








1 Executive Summary

An evaluation of appropriate levels of sampling needed to develop age composition estimates was

made by appealing to multinomial sampling theory. Random sample sizes of at least 600–800 read

scales are recommended for each stratum where age composition is of interest. This will suffice to

assure confidence intervals on proportions in each age class no wider than 0.05, provide acceptable

relative precision for reasonably small proportions, and have a high probability of detecting rare

age classes when present. Sample sizes have tended to be larger than the recommended levels at

Iron Gate Hatchery, Trinity River Hatchery, the Yurok tribal fishery, and in some cases, the total

river recreational fishery and the Hoopa Valley tribal fishery. Spawners in some sectors (e.g., Scott

River, Bogus Creek, Willow Creek Weir) have generally been sampled adequately for scales, while

others (e.g., Salmon River, Shasta River, lower Trinity mainstem) have frequently been undersam-

pled.

The potential to use coded-wire tag (CWT) recovery data alone to determine age composition

of hatchery returns was considered. Assuming that all fish returning to hatcheries are of hatchery

origin, and thus marked and tagged at an approximately 25 percent rate, the number of CWT re-

coveries would generally provide adequate sample sizes for age composition determination. How-

ever, using CWT data alone would only be appropriate if the contribution of natural-origin fish to

hatchery returns are trivial, since CWT’d fish provide no information on the age composition of

natural-origin fish. Until an evaluation of the natural-origin fish contribution to hatchery returns is

undertaken, and results demonstrate that natural origin fish make up a trivial fraction of hatchery

returns, the current practice of scale collection and reading from a randomly drawn sample should

continue.

Scale aging validation matrices are constructed to correct for biases introduced by scale reading

errors. The persistent problem of few (or zero) known age-5 fish present in annually constructed

scale aging validation matrices was considered. Sample sizes for known age-5 fish used in valida-

tion matrices have almost always been inadequate (i.e., less than approximately 20 scales per true

age). Establishing a library of known age-5 scales, archived across years, would allow for sup-

2



plementing sample sizes when constructing validation matrices. Errors introduced by combining

known age-5 fish data across years are likely to be small relative to the sampling error associated

with the current reality of small annual age-5 sample sizes.

The practice of using multiple readers to age all scales is costly relative to a system where

separate sets of scales are read by separate readers. It is unclear whether the benefit of using

multiple readers, in terms of accuracy, is sufficient to justify the cost. A potential approach to

evaluate the difference in scale reading accuracy between the multiple reader versus single reader

approach is described.

Reader-specific validation matrices may be necessary if a change is made from the status quo

procedure of using multiple readers to age a set of scales. If single readers are used to age separate

sets of scales, the construction of reader-specific validation matrices is recommended.

Consideration was given to the appropriate spatial and temporal scales for validation matrices.

Past estimates suggest that scale aging accuracy is lower when scales are taken from carcasses

relative to harvested fish sampled earlier in the run and lower in the river, likely owing to differing

degrees of scale resorption. The suitability of applying the same validation matrix to different strata

(e.g., harvest versus carcass surveys) should be evaluated annually. If substantial differences in

scale-age error rates exist between survey strata, separate validation matrices should be considered.

To ensure adequate sample sizes for stratum-specific validation matrices, pooling scales across

years may be warranted.
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2 Introduction

At the request of Ernest Clarke (US Fish and Wildlife Service, Trinity River Restoration Program,

Science Program Coordinator), we initiated an evaluation of the methodology used to generate es-

timates of the age composition of Klamath-Trinity Basin fall Chinook salmon. Materials reviewed

included a fiscal year 2014 proposal for scale age analysis in the basin (Logan et al. 2013), the most

recent report from the Klamath River Technical Team (KRTT) on age composition estimation in the

Klamath-Trinity Basin (KRTT 2013), equivalent reports from earlier years, a compilation of Excel

spreadsheets containing the tables from earlier such reports for run years 2003–2012 (KRTT file

archive maintained by Mohr and O’Farrell), and a recent review of the adult salmonid monitoring

programs of the Trinity River Restoration Program (Bradford and Hankin 2012).

Our charge was to provide 1) an “assessment/evaluation of the level of sampling needed to

develop the post-season age composition of the Klamath-Basin run” and 2) input on “if hatchery

CWT recoveries, with the 25% ad-clip/CWT marking, could be used for hatchery age composition

rather than collecting scale samples at the hatchery”, along with “any other recommendations to

make this project more efficient while still providing the necessary data for stock assessment and

harvest management activities”. Additional topics of interest we identified early in our review

were 3) how to deal with the rarity of known age-5 fish when constructing scale aging validation

matrices, 4) the need for multiple readers to analyze the same set of scales, 5) the need for reader-

specific bias correction, and 6) the appropriate temporal and spatial scale for the construction and

application of scale aging validation matrices.

All recommendations provided herein are based upon statistical power analyses and our un-

derstanding of the sampling programs in the basin. We are well aware that samplers face on-the-

ground challenges that we are either unaware of or not able to fully appreciate, and that there may

be reasons why sampling rates in some strata must be lower than is recommended here, or that ad-

ditional information needs may merit more intensive sampling in some strata than is recommended

here.
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3 Level of sampling needed

The sample size requirements for any sampling program depend on the specific goals and ques-

tions the sampling is intended to address, as well as situation-specific constraints. At some level,

decisions must be made about the level of precision desired, and these decisions must at times

be somewhat arbitrary. In the development of scale-aging plans for California’s Central Valley,

sample size advice (Mohr, unpublished) was provided on the basis of a desire that 95% confidence

intervals on the proportions estimated for each age-class contributing substantially to the river re-

turns be no wider than 0.05. This seems like a reasonable standard to apply to the Klamath-Trinity

Basin as well, although we note that proportions of age-2 (0.07 in 2012) and age-5 (0.01 in 2012)

may be small enough that an error of 0.05 is large in relative terms.

Bromaghin (1993) describes sample size requirements for estimating proportions under a multi-

nomial random sampling model, when more than two proportions are estimated simultaneously

from the same population using simple random sampling with replacement. In practice, the sam-

pling for scales within a stratum is further stratified temporally or conducted systematically over

the course of the run and it is done without replacement, but the simple random sampling with

replacement model serves as a good approximation when the sampled fraction is small, and will

be “conservative” (from a statistical rather than budgetary perspective) when the sampled fraction

is large. Under this sampling model, a sample size of 618 is required to assure simultaneous 95%

coverage of confidence intervals no wider than 0.05 on four proportions (i.e., age-2 through age-

5), assuming no uncorrected aging error. Note that simultaneous coverage for all four intervals

requires that individual intervals be narrower, requiring almost 99% coverage for individual inter-

vals when four proportions are considered. For 95% confidence intervals on individual proportions

to meet the same standard would require a sample size of 381 in this case. Figure 1 shows how the

required sample size varies as a function of the desired confidence interval width. Note that much

larger sample sizes are needed to reduce the confidence interval width below 0.02.

As noted earlier, a constant confidence interval width of 0.05 may be wide relative to the pro-

portions for rarer age classes (i.e., age-2 and especially age-5), but at the same time the calculations
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Figure 1. Required sample size given multinomial random sampling model with four age classes and
desired 95% confidence interval width on proportions as specified on the x-axis. The solid line indicates the
sample size required such that the confidence interval coverage is for all proportions simultaneously, while
the dashed line is for a single proportion.

presented in Figure 1 assume a worst case scenario in which the proportion of one age-class is equal

to 0.5 (i.e., confidence intervals on smaller proportions would be narrower given the same sample

size if all proportions were far away from 0.5). To explore the sample size requirements necessary

to satisfy a proportional error standard, we solved equation 15 of Bromaghin (1993) substituting

various proportions for pi and using a specified multiple of those proportions for di. The results are

plotted in Figure 2. Very small proportions may be impossible to estimate with precision, however

it might be desirable to estimate proportions � 0.03 with a confidence interval no wider than half

the estimated proportion, roughly equivalent to ±25% (but note that confidence intervals are not

necessarily symmetric, especially for small proportions). This would require a sample size of 846

to achieve 95% coverage for four age classes simultaneously. However the required sample size

decreases to 521 if coverage is evaluated for only a single confidence interval (along with 792 for

0.02 and 1606 for 0.01), which may be appropriate when evaluating proportional errors if only one

age class is expected to be particularly rare. For proportions smaller than 0.02, the required sample

size scales almost linearly with the inverse of the proportion, i.e. estimating a proportion half as
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small requires twice the sample size (Figure 2).

A final consideration is the ability to detect a rare age-class, given that it is present. This is a

particular concern because the Kimura and Chikuni (1987) algorithm, often used by the KRTT to

correct for scale reader bias, will always converge to a solution of zero age-5 individuals if there

are zero read age-5 fish in the sample, even if the validation matrix states that age-5 fish are highly

likely to be misread as age-4 fish. Allen-Moran et al. (2013) describe minimum sample sizes

needed to detect rare stocks/ages. For example, there is a 99.9% chance of detecting a stock/age-

class with a proportion as small as 0.01 if the sample size is 688 (but note that the proportion read

as age-5 may be smaller than the proportion that is age-5). Halving the target proportion requires

approximately doubling the sample size.

The considerations above suggest a sample size on the order of 600–800 would be adequate

to estimate the age composition of a single population using a simple random sample, although

errors in the smallest estimated proportions could be large on a relative scale. The Klamath-

Trinity Basin is of course subdivided and a stratified sampling scheme is employed. To estimate

the age composition for the basin as a whole, a basin-wide total sample size on the same order

would suffice if the stratified sampling scheme was fully representative and proportional (i.e., each

stratum received a fraction of the total sampling effort in proportion to its contribution to the total

river return) both spatially and temporally. However, such a scheme would be exceedingly difficult

if not impossible to implement, and would not yield stratum-specific age composition estimates

which are used to derive a number of quantities important to assessment (e.g, fishery-age-specific

harvest selectivity parameters, and area-age-specific spawning escapements), so we assumed that

stratum-specific estimates are desired, with strata defined at the level of subdivision reported in,

e.g., KRTT (2013, Table 5).

Each stratum should have sample sizes on the order of 600–800 to yield acceptable precision in

stratum-specific estimates. The exception to this rule would be strata for which the stratum-specific

total number of fish is so small that a sample size this large requires sampling a large fraction of the

total number, or for which the total number is less than 600 fish. For small strata, the sampling with
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Figure 2. Required sample size given multinomial random sampling model with four age classes in which
the desired 95% confidence interval width scales with target proportions as specified in panel titles, with
target proportions as specified on the x-axis. The solid line indicates the sample size required such that
the confidence interval coverage is for all proportions simultaneously, while the dashed line is for a single
proportion.
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Table 1. Number of scale-aged fish in each year-stratum, 2003–2012.

Salmon Scott Shasta Bogus Klamath Upper Blue Willow Lower Lower
River River River Creek River Klamath Creek Creek Trinity Trinity

Year Carcass Carcass Carcass Weir Carcass Tribs Snorkel Weir Carcass Tribs

2012 398 1,475 610 1,086 843 95 19 1,213 19 5
2011 423 1,751 280 1,099 590 144 134 805 49 100
2010 137 496 25 856 444 35 5 629 9 21
2009 224 757 372 1,052 1,154 215 70 574 45 18
2008 297 1,107 204 689 888 0 47 920 0 5
2007 133 1,299 133 808 1,102 0 19 396 0 1
2006 159 1,162 487 637 531 0 0 444 29 10
2005 54 151 404 986 214 5 0 699 25 1
2004 61 107 284 880 502 0 0 1,040 67 78
2003 792 1,209 380 326 485 55 0 570 48 54

replacement approximation no longer applies, and the required sample size could be determined

using a model based on the multivariate hypergeometric sampling model. However, results from

Allen-Moran et al. (2013) comparing the hypergeometric and binomial sampling models suggest

that substantially smaller sample sizes will only suffice when the total number of fish is so low

that a large fraction (e.g., 50% or more) would be sampled. Thus, high sampling rates would be

required for acceptable precision in estimates made for small strata.

The number of unknown-age scales read at Iron Gate Hatchery has ranged from 969–1,541

between 2003 and 2012 while numbers for Trinity River Hatchery have ranged from 797–3,680.

Including known-age (CWT) fish, the total sample sizes are even larger. Thus scale reading rates

for hatchery spawners appear to be more than adequate and could be reduced in years of high

returns. See also Section 4 for a discussion of whether the hatchery age composition could be

properly estimated from the CWT, known-age, recovery data alone.

Table 1 reports the year-stratum-specific sample sizes (both tagged and untagged fish) for nat-

ural area spawners and the Willow Creek Weir, 2003–2012, and Table 2 reports the corresponding

sampling fractions. In some years, the Scott River, Bogus Creek, and Klamath River Mainstem

sample sizes are slightly larger than required, but in general sample sizes for these strata seem

sufficient while not excessive. Recent sample sizes at the Willow Creek Weir have been adequate,

although sample sizes were low and represented small proportions of the run in 2006–2007. Sam-
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Table 2. Sampling fraction of scale-aged fish in each year-stratum, 2003–2012.

Salmon Scott Shasta Bogus Klamath Upper Blue Willow Lower Lower
River River River Creek River Klamath Creek Creek Trinity Trinity

Year Carcass Carcass Carcass Weir Carcass Tribs Snorkel Weir Carcass Tribs

2012 .09 .16 .02 .09 .05 .02 .02 .02 .03 .01
2011 .08 .32 .02 .21 .08 .02 .09 .01 .05 .16
2010 .05 .20 .02 .25 .11 .02 .01 .02 .19 .10
2009 .08 .34 .06 .18 .14 .07 .07 .03 .06 .07
2008 .12 .24 .03 .15 .13 .00 .09 .05 .00 .01
2007 .09 .29 .07 .17 .16 .00 .04 .01 .00 .00
2006 .08 .23 .22 .15 .10 .00 .00 .02 .15 .05
2005 .11 .20 .20 .18 .05 .01 .00 .05 .14 .01
2004 .10 .23 .30 .23 .10 .00 .00 .07 .07 .23
2003 .23 .10 .09 .02 .03 .03 .00 .02 .17 .08

ple sizes on the Salmon River, Shasta River, Upper Klamath River Tributaries, Blue Creek, and

Lower Trinity River Mainstem and Tributaries have often been inadequate for stratum-specific

estimates (with the possible exception of the Shasta River in 2012). While logistic constraints

may limit sample sizes in some of these strata, and large sample sizes are impossible when the

total number of fish are low (e.g., Lower Trinity River), these strata do require increased sampling

intensity to yield acceptable precision of stratum-specific estimates.

Typically, 15–40% of the fisheries harvest is sampled (Logan et al. 2013) with all sampled

scales read. Total recreational harvest (primarily from the Klamath River) between 2003–2012

ranged form 2,615 to 17,432 with realized sample sizes varying from 610–2,355. Thus, sample

sizes for the recreational fishery have typically been adequate, and while some years the sample

size may have been larger than required, it appears that the sampling rate is appropriately scaled

back in years of high harvest (i.e., sample sizes varied only approximately 4-fold while harvest

varied almost 7-fold). The combined Yurok and Hoopa Valley tribal harvest is typically larger than

the recreational harvest and sampled at a lower rate, usually resulting in adequate sample sizes.

Sample sizes for the combined harvest varied from 2,896 (2005) to 5,725. The number of scales

read in the Yurok tribal harvest on the Klamath River varied from 1,128 (2006) to 2,916 below the

Highway 101 bridge and from 853 (2007) to 2,252 above the Highway 101 bridge. The number

of scales read in the Hoopa Valley tribal harvest on the Trinity River ranged from 373 (2004) to
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1,887, and except for 2004 and 2005 (495), at least 640 scales were read in each of the remaining

years between 2003 and 2012. Thus, the number of scales read from the harvest of these two tribes

has typically been more than adequate, and especially for the Yurok tribal fishery could be reduced

in years of high harvest while still achieving the standards for precision outlined earlier.

4 Potential to estimate hatchery age composition from CWT

data only

From 2003–2012, spawner counts ranged from 11,231–40,015 at Iron Gate Hatchery and 4,549–

30,391 at Trinity River Hatchery. Currently, approximately 25% of the production at these two

hatcheries is adipose fin clipped and coded-wire tagged. Therefore, if all spawners counted at the

hatchery were of hatchery origin, we would expect that 25% would contain a CWT, and thus there

is the potential to obtain known-age fish sample sizes well over 1,000 based on the CWT recoveries

alone at the hatcheries. From the perspective of sample size, this would be adequate to estimate the

age composition of the fish entering the hatcheries. However, there are two important additional

considerations that should be addressed before doing so.

First, not all fish entering the hatchery are hatchery-origin fish. It is not reasonable to assume

that the age structure of hatchery- and natural-origin fish entering the hatcheries is identical given

the known life history and maturation schedule differences between fingerling and yearling re-

leases, as well as the potential for interannual variation in the factors determining the year class

strength of natural-origin fish. Therefore, the contribution rate of hatchery- versus natural-origin

fish, as well as its variability over time, would need to be evaluated to address this question. If

natural-origin fish were found to make up a nontrivial fraction of fish entering the hatchery, the

overall age structure could not be properly estimated from the CWT’d fish alone. Rather, it would

appear necessary to continue the current practice of drawing a random sample of fish, whether

marked with an adipose fin clip or not, of adequate size to estimate the age composition of the

composite population from which the sample was drawn. It would then be possible to use scale-
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read ages from only the subset of fish without CWT, correct the age structure of those scale-read

fish using the usual bias correction method, and then pool the bias-corrected number of scale-aged

fish in each age class with the number of CWT-aged fish in each age class to generate an estimate

of the overall age composition of the fish entering the hatchery. In this scenario, some scales from

CWT’d fish likely would need to be read to construct the validation matrix (see Sections 5 for sam-

ple size suggestions and 8 for considerations regarding stratum-specific validation matrices), but

reading the scales from all or even most the CWT’d fish may not be strictly necessary for the pur-

poses of estimating the age composition. However, it is possible that a small number of ad-clipped

fish may lack a CWT due to tag loss or marking errors.

Second, it might be important to read scales from some minimum number of known-age fish

in the hatcheries in order to obtain adequate sample sizes to construct the scale aging validation

matrix/matrices. Records of known age-5 fish are particularly sparse in previous years’ validation

matrices, but sample sizes for age-2 fish have also sometimes been low, especially for the Trinity

River. Age-5 spawners are rare at the hatcheries and thus hatcheries may yield few age-5 fish for

validation purposes. Age-2 fish are also somewhat underrepresented at hatcheries, but hatcheries

may be more effective at boosting the sample size for known age-2 fish. However before advo-

cating increased collection of fish from any particular sector for constructing validation matrices,

attention must be given to the appropriate spatial and temporal scale for developing and applying

validation matrices, as described in Section 8.

5 Age-5 fish in validation matrices

Scale aging validation matrices are used to correct for biases in scale reader assigned ages based

on the age-specific misassignment probabilities (Kimura and Chikuni 1987) as estimated from

the reading of scales of known-age CWT’d fish. Table 3 provides example validation matrices

(discussed further in Section 8) that illustrate how these matrices are constructed. The number of

known age-5 fish with scales read in any particular year is typically low (less than 10 in 5/10 years
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Table 3. Scale aging validation matrices used for reader bias correction within the Klamath River proper in
2005 (KRTAT 2006), calculated separately for scales collected from carcasses (panels a and c) versus scales
collected from the harvest (panels b and d). Panels a and b show the raw number of scales from fish of a
given known-age which were assigned to the various possible read-ages, while panels c and d report the
derived set of probabilities that a fish of a given known-age is assigned to the various possible read-ages.

(a) Carcass numbers.

Known-age

Read-age 2 3 4 5

2 9 9 1 0
3 0 318 36 0
4 0 15 260 23
5 0 1 0 9

Total 9 343 297 32

(b) Harvest numbers.

Known-age

Read-age 2 3 4 5

2 10 1 0 0
3 2 121 3 1
4 0 13 92 1
5 0 0 2 6

Total 12 135 97 8

(c) Carcass probabilities.

Known-age

Read-age 2 3 4 5

2 1.000 0.026 0.003 0.000
3 0.000 0.927 0.121 0.000
4 0.000 0.044 0.875 0.719
5 0.000 0.003 0.000 0.281

Total 1.000 1.000 1.000 1.000

(d) Harvest probabilities.

Known-age

Read-age 2 3 4 5

2 0.833 0.007 0.000 0.000
3 0.167 0.896 0.031 0.125
4 0.000 0.096 0.948 0.125
5 0.000 0.000 0.021 0.750

Total 1.000 1.000 1.000 1.000

in the Klamath River and 9/10 years in the Trinity River 2003–2012). In some years no scales from

known age-5 fish are sampled, and it is simply assumed in constructing the validation matrix that

all known age-5 fish are read as age-5 fish (i.e., the age-5 column of the validation matrix is all

zeroes except for a one in the age-5 row). This treatment of zeroes is clearly ad hoc, and estimating

probabilities of correct reads from small samples is unsatisfactory both because of the restriction to

discrete possible values (e.g., if only two known-age scales are read, the only possible estimates are

100% correct, 50% correct, or 0% correct) and the large amount of sampling uncertainty associated

with small samples (e.g., with 1/2 correct, the standard error (SE) on the estimated probability is

0.35, with ±2 SE yielding a confidence interval of -0.2 to 1.2). A sample size of at least 20

scales per true age is required for probabilities to be estimated in increments as small as 0.05, and

also yields an SE near 0.05 for large or small probabilities (i.e., the SE associated with 19/20 is
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0.049, although the SE increases for proportions closer to 0.5, with a maximum of 0.11 for 10/20).

Although sufficient sample sizes may generally be available for ages 2–4, it seems unlikely that

sample sizes this large (or ideally larger) will be available for known age-5 fish in most years, even

with increased sampling effort targeted toward larger or more downstream fish (see also the spatial

issues raised in Section 8).

An alternative approach employed in California’s Central Valley (B. Kormos, CDFW, personal

communication) is the establishment of an archive library of known age-5 scales across years. In

the Central Valley case, digital images of scales are obtained and archived, although mounted slides

could be similarly preserved and cataloged. Then if the number of known age-5 scales available in

a particular year is inadequate, scales (or scale images) could be randomly drawn from the archive

and pooled with the current year’s samples until an adequate sample size is obtained. Alternately,

since in most years the number of known age-5 scales read will be very small, scales from all fish in

the archive (along with the current year’s) might be used to construct the current year’s validation

matrix unless the estimated read probabilities differ significantly between the current year’s scales

and the collection of scales to date.

A potentially more efficient alternative to re-reading all scales each year would be to keep a

running tally of the ages read from true age-5 scales across years, and using this tally to augment

the validation matrix rather than re-reading the archived scales each year. This approach would not

be able to capture the effects of changing readers (or of changes in a single reader’s performance),

but if the same readers are used for many years and perform consistently, or if differences among

readers are small relative to the statistical power available (see Section 8), this may be a small loss.

Neither a running tally nor re-reading the archived scales will be able to capture differences

in scale misreading rates caused by biological changes across years (e.g., scales from years with

anomalously slow growth may be more difficult to read correctly). However, especially for age-5

fish, the practically achievable sample sizes are likely not adequate to reliably identify the relatively

small changes across years that seem apparent in the misread rates for the age-3 and age-4 fish (see

Section 8).
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6 Need for multiple readers

Currently, two readers independently assign an age to each scale, and if they disagree on the

age assigned to a particular fish they confer and reach consensus. The validation matrix is then

constructed based on these consensus ages assigned to known-age fish, and used to adjust age

proportions among read-age fish. Presumably, this two-reader method leads to increased accuracy

in assigned ages and a more precisely estimated validation matrix. However, this comes at a cost

since the same amount of reader time could be used to read twice as many scales if effort was not

duplicated.

Our review of the literature did not reveal convincing demonstrations one way or the other

regarding the utility of a second reader. Flain and Glova (1998) reported that “fish aging by one

experienced reader was more precise and more accurate than by combined efforts of several read-

ers”, but this was based on a comparison of the accuracy of reads made by a single experienced

reader aging New Zealand Chinook salmon versus the reported accuracy in the literature of mul-

tiple readers in a variety of other systems, with no direct comparisons of single versus multiple

readers in the same system.

In part, the potential benefits of a second reader will depend on how often the two readers

disagree, and how often the two-reader system is effectively equivalent to a single-reader system

where one reader consistently defers to the judgment of the other. If the currently available records

allow, we suggest performing an evaluation of the historical data to see how often the consensus

age was originally assigned by one reader versus another in this system, as well as quantifying how

often initial disagreements occurred and how often re-assessment of a single reader’s ages would be

warranted. An even more useful analysis, if possible, would be to construct independent validation

matrices for each reader and apply these independent validation matrices to the read ages assigned

to each known-age scale by each reader. In addition, the combined-reader validation matrix should

be applied to the consensus ages read for the known age scales. Then, a comparison could be made

between the actual age composition of the known-age scales and the estimates that would have

been generated based on the first reader alone, the second reader alone, and the consensus ages.
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Repeated across years and sets of readers, this would provide direct evidence for or against the

benefits of the multiple reader approach, and allow quantifying the benefits such that an informed

judgment could be made as to whether the benefits justified the increased cost. If the currently

available data do not allow for such a comparison, data recording and archiving procedures should

be revised to allow for it in the future, such that for every scale read, the data from that scale

(including its corresponding CWT, if applicable) are uniquely identifiable and a record is available

of the ages originally assigned by each reader as well as the consensus age assigned to that scale.

7 Need for reader-specific validation matrices

In a two-reader, consensus-based approach, it would seem like the only possible approach is one

where the validation matrix is also based on the consensus of the same set of multiple readers, since

the Kimura and Chikuni (1987) approach updates proportions rather than individual assignments,

and so there would be no way to correct and then combine individual reader results. If multiple

readers were used, but to age different sets of scales to maximize the total number of fish aged

per reader time spent, it would seem like there would be little cost to constructing reader-specific

validation matrices so long as each reader read a sufficient number of known-age scales, and this

would be the recommended approach. This might require supplying each reader with supplemental

known age-5 (and possibly age-2) scales to assure adequate reader-specific sample sizes. However,

should this prove cumbersome, it appears that reader-specific variability in error rates may be small

relative to the amount of sampling error likely given practical sample sizes (see Section 8), such

that a combined validation matrix may sacrifice little accuracy. Detailed comparisons of individual

reader performance would be needed to assess this rigorously.

8 Appropriate temporal & spatial scale for validation matrices

Figure 3 depicts annual variation in the proportion of fish of different known ages that were

scale-aged correctly. Annual variation in the estimated proportion aged correctly reflects the com-
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Figure 3. Proportion of scales from known age-3 (white circles), age-4 (black circles), and age-5 (grey
circles) fish correctly assigned as reported in the 2003–2012 validation matrices. Error bars are ±1 SE.
Age-5 results are only plotted for years in which at least two known age-5 scales were read, in addition the
age-5 2003 Klamath River and 2006 and 2009 Trinity River results (2/2, 2/2 and 3/3 correct, respectively)
are not plotted since a SE could not be calculated. Note that in 2005 separate estimates were made for the
Klamath River harvest versus carcass data, and the accuracy was higher for age-3 in the carcass data and
higher for age-4 and age-5 in the harvest data.

bined effects of variation in scale characteristics and readability due to biological differences (e.g.,

growth rates) across years, the effects of any changes in readers through time, and sampling er-

ror associated with finite sample sizes available each year. Note however that the years analyzed

(2003–2012) do not include years with ocean conditions associated with anomalously poor growth

in California salmon populations (Satterthwaite et al. 2012). For age-3, the probability of assigning

correctly is typically high and sample sizes are typically large, resulting in precise estimates that

vary little in most years, while those years appearing most different from the rest also have smaller

sample sizes and increased uncertainty. For age-4, the rates of correct assignment are lower, sam-

ple sizes smaller, and uncertainty higher, but again few years stand out as clearly different from

the rest given the uncertainty. Error rates for age-5 appear higher, along with much higher un-

certainty due to small sample sizes. Together, these results suggest that annual variation in scale
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reading error may be small relative to the precision that typical sample sizes make possible, and

attempting to quantify annual variability in age-5 error rates may be particularly difficult. Thus, we

reiterate our Section 4 suggestion to consider pooling age-5 results across years or establishing an

archive library of age-5 (and possibly age-2, although error rates are typically much lower) scales

to supplement the available sample size when generating new validation matrices. For other ages,

adequate year-specific data should generally be available and used when possible, bearing in mind

the lack of “poor growth years” in the dataset used to quantify variation in the error rates to date.

We noted that in 2005, separate validation matrices were constructed (KRTAT 2006) for scales

taken from carcasses versus harvest in the Klamath River proper (Table 3). Only 9/32 known age-5

carcasses were aged correctly, compared to 6/8 known age-5 scales sampled from the harvest. This

is consistent with the concern raised by Logan et al. (2013) regarding “progressive resorbtion of

last annulus on scales collected in terminal spawning areas, as contrasted to scales read by the same

reader that may have been collected early after river entry”. It thus may be inappropriate to apply

the same validation matrix to scales collected in the harvest, scales collected in carcass surveys,

and scales collected from live fish recovered at hatcheries or weirs which may be intermediate

between the two. The criteria used by the KRTAT to assess the “significance” of the observed

difference in the validation matrices was not described in their report (KRTAT 2006), and the

potential for significant differences among strata is not discussed in their reports from other years.

Stratum-specific results are reported for the Trinity River (but not the Klamath River) in Appendix

G of the annual KRTT reports, but the realized sample sizes for age-5 fish are inadequate to allow

for within-year comparisons. Pooling all years (2001–2012) together, 8/9 known age-5 fish were

correctly aged from scales collected in the Hoopa Valley tribal harvest (89%), while 26/38 (68%)

were aged correctly from the Trinity River Hatchery (sample sizes for other strata were clearly

inadequate even after pooling across years). Although this difference is not statistically significant

(p = 0.41, Fisher’s exact test), the statistical power of this test is low (even after pooling across

years) and the observed difference is consistent with expectations based on scale resorption and

the 2005 Klamath River results. While sample sizes of age-2 and age-5 fish are likely inadequate
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for stratum-specific validation matrices in most years, pooling scales across years for these ages

might allow for stratum-specific validation matrices. We recommend further comparison of harvest

versus carcass versus hatchery scale aging error rates to determine whether the 2005 results are

typical.
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