on tag reading costs attributed to tags recovered in
ocean fishery catch samples, freshwater fishery catch samples, in-river escapement samples, and
in-hatchery escapement samples are shown in Figures 29–32, respectively. As would be expected,
increases in CFM rate led directly to increases in costs for all four recovery types, while CSR
greatly affected catch sample tag reading costs and ESR greatly affected in-river and in-hatchery
escapement tag reading costs.

The percentage of cost that each fate contributes to the total tag reading cost changes with
the different treatment levels (Figure 33). At low catch sampling rates the in-hatchery escapement
contributes nearly 75% of the cost, but at the higher catch sampling rate the in-hatchery contri-
bution is reduced to about 60%. The number of fish sampled in the freshwater catch and in-river
escapement is relatively small, thus they do not contribute much to the total tag reading cost.

Total costs

The total annual cost, the sum of the above four costs, ranged from $2.0 million to $9.4 million
and varied with each of the treatment variables in this study. Depending on the specific treatment
combination, the tagging costs made up between 41.8% and 75.7% of the total cost. The ocean
sampling costs and in-river escapement estimation costs made up about 4–28% of the total cost,
while tag reading was 9.7% to 18.6% of the total cost.

Figure 34 shows that the CFM rate had the most influence on the costs (due to the majority of
the total cost coming from tagging costs), followed by CSR then ECV . The escapement sampling
rate had a minor effect on the cost through the tag reading costs.

5 Discussion

5.1 Limitations of our analysis

When we attempted to specify values for the large number of CFM Sim parameters, we found few
or no available estimates for most parameters. The lack of information is in part a consequence
of historic marking programs that were not designed to estimate various parameters, e.g., the
proportion of hatchery fish among freshwater returns. Escapement sampling programs do not
routinely provide information as to the precision and accuracy of estimates of escapement and we
made subjective, general, and non-watershed-specific decisions regarding the current precision of
escapement estimates. Also, the linkages between costs and coefficients of variation of escapement
estimates were relatively crude.

Even if we had used data-based estimates for all the input parameters of CFM Sim, an additional
limiation is that the simulations use identical parameter values for a wild stock and its surrogate.
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This will likely not occur in reality, and deviations between the parameters for the wild stock and
its surrogate may affect the quality of the estimates as well as the effects of the various factors.

The measures of the quality of production estimates, MEE, RMEE, and RISK, are not the
only measures possible. We comment that in general we were looking for measures of the average
precision and the average bias (MEE) or relative bias (RMEE), where RISK included both
precision and bias simultaneously. The weightings for the RISK measure were such that there
was a much greater penalty for production estimates that were 20% higher than the true value
than was the penalty for underestimating production. This weighting could reflect a conservative
management philosophy, but the actual choice of weightings is something that managers need to
select.

5.2 General recommendations for MTR programs

Recommendations for Marking-Tagging-Recovery programs depend to some degree on the param-
eters to be estimated and how precisely and accurately they are to be estimated. Of course,
recommendations also depend upon the corresponding costs. What we offer here are somewhat
general recommendations based on considerations of the relative gains in the quality of estimates
as compared to the relative increases in costs as data generation and collection increases.

Before providing our recommendations, we refer the reader to Tables 13 and 14. These tables
show, for each of the 84 possible combinations of factors, the MEE, RMEE, and RISK for
estimates of total natural production along with estimated costs. There are several ways of using
such tables. For a fixed budget, one might logically pick the factor combination that gives the
minimum RMEE or RISK values. For example, for a fixed budget of about $4.4 m, the smallest
RMEE and RISK is when CFM rate is 1/3, ECV is 20%, CSR is 20%, and ESR is 10%.
Alternatively, one could specify a ceiling for a desired RMEE and select the least expensive option
that would achieve that ceiling. For example, given a maximum RMEE of 4%, the least expensive
factor combination that would achieve that ceiling would be a CFM rate of 1/5, ECV of 40%,
ESR of 10%, and CSR of 20% with an estimated cost of $3.3 million. We remind the reader that
there may be substantial errors in calculated costs, however, so that small differences in total costs
among different factor combinations are unlikely to be meaningful.

1. Hatchery fish as surrogates for wild fish. The assumption that a particular hatchery
stock acts as a surrogate for a wild stock begs the question of appropriateness or degree
similarity. Only when wild fish can be tagged and released in sufficient numbers and resulting
recovery patterns are compared to those of corresponding hatchery surrogates will definitive
progress be made towards determining how well a hatchery stock represents a wild stock.

We also note here that we did not study the effect of varying the number of surrogate fish but
instead fixed that value at 100,000 fish. The Pacific Salmon Commission has recommended
that 200,000 hatchery fish per group be released for their ”indicator stocks”. Increased
surrogate release group size would certainly lead to increases in the precision of production
estimates, but we cannot currently predict the degree of improvement that might be expected.

2. CFM rate. Ignoring costs and focusing on the relative accuracy and precision of wild salmon
production estimates (as measured by MEE, RMEE, and RISK), increasing the CFM rate
f much beyond 33%, or 1 out of 3 production releases, leads to relative minor gains in precision
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and accuracy for most of the wild runs. For some of the smaller wild runs, e.g., Battle Creek,
however, the gains of increasing f from 1/3 to 1/2, say, did lead to sizeable drops in RMEE.

For a given watershed which has hatchery fish mixed in the return to the watershed, the
proportion of hatchery fish influences the effect of the CFM rate f . With the above gains in
mind, the CFM rate should be as high as possible for the Type M watersheds, where a large
proportion of the return consists of hatchery fish return. We must consider the fact that we
are unsure of the actual size of the natural stock for all such mixed return watersheds. If the
abundance of the natural stock relative to the hatchery stock is less than that simulated here,
it will be important to have a high f to adequately estimate the proportion of natural fish in
the escapement and production.

In any event, implementing a single, consistent system-wide CFM rate, whether the rate is
20% or 50%, will lead to the generation of data that can be used to provide estimates of
key life-history parameters, and subsequently better understanding, of chinook salmon in the
Central Valley.

3. Escapement estimation and ESR and ECV . As has been reported elsewhere (e.g.,
Hicks (2003)) the quality of escapement estimates is quite crucial to the quality of wild
fish production estimates. In particular, increased error of estimation of escapement can
substantially increase the probability of biased production estimates (due to negative wild
production estimates being truncated at zero).

We did not have information on actual ECV values and we strongly recommend that esti-
mates of the precision of escapement estimates, at least, be included with all point estimates.
Until estimates of actual ECV values become available, it will be difficult to know whether
ESR levels should be increased or decreased. It may also be wise to consider separation of
escapement abundance surveys and escapement surveys targeted at recoveries of CWTs. For
example, in the Feather River, there is a separate CWT survey (at a cost of about $12,000)
in addition to the larger survey designed to allow estimation of total in-river escapement (at
a cost of about $85,000). Such separation of surveys may substantially improve recovery of
CWT in in-river escapement.

4. CSR. The catch sampling rates have considerable effect on costs, but the differences in
precision and accuracy of production estimates were relatively minor between the 10% and
20% sampling levels. What is most critical is that freshwater catch sampling be reestablished
and augmented. Budget cutbacks have apparently led to the near elimination of freshwater
catch sampling programs in the CV. So long as freshwater fisheries are in place and so long
as production estimates are desired, then some level of freshwater catch sampling will be
necessary. Ideally, freshwater catch sampling programs should allow estimation of recovery
of CWTs in mainstem Sacramento River as well as in individual tributary streams.

5. Miscellaneous. Hatchery-specific otolith marks could potentially provide an alternative or
complementary tool to CWTs for estimating chinook salmon production. We believe that
this alternative is worth exploring in the context of the estimation objectives detailed in our
report.
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5.3 Future work

The somewhat intuitive (but admittedly complicated) method of moments based estimation pro-
cedures used for this report could be improved upon. The entire life history process and data
generation and collection procedures can be placed in a comprehensive statistical framework called
a state-space model. Maximum likelihood estimators or Bayesian estimators of production could
then be constructed. There estimators would likely have less bias and would eliminate generation of
negative estimates of production components. The detailed formulation of state-space models along
with the writing of computer programs to carry out maximum likelihood or Bayesian estimation
procedures would require, however, a committed research effort and would incur additional costs.
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Table 1: Notation for samples and sample recoveries.

nO : size of a simple random sample taken from CO

nF : size of a simple random sample taken from CF

nTj : size of a simple random sample taken from CTj

nEj,α : size of a simple random sample taken from Ej,α, the watershed j in-river escapement
nEj,β : size of a simple random sample taken from Ej,β , the watershed j in-hatchery escapement

xai : # of hatchery stock i Ad hoc recoveries in ocean catch sample
xbi : # of hatchery stock i Surrogate recoveries in ocean catch sample
xci : # of hatchery stock i CFM recoveries in ocean catch sample
xdi : # of hatchery stock i Remainder recoveries in ocean catch sample
yai : # of hatchery stock i Ad hoc recoveries in freshwater catch sample
ybi : # of hatchery stock i Surrogate recoveries in freshwater catch sample
yci : # of hatchery stock i CFM recoveries in freshwater catch sample
ydi : # of hatchery stock i Remainder recoveries in freshwater catch sample
taij : # of hatchery stock i Ad hoc recoveries in terminal area j catch sample
tbij : # of hatchery stock i Surrogate recoveries in terminal area j catch sample
tcij : # of hatchery stock i CFM recoveries in terminal area j catch sample
tdij : # of hatchery stock i Remainder recoveries in terminal area j catch sample
tnj : # of wild stock j recoveries in terminal area j catch sample

zaij,α : # of hatchery stock i Ad hoc recoveries in watershed j in-river escapement sample
zbij,α : # of hatchery stock i Surrogate recoveries in watershed j in-river escapement sample
zcij,α : # of hatchery stock i CFM recoveries in watershed j in-river escapement sample
zdij,α : # of hatchery stock i Remainder recoveries in watershed j in-river escapement sample
znj,α : # of wild stock j recoveries in watershed j in-river escapement sample
zuj,α : # of unmarked fish in watershed j in-river escapement sample
zaij,β : # of hatchery stock i Ad hoc recoveries in watershed j in-hatchery escapement sample
zbij,β : # of hatchery stock i Surrogate recoveries in watershed j in-hatchery escapement sample
zcij,β : # of hatchery stock i CFM recoveries in watershed j in-hatchery escapement sample
zdij,β : # of hatchery stock i Remainder recoveries in watershed j in-hatchery escapement sample
znj,β : # of wild stock j recoveries in watershed j in-hatchery escapement sample
zuj,β : # of unmarked fish in watershed j in-hatchery escapement sample
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Table 2: The estimated ocean sampling costs at the current 20% sampling level and how they may
change with increased sampling levels.

Current Double Triple
Temp PM 154 223 312
Perm PM 48 60 84
Temp Cost $284,900 $412,550 $577,200
Perm Cost $223,884 $273,360 $372,312
Total Cost $508,784 $685,910 $949,512

Table 3: Current costs associated with the abundance estimation of the in-river escapement for
each watershed. The organization listed is the organization that reported the cost.

Watershed Cost Organization
American River∗ $75,000 CA Dept. Fish & Game
Battle Creek $34,000 CA Dept. Fish & Game
Butte Creek $9,240 CA Dept. Fish & Game
Clear Creek $6,000 CA Dept. Fish & Game
Deer Creek $6,000 CA Dept. Fish & Game
Feather River $85,000 Dept. Water Resources
Merced River $107,500 CA Dept. Fish & Game
Mill Creek $6,000 CA Dept. Fish & Game
Mokelumne River $55,000 East Bay Municipal Utility District
Sacramento River $35,000 CA Dept. Fish & Game
Stanislaus River $62,000 CA Dept. Fish & Game
Tuolumne River $70,000 CA Dept. Fish & Game
Yuba River $50,000 Jones & Stokes
Total $600,740
∗ A guess based on Feather River costs which had six additional person-hours per week.

Table 4: Total hatchery releases and different components.
Hatchery Total Ad Hoc Surrogate CFM and

Remainder
Coleman NFH 12,000,000 0 100,000 11,900,000
Feather River 8,000,000 1,500,000 100,000 6,400,000
Merced River 1,000,000 750,000 100,000 150,000
Mokelumne River 5,400,000 500,000 100,000 4,800,000
Nimbus 4,600,000 0 100,000 4,500,000
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Table 5: The number of smolts leaving each watershed and the freshwater harvest rate (in percent)
for fish returning to that watershed (including fish that stray). All ages are assumed to have
the same freshwater harvest rate. The freshwater harvest rates were simulated from a triangular
distribution with the minimum, modal, and maximum values stated.

Freshwater Harvest
Watershed # smolts Min Mode Max
American River 4,500,000 20 30 35
Battle Creek 50,000 2 5 8
Butte Creek 100,000 2 5 8
Clear Creek 400,000 2 5 8
Deer Creek 8,000 2 5 8
Feather River 3,500,000 20 30 35
Merced River 80,000 2 5 8
Mill Creek 100,000 2 5 8
Mokelumne River 100,000 5 9 15
Sacramento River 6,750,000 5 9 15
Stanislaus River 90,000 2 5 8
Tuolumne River 200,000 2 5 8
Yuba River 1,800,000 2 5 8
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Table 6: Fixed parameter values used in the simulations (in percentages). The life history parame-
ters were simulated from a triangular distribution with the minimum, modal, and maximum values
stated.

Life-history parameter Min Mode Max
Hatchery Survival (Initial) 0.5 1.5 7.0
Wild Survival (Initial) 1.0 4.0 8.0
Survival (Age 3) 45 50 70
Survival (Age 4) 70 75 80
Survival (Age 5) 75 80 90
Maturity (Age 2) 5 10 15
Maturity (Age 3) 20 30 40
Maturity (Age 4) 60 70 80
Maturity (Age 5) NA 100 NA
Ocean Harvest (Age 2) 0 0 0
Ocean Harvest (Age 3) 35 40 55
Ocean Harvest (Age 4) 35 45 55
Ocean Harvest (Age 5) 35 45 55

Sampling parameter Value
% of catch taken by

recreational fishery 33.3
Aging sampling rate 5
In-hatchery sampling rate 100

Table 7: Straying rates for the hatchery releases (in percentages). Only the watersheds that
hatchery fish escape to are listed.

American Battle Feather Merced Mokelumne Sacramento
Hatchery River Creek River River River River
Coleman NFH 0 85 5 0 0 10
Feather River 10 0 85 0 0 5
Merced River 5 0 0 85 10 0
Mokelumne River 5 0 0 10 85 0
Nimbus 85 0 0 0 5 10

Table 8: Aging error matrix used in the simulations (G. Kautsky, Hoopa Tribal Fisheries Depart-
ment & Allen Grover, CDFG, pers. comm.). Rows are the true age and columns are the age that
is assigned to the fish.

Assigned Age
2 3 4 5

T 2 98 2 0 0
r A 3 0 98 2 0
u g 4 0 10 90 0
e e 5 0 0 40 60
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Table 9: RMEE (%) of ocean production for each combination of f and ESR. The number in
parentheses below the watershed name is the approximate mean percentage of wild fish in the
escapement for that watershed. The CFM rate is the number of fish marked per every nth fish.

CFM rate (f)
Watershed ESR (%) 1/20 1/10 1/5 1/4 1/3 1/2 1/1

American 2.5 12.6 12.5 12.3 12.3 11.8 11.4 11.7
River 5 7.5 8.0 7.4 7.0 6.9 7.1 7.0
(82%) 10 5.0 4.6 4.8 4.3 4.4 4.0 4.7
Battle 2.5 1378.5 1127.4 938.5 898.0 800.2 677.6 66.9
Creek 5 978.4 800.7 656.3 638.9 570.5 466.3 55.8
(2%) 10 722.8 601.5 500.0 469.1 416.6 344.1 49.6
Butte 2.5 14.2 14.9 13.7 14.5 14.6 13.7 15.4
Creek 5 9.8 9.7 9.1 9.1 9.5 9.2 9.7
(100%) 10 7.1 5.4 5.9 6.2 7.3 7.3 6.6
Clear 2.5 14.3 15.4 14.4 14.4 15.2 14.9 14.8
Creek 5 9.6 9.3 9.0 9.0 9.5 8.2 9.8
(100%) 10 7.0 5.8 6.9 7.2 6.8 7.0 6.1
Deer 2.5 18.9 19.4 19.9 19.6 20.4 19.0 19.7
Creek 5 12.1 11.2 12.3 11.7 12.4 12.3 12.4
(100%) 10 7.6 8.1 8.4 8.2 7.0 7.8 7.3
Feather 2.5 14.0 14.1 14.1 13.6 13.8 13.3 12.6
River 5 9.2 8.8 8.6 8.2 8.1 7.9 7.1
(65%) 10 5.4 5.3 4.7 5.0 5.2 4.7 4.4
Merced 2.5 118.2 82.2 56.8 48.9 41.2 30.5 10.2
River 5 81.9 58.2 42.4 37.7 30.6 23.2 4.8
(16%) 10 61.3 42.9 31.0 28.3 22.9 16.9 2.8
Mill 2.5 18.4 18.4 17.5 18.5 18.5 17.5 16.9
Creek 5 10.1 10.5 10.7 10.5 11.0 11.9 10.6
(100%) 10 7.4 7.6 6.9 6.7 7.2 7.0 7.2
Mokelumne 2.5 351.4 287.5 235.9 217.8 197.3 149.3 13.7
River 5 255.0 205.6 167.6 155.3 137.4 110.6 7.7
(7%) 10 192.3 149.9 122.9 118.4 100.9 79.3 5.9
Sacramento 2.5 17.8 18.1 17.4 17.8 17.7 17.0 17.1
River 5 10.1 9.8 9.5 10.4 10.1 10.0 10.4
(84%) 10 6.5 6.4 6.0 6.3 5.9 6.3 5.8
Stanislaus 2.5 12.2 11.8 11.6 12.3 12.3 12.7 11.8
River 5 7.4 7.9 8.3 8.2 7.1 7.9 7.5
(100%) 10 5.6 5.5 5.1 6.4 5.6 4.8 5.2
Tuolumne 2.5 11.8 11.5 12.0 12.5 12.0 11.7 12.1
River 5 7.4 8.4 7.3 8.3 7.9 7.5 6.9
(100%) 10 5.6 5.4 5.9 5.4 5.8 5.5 5.5
Yuba 2.5 12.7 14.2 14.9 13.5 14.7 13.9 14.8
River 5 9.7 9.4 9.4 8.9 8.6 9.8 9.3
(100%) 10 6.9 7.1 6.6 6.3 7.0 6.5 6.8
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Table 10: RMEE (%) of freshwater production for each combination of f and ESR in the sim-
ulations for wild stocks with hatchery fish mixed in the terminal freshwater catch. The number
in parentheses below the watershed name is the approximate mean percentage of wild fish in the
escapement for that watershed. The CFM rate is reported as the number of fish marked per every
nth fish.

CFM rate (f)
Watershed ESR (%) 1/20 1/10 1/5 1/4 1/3 1/2 1/1

American 2.5 0.0 0.1 0.1 0.0 0.0 0.1 0.0
River 5 -0.1 0.0 0.1 0.0 0.0 0.0 0.0
(82%) 10 0.2 -0.1 -0.1 -0.1 0.0 0.0 0.0
Battle 2.5 1137.4 749.1 482.1 416.6 336.1 229.7 31.8
Creek 5 1105.5 740.0 493.6 428.3 332.3 234.2 31.9
(2%) 10 1090.6 752.4 502.0 412.4 331.5 227.8 31.2
Feather 2.5 0.0 0.0 -0.1 0.0 0.0 -0.1 0.0
River 5 0.0 -0.1 0.0 0.0 0.0 0.0 0.0
(65%) 10 -0.2 0.0 0.0 0.0 0.0 0.0 0.0
Merced 2.5 135.5 82.0 41.0 31.5 23.4 11.0 0.3
River 5 133.1 78.4 39.7 34.8 23.1 11.5 0.5
(16%) 10 136.0 79.2 42.3 34.0 21.6 9.9 0.4
Mokelumne 2.5 213.1 137.0 77.2 62.0 46.6 24.5 -0.2
River 5 216.0 130.5 84.7 66.2 46.4 25.6 0.0
(7%) 10 212.0 133.6 78.8 65.9 44.6 23.2 -0.7
Sacramento 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
River 5 0.0 0.1 0.0 0.0 -0.1 0.0 0.0
(84%) 10 0.0 0.0 0.0 0.0 -0.1 0.0 0.0
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Table 11: RMEE (%) of escapement for each combination of f and ESR in the simulations for wild
stocks with hatchery fish mixed in the escapement. The number in parentheses below the watershed
name is the approximate mean percentage of wild fish in the escapement for that watershed. The
CFM rate is reported as the number of fish marked per every nth fish.

CFM rate (f)
Watershed ESR (%) 1/20 1/10 1/5 1/4 1/3 1/2 1/1

American 2.5 0.0 0.3 0.1 -0.1 -0.6 -0.2 0.4
River 5 0.1 0.1 -0.1 -0.1 -0.3 0.0 0.2
(82%) 10 0.8 0.2 0.1 -0.1 0.1 0.1 0.5
Battle 2.5 377.4 240.1 150.8 127.3 101.8 69.2 19.0
Creek 5 263.2 169.6 103.6 85.1 69.1 49.5 17.3
(2%) 10 174.2 117,6 73.8 58.2 49.9 33.1 19.2
Feather 2.5 -0.1 0.2 -0.3 0.0 0.3 0.1 -0.1
River 5 0.4 0.4 0.2 0.5 -0.2 0.0 -0.3
(65%) 10 -0.1 0.2 -0.4 -0.4 0.1 -0.3 -0.2
Merced 2.5 25.8 11.7 3.9 0.9 1.8 0.6 -0.3
River 5 11.6 4.1 0.0 0.6 0.4 0.1 -0.3
(16%) 10 5.3 1.1 0.2 0.1 -0.3 0.1 -0.4
Mokelumne 2.5 80.2 47.8 21.7 18.5 11.9 4.3 0.3
River 5 51.8 27.4 9.6 7.2 4.5 0.6 -0.5
(7%) 10 30.0 13.6 5.6 3.1 1.5 -0.4 0.4
Sacramento 2.5 0.0 0.2 0.1 0.3 -0.1 -0.1 0.2
River 5 -0.2 -0.1 -0.2 0.1 0.0 -0.3 0.1
(84%) 10 0.2 0.0 0.2 0.0 -0.2 0.0 0.1

Table 12: Tagging costs incurred at each hatchery for the various CFM tagging rates (f).

f Coleman NFH Feather River Merced River Mokelumne River Nimbus Total
1/20 $147,340 $407,040 $181,790 $178,080 $68,900 $983,150
1/10 $273,480 $474,880 $183,380 $228,960 $116,600 $1,277,300
1/5 $525,760 $610,560 $186,560 $330,720 $212,000 $1,865,600
1/4 $651,900 $678,400 $188,150 $381,600 $259,700 $2,159,750
1/3 $853,724 $786,944 $190,694 $463,008 $336,020 $2,630,390
1/2 $1,282,600 $1,017,600 $196,100 $636,000 $498,200 $3,630,500
1/1 $2,544,000 $1,696,000 $212,000 $1,144,800 $975,200 $6,572,000
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Table 13: Summary statistics and total costs for the treatment combinations with ECV = 20%.
ECV ESR CSR CFM MEE RMEE RISK Total Cost
20% 2.5% 10% 1/20 49000 12.4 0.58 $2,128.58

1/10 43000 11.1 0.52 $2,480.42
1/5 40000 10.4 0.52 $3,187.72
1/4 40000 10.5 0.49 $3,536.60
1/3 38000 9.9 0.51 $4,108.68
1/2 36000 9.4 0.49 $5,314.78
1/1 29000 7.6 0.43 $8,837.35

20% 2.5% 20% 1/20 44000 11.2 0.53 $2,347.40
1/10 41000 10.4 0.49 $2,713.75
1/5 38000 9.8 0.47 $3,446.38
1/4 37000 9.6 0.46 $3,811.33
1/3 35000 9.1 0.44 $4,405.27
1/2 31000 8.0 0.38 $5,653.49
1/1 26000 6.9 0.38 $9,314.52

20% 5% 10% 1/20 31000 8.1 0.38 $2,132.67
1/10 28000 7.1 0.34 $2,488.16
1/5 26000 6.6 0.32 $3,198.84
1/4 25000 6.3 0.32 $3,548.08
1/3 24000 6.3 0.30 $4,121.60
1/2 23000 6.0 0.31 $5,325.17
1/1 17000 4.6 0.28 $8,865.09

20% 5% 20% 1/20 27000 6.8 0.31 $2,349.09
1/10 25000 6.5 0.28 $2,717.99
1/5 22000 5.6 0.28 $3,450.43
1/4 22000 5.9 0.30 $3,816.91
1/3 21000 5.5 0.26 $4,417.71
1/2 20000 5.2 0.24 $5,660.29
1/1 16000 4.3 0.24 $9,336.68

20% 10% 10% 1/20 22000 5.5 0.26 $2,139.93
1/10 20000 5.2 0.23 $2,499.39
1/5 16000 4.3 0.23 $3,206.75
1/4 16000 4.2 0.23 $3,559.87
1/3 17000 4.4 0.22 $4,141.77
1/2 14000 3.6 0.22 $5,351.67
1/1 10000 2.8 0.19 $8,926.64

20% 10% 20% 1/20 19000 4.9 0.20 $2,353.51
1/10 16000 4.1 0.18 $2,729.37
1/5 14000 3.8 0.17 $3,470.13
1/4 15000 3.9 0.19 $3,841.76
1/3 14000 3.5 0.17 $4,440.49
1/2 13000 3.5 0.17 $5,683.31
1/1 11000 2.9 0.17 $9,387.08
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Table 14: Summary statistics and total costs for the treatment combinations with ECV = 40%.
ECV ESR CSR CFM MEE RMEE RISK Total Cost
40% 2.5% 10% 1/20 49000 12.4 0.78 $1,978.07

1/10 46000 11.8 0.78 $2,331.98
1/5 41000 10.4 0.73 $3,042.15
1/4 41000 10.5 0.76 $3,392.60
1/3 40000 10.6 0.73 $3,959.68
1/2 37000 9.5 0.75 $5,157.77
1/1 33000 8.6 0.71 $8,687.09

40% 2.5% 20% 1/20 43000 11.3 0.75 $2,192.08
1/10 43000 11.1 0.75 $2,561.42
1/5 40000 10.3 0.70 $3,294.21
1/4 36000 9.5 0.72 $3,665.62
1/3 35000 8.9 0.69 $4,259.16
1/2 35000 9.0 0.69 $5,492.36
1/1 29000 7.6 0.65 $9,175.13

40% 5% 10% 1/20 32000 8.4 0.65 $1,982.82
1/10 28000 7.3 0.64 $2,338.52
1/5 25000 6.7 0.62 $3,047.61
1/4 25000 6.5 0.61 $3,399.38
1/3 23000 5.8 0.62 $3,964.72
1/2 25000 6.5 0.59 $5,173.95
1/1 20000 5.3 0.59 $8,718.56

40% 5% 20% 1/20 28000 7.3 0.65 $2,198.84
1/10 26000 6.7 0.62 $2,567.53
1/5 22000 5.9 0.60 $3,302.94
1/4 23000 6.0 0.62 $3,669.94
1/3 22000 5.7 0.59 $4,268.65
1/2 17000 4.7 0.57 $5,509.17
1/1 17000 4.3 0.59 $9,194.63

40% 10% 10% 1/20 22000 5.6 0.56 $1,987.93
1/10 18000 4.6 0.56 $2,346.11
1/5 18000 4.7 0.56 $3,062.20
1/4 18000 4.6 0.56 $3,417.53
1/3 14000 3.9 0.54 $3,987.25
1/2 15000 3.9 0.54 $5,203.31
1/1 12000 3.1 0.51 $8,765.99

40% 10% 20% 1/20 20000 5.2 0.53 $2,206.96
1/10 18000 4.6 0.54 $2,575.27
1/5 14000 3.8 0.52 $3,315.76
1/4 12000 3.2 0.51 $3,696.33
1/3 13000 3.5 0.51 $4,282.61
1/2 12000 3.2 0.51 $5,543.00
1/1 11000 2.7 0.52 $9,255.54
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Figure 1: Relative Mean Estimation Error (RMEE) in the simulated production estimates for
Coleman NFH. The other hatcheries showed the same pattern of a large amount of variability
centered around zero.



MTR program for CV hatchery chinook salmon. July 8, 2004 40

0.
00

0.
05

0.
10

0.
15

CSR=10 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

●

●

● ●
● ● ●

●

●

●
●

●

●
●

5 20 33 50 100
0.

00
0.

05
0.

10
0.

15

CSR=10 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

●

●
● ● ●

● ●

●

●

● ●

● ● ●

5 20 33 50 100

0.
00

0.
05

0.
10

0.
15

CSR=10 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

●

●
●

●
●

●
●

●

●

●

●

●

●

●

5 20 33 50 100

0.
00

0.
05

0.
10

0.
15

CSR=20 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

●

●
●

● ●
●

●

●

●
●

●

●

●

●

5 20 33 50 100

0.
00

0.
05

0.
10

0.
15

CSR=20 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

●

●

● ●
●

●

●

●

●

●
●

●
●

●

5 20 33 50 100
0.

00
0.

05
0.

10
0.

15

CSR=20 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

●
● ● ● ● ● ●

●

●

●

●

● ●
●

5 20 33 50 100

R
IS

K

Coleman Hatchery Production

0.
00

0.
02

0.
04

0.
06

0.
08

0.
10

0.
12

CSR=10 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

●

●

●
●

● ● ●

●

●

●

●
● ●

●

5 20 33 50 100

0.
00

0.
02

0.
04

0.
06

0.
08

0.
10

0.
12

CSR=10 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

●

●

● ● ●
● ●

●

●

●
● ●

● ●

5 20 33 50 100

0.
00

0.
02

0.
04

0.
06

0.
08

0.
10

0.
12

CSR=10 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

●

●

●
● ● ● ●

●

●

●

●

●

●
●

5 20 33 50 100

0.
00

0.
02

0.
04

0.
06

0.
08

0.
10

0.
12

CSR=20 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

●

●

●
● ● ● ●

●

●

●
●

●

●

●

5 20 33 50 100

0.
00

0.
02

0.
04

0.
06

0.
08

0.
10

0.
12

CSR=20 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

●

●

●
● ●

● ●

●

●

●

●

●
●

●

5 20 33 50 100

0.
00

0.
02

0.
04

0.
06

0.
08

0.
10

0.
12

CSR=20 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

●

●
● ● ● ● ●

●

●

●

●

●
●

●

5 20 33 50 100

R
IS

K

Nimbus Hatchery Production

Figure 2: Interaction plots of RISK for the four treatment levels for Coleman NFH and Nimbus
Fish Hatchery. Other hatcheries showed similar patterns which were not as extreme as Nimbus
hatchery plotted here.
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Figure 3: Interaction plots of RISK for the Coleman NFH production separated into the three
components: ocean production, freshwater production, and escapement.
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Figure 4: Interaction plots of RISK for the Nimbus Hatchery production separated into the three
components: ocean production, freshwater production, and escapement.
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Figure 5: Relative Mean Estimation Error (RMEE) for the ocean catch component of the produc-
tion for the Deer Creek wild stock.
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Figure 6: RISK for the production estimates from the Deer Creek wild stock.
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Figure 7: Relative Mean Estimation Error (RMEE) for the ocean catch component of the produc-
tion for the Yuba River wild stock.
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Figure 8: RISK for the production estimates from the Yuba River wild stock.
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Figure 9: Relative Mean Estimation Error (RMEE) for the American River wild stock total pro-
duction estimates. American River represents the group of wild stocks that have a high proportion
of wild fish in the in-river escapement (Type M stocks).
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Figure 10: Relative Mean Estimation Error (RMEE) for the individual production estimates of
the American River wild stock. American River represents the group of wild stocks that have a
high proportion of wild fish in the in-river escapement (Type M stocks).
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Figure 11: Relative Mean Estimation Error (RMEE) for the Battle Creek wild stock total pro-
duction estimates. Battle Creek represents the group of wild stocks that have a low proportion of
wild fish in the in-river escapement (Type m stocks).
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Figure 12: Relative Mean Estimation Error (RMEE) for the individual production estimates of
the Battle Creek wild stock. Battle Creek represents the group of wild stocks that have a low
proportion of wild fish in the in-river escapement (Type m stocks).
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Figure 13: Relative Mean Estimation Error (RMEE) plotted against the number of negative
estimates for Battle Creek natural freshwater production and escapement.
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Figure 14: The number of negative estimates for Battle Creek natural freshwater production and
escapement related to the four treatment variables.
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Figure 15: RISK for the American River wild stock total production estimates. American River
represents the group of wild stocks that have a high proportion of wild fish in the in-river escapement
(Type M stocks).
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Figure 16: RISK for the individual production estimates of the American River wild stock. Amer-
ican River represents the group of wild stocks that have a high proportion of wild fish in the in-river
escapement (Type M stocks).
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Figure 17: RISK for the Battle Creek wild stock total production estimates. Battle Creek repre-
sents the group of wild stocks that have a low proportion of wild fish in the in-river escapement
(Type m stocks).



MTR program for CV hatchery chinook salmon. July 8, 2004 56

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

● ●
● ● ● ●

●

●
● ● ● ●

●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

● ●
●

●
●

●

●

● ● ● ● ●

●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

● ●
● ●

●
●

●

● ●
● ●

●
●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

● ●
● ● ●

●

●

● ● ● ● ●
●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

● ● ● ● ●
●

●

●
● ●

● ●
●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

● ●
● ● ●

●

●

● ● ●
●

●
●

●

5 20 33 50 100

R
IS

K

Ocean Production

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

●
● ● ● ● ●

●

●
● ● ● ● ●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

● ● ● ● ●
●

●

● ● ● ●
● ●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

● ●
● ●

●
●

●

●
● ● ● ●

●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

● ● ● ● ●
●

●

● ● ● ● ●
●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

● ● ● ●
● ●

●

● ● ● ● ●
●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

● ● ●
● ● ●

●

● ●
● ● ● ●

●

5 20 33 50 100

R
IS

K

Freshwater Production

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

●
● ● ●

● ●

●

●

● ● ● ●
●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

●
● ●

● ● ●

●

● ●
● ● ●

●
●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=10 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

● ●

●
● ●

●
●

● ●

●
● ●

●
●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 2.5

f

5 20 33 50 100

   ECV

20
40

●
● ● ●

●

●

●

● ●

●
● ● ●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 5

f

5 20 33 50 100

   ECV

20
40

● ●
●

●
● ●

●

● ●

● ● ●
●

●

5 20 33 50 100

0.
0

0.
5

1.
0

1.
5

CSR=20 & ESR = 10

f

5 20 33 50 100

   ECV

20
40

● ●
● ● ●

●
●

●
●

●
● ●

●

●

5 20 33 50 100

R
IS

K

Escapement

Figure 18: RISK for the individual production estimates of the Battle Creek wild stock. Battle
Creek represents the group of wild stocks that have a low proportion of wild fish in the in-river
escapement (Type m stocks).
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Figure 19: Histograms of the true and estimated Total Natural Production values simulated in all
simulations. The variation in both true and estimated values comes from the natural processes,
while the estimated values also include sampling variability.
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Figure 20: Relative Mean Estimation Error (RMEE) of estimated Total Natural Production for
each treatment combination.
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Figure 21: The mean number of negative estimates related to each treatment factor. A maximum
of 6 negative estimates were possible for each simulation.
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Figure 22: The bias plotted against the number of negative estimates for Total Natural Production.
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Figure 23: The calculated risk of Total Natural Production for each treatment combination. The
top and bottom sets of plots contain the same values, except that they are plotted in different ways.
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Figure 24: A histogram of the true Total Production numbers simulated in all simulations. Variation
in these values is due to variability in the natural processes. All simulations are comparable because
the treatment levels are only marking and sampling parameters. The x-axis is on the same scale
as in Figure 19 to show the contribution of Total Natural Production.
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Figure 25: Relative Mean Estimation Error (RMEE) of estimated Total Production for each
treatment combination. The top and bottom sets of plots contain the same values, except that
they are plotted using a different arrangement of treatment combinations.
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Figure 26: The calculated RISK of each treatment combination for Total Production. The top
and bottom sets of plots contain the same values, except that they are plotted using a different
arrangement of treatment combinations.
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Figure 27: Interaction plots for the various factors for the Mean Total Cost of tag reading.
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MTR program for CV hatchery chinook salmon. July 8, 2004 67

0
10

0
20

0
30

0
40

0
50

0

CSR = 10 & ECV=20

f

5 20 33 50 100

   ESR

2.5
5
10

●
●

●
●

●

●

●

●
●

●
●

●

●

●

●
●

●
●

●

●

●

5 20 33 50 100

0
10

0
20

0
30

0
40

0
50

0

CSR = 10 & ECV=40

f

5 20 33 50 100

   ESR

2.5
5
10

●
●

●
●

●

●

●

●
●

●
●

●

●

●

●
●

●
●

●

●

●

5 20 33 50 100

0
10

0
20

0
30

0
40

0
50

0

CSR = 20 & ECV=20

f

5 20 33 50 100

   ESR

2.5
5
10

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

5 20 33 50 100

0
10

0
20

0
30

0
40

0
50

0

CSR = 20 & ECV=40

f

5 20 33 50 100

   ESR

2.5
5
10

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

5 20 33 50 100

M
ea

n 
ta

g 
re

ad
in

g 
co

st
s 

fo
r 

oc
ea

n 
ca

tc
h 

(t
ho

us
an

ds
 o

f d
ol

la
rs

)

0
10

0
20

0
30

0
40

0
50

0

ECV=20 & ESR = 2.5

f

5 20 33 50 100

   CSR

10
20

●
●

●
●

●

●

●

●

●

●

●

●

●

●

5 20 33 50 100

0
10

0
20

0
30

0
40

0
50

0

ECV=20 & ESR = 5

f

5 20 33 50 100

   CSR

10
20

●
●

●
●

●

●

●

●

●

●

●

●

●

●

5 20 33 50 100

0
10

0
20

0
30

0
40

0
50

0

ECV=20 & ESR = 10

f

5 20 33 50 100

   CSR

10
20

●
●

●
●

●

●

●

●

●

●

●

●

●

●

5 20 33 50 100

0
10

0
20

0
30

0
40

0
50

0

ECV=40 & ESR = 2.5

f

5 20 33 50 100

   CSR

10
20

●
●

●
●

●

●

●

●

●

●

●

●

●

●

5 20 33 50 100

0
10

0
20

0
30

0
40

0
50

0

ECV=40 & ESR = 5

f

5 20 33 50 100

   CSR

10
20

●
●

●
●

●

●

●

●

●

●

●

●

●

●

5 20 33 50 100

0
10

0
20

0
30

0
40

0
50

0

ECV=40 & ESR = 10

f

5 20 33 50 100

   CSR

10
20

●
●

●
●

●

●

●

●

●

●

●

●

●

●

5 20 33 50 100

M
ea

n 
ta

g 
re

ad
in

g 
co

st
s 

fo
r 

oc
ea

n 
ca

tc
h 

(t
ho

us
an

ds
 o

f d
ol

la
rs

)

Figure 29: Interaction plots for the various factors for the Mean Cost of tag reading attributed to
ocean catches.
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Figure 30: Interaction plots for the various factors for the Mean Cost of tag reading attributed to
freshwater catches.
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Figure 31: Interaction plots for the various factors for the Mean Cost of tag reading attributed to
in-river escapement.
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Figure 32: Interaction plots for the various factors for the Mean Cost of tag reading attributed to
in-hatchery escapement.
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Figure 33: Percentage of cost that each fate contributes to the Total tag reading Cost.
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Figure 34: Interaction plots of the Total Cost.


