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Introduction

The intent of this brief report is to describe thsults of a stock-recruit analysis focused
on Skeena lake sockeye CUs to develop benchmadkevaatuate status. This effort is part of a
larger project to estimate benchmarks and statuslf@€Us in the Skeena watershed. Most of
the methods and approaches used here will apgthtr CUs in the Skeena, so a review of the
analytical approach used for one species, wherddteeare relatively good, is a logical
beginning. The first version of this report wasesed January 9, 2012. This version includes the
following revisions and additions: 1) computatidraa alternative lower benchmark, Sgen2,
which is the escapement needed for the stock tivezdo Smsy (the escapement that maximizes
yield) in two generations; 2) correction of the tfedd overestimate of escapement data for
Kiwtwancool between 2000 and 2010; 3) inclusiomafst recent escapement data available for
all CUs (this change only influences the time sepilts of escapement but not the stock-recruit
analysis as the recruitment estimates for thesedoyears are not yet available); 4) examination
of residuals from the stock-recruitment curve auee to evaluate evidence for temporal trends
in productivity; and 5) a more detailed analysishef Babine Lake data (by stock group) to
compare stock-recruitment curves for the aggregiatiewild components. We evaluate whether
the wild stock components have lower productivitgrt the aggregate, which is dominated by
the production from spawning channels. These m@visaddress many of the questions outlined
in a letter from the salmon committee of the madaeservation caucus on Feb. 27, 2012.

Outstanding questions in this letter will be addegsat an upcoming workshop in Terrace.
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Data

There are 31 lake sockeye CUs in the Skeena ofmdtichave escapement data (Table
1). The stock-recruit data used here was basescapement and recruitment estimates
prepared by English et al. (2011, LGL) in consigtawith S. Cox-Rogers and D. Peacock
(DFO). Recruitment associated with each brood geaapement was determined based on
estimates of total exploitation rate by return y&ad the average age compositions across years.
In the case of lake sockeye in the Skeena, thexgasnformation for 8 CUs. Age proportions
for CUs with age data were mapped to CUs withoetdaga by LGL (K. English) and DFO
(Peacock). Due to missing escapement data in sears,yrecruitment for some brood years
(especially latter ones) was incomplete. Only brgedrs where 95% or more of the age
composition was included in the recruitment estewaas used in this analysis (see N-SR
column in Table 1). Asitka had escapement datavMastnot included in the stock-recruit
analysis because none of the recruitment estinmagéshe criteria (owing to missing escapement

data). Escapement trends for all CUs included énstibck-recruit analysis are shown in Figure 1.

Data on photosynthetic rate (PR) and other infoionafpredators, smolt size) was used
as auxiliary information in the stock-recruit ara/(see methods below). Estimates of Smax,
the escapement that maximizes recruitment, detexdhfiom a PR-based model and other
information, were taken from Cox-Rogers et al. @0Estimates of Smax from the PR model

are shown in Table 1.

For the detailed analysis of Babine Lake sockeya, dee use updated enhanced and un-
enhanced escapements into Babine Lake (1970-2010&ak apart the Babine brood year
recruit series (Table 7 of Cox-Rogers and Spil&@tR) into enhanced (with and without
surplus) and unenhanced wild components. As ag@asition data were available for each year
in the time series, we used the year-specific aggpositions to estimate returns for each brood
year. Brood year fence count proportions of enhdacel unenhanced runs arriving at Babine
Lake were first applied to the brood year retumsade to split apart Babine brood year
production into enhanced and unenhanced compon&isthen estimated stock-recruit

relationships for the following combinations:
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1) All recruits vs All Babine Lake escapement [iting enhanced surplus)

2) All recruits vs All Babine Lake escapement (mafuding enhanced surplus)
3) Early wild recruits vs Early wild escapement

4) Mid wild recruits vs Mid wild escapement

5) Late Wild Recruits vs Late wild escapement.

Methods

The following form of the Ricker model was usetedict recruitment as a function of

escapement,

1) th — 3"[ eai_/gis,t+(‘-",t

where, i and t denote indices for CU and brood ,yempectively, R is recruitment, S is the
brood escapement for that recruitments the log of the initial slope of the stock-reitment
curve (recruitment in the absence of density effeaften termed productivity is the rate at
which recruitment declines with increasing escapdrn(@ten called the density-dependent
term), andw is a randomly distributed error term with meam@ atandard deviationy (Fig. 2).
Under this form of the Ricker relationshipis the spawning size which maximizes

recruitment (i.e., Smax).

Two methods were used to estimate stock-recruitmaationships from the available
data. First, the Ricker relationship was re-arrangepredict recruits-per-spawner (R/S) and log-

transformed so that linear regression could be tsedtimate the parameters,
2) Iog(gj =a,-fS+w
where, t has been omitted here and from subseggeiations for notational simplicity. We term

such estimates independent linear values, singewbee generated by linear regression and

were independently estimated from each other.
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A hierarchical Bayesian model (HBM) was the secomdhod used to estimate stock-recruit
parameters. Under this method, equation 2) is tesedtimate CU-specific parameters, but the
estimation further assumes tloatestimates for each CU are exchangeable and cammedr

common log-normal distribution (termed a hyper+thsition),
3) a,~In(y,,o,)

where ~In denotes that is a stochastic variable drawn from a lognormatrihution with mean
Mq and standard deviatian,. The parameters of this distributiqm,( 0,), termed hyper
parameters, are estimated along with the CU-speadues. CUs with limited stock-recruit data,
or where there is considerable uncertaintg;iestimates due to the pattern of stock-recruit data
(e.g., limited variation in escapement values)| eohtribute less information to the hyper
distribution fora compared to those CUs with wheres better defined. The hyper-distribution
also affects the CU-specific estimatesiofCUs wherenx is poorly defined will be ‘shrunken’
towards the mean of the hyper-distribution to atgeextent than those wheras better

defined. The HBM includes the use of uninformagvier distributions for the hyper parameters
of a (hyper-priors) and;, and informative priors for CU-specific estimaté$3;. Priors forf;

were assumed to be lognormal, with the mean detewhidy the PR-based estimate of Smax

(Table 1), and a CV set to informative (0.3) ornfarmative (3) values.

There are three advantages of the HBM comparduktbrtear regression method. First,
the HBM incorporates prior information on carryicgpacity (via PR-based Smax estimates). In
most stock-recruit data sets, estimates ahd3 are confounded. That is, the data can be almost
equally well-described by a productive populatitangea) with strong density dependence
(largep) or visa-versa. This leads to considerable uniceéyten derived parameters used as
benchmarks, like the escapement or harvest rat@tbduces MSY. By including additional
information in the stock-recruit estimation viagrs onf3;, this uncertainty can be reduced. The
second advantage of the HBM is improved estimatifaine hyper distribution of the log of
stock productivity ). In this example, the hyper-distribution is negtle estimate productivity
values for the 16 of 31 lake sockeye CUs withootlstrecruitment data (Table 1). One could
estimate the parameters of this distribution baseshdependent estimatesmf(generated by

the independent linear regression method), howtagdistribution would be ‘contaminated’ by

4
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poorly defined estimates for some CUs. The HBM pripweighs the contribution of each CU
to the hyper-distribution based on the amount fadfrmation in eaclu; estimate. Finally, the
HBM has the advantage of providing more reliablnestes ofa; for CUs where this parameter

is poorly defined because the hyper-distributiois as a prior for the CU-specific estimates.

A variety of benchmarks can be determined fromstibek-recruitment parameter
estimates for each CU generated from the HBM (&igFollowing recommendations used for
Fraser sockeye (Grant et al. 2010), Sgenl, thgestant that allows the stock to recover to the
escapement that maximizes catch in one generatesmpsed for the lower benchmark. As an
alternative lower benchmark, we computed the esnapethat allows the stock to recover to the
escapement that maximizes catch in two generaffegsn2). The upper benchmark was
computed as the escapement that maximizes catcsyjSEscapements beyond Smsy may
produce additional ecosystem benefits. To accaurthis, we used Smax as an alternative for
the upper benchmark. We also compute the harviestivat would maximize yield for each CU
for which stock-recruit data is available, genetdtem a; values (Uopt). Finally, random draws
of a from the posterior distributions of hyper-param&ig,, 04) were used to estimate
distributions ofa values and optimal harvest rates (Uopt) for ladekeye CUs within the

Skeena without stock-recruit data.

Stock status was determined by comparing the ageragapement from 2004-2008 with
Sgenl and Smsy, and exploitation status was comfyteomparing the average exploitation
rate over this period with Uopt. The 5 yr. periooinh 2004-2008 was selected because it was the
last five years in the data series where both esuapt and exploitation rate estimates are
consistently available for the CUs used in the ysisl

We estimated stock-recruit parameters for the divata in the detailed Babine Lake
sockeye analysis independently using a Bayesiarehwath uninformative priors on Smax and

based on linear regression.



136 Results

137 Stock-recruit plots for Skeena lake sockeye CUsvstypical ‘shotgun’ patterns in the

138 data (Fig. 3). Only 10 of 15 CUs had more than dta goints. Given these characteristics, it is
139  not surprising that there was large uncertaintheshape of the stock-recruit curves, even when
140 they were estimated from the HBM which includedpknowledge about Smax and

141  exchangeability iri; estimates (note wide credible intervals in Fig.S3bck-recruit curves

142  based on independent and linear estimation (gneg)iwere similar to those estimated from the
143  hierarchical Bayesian model (HBM) for CUs where shack-recruit based-estimates of Smax
144  were consistent with estimates from the PR modgl @suklotz, Babine, Stephens). However,
145 the PR-based estimate of Smax were much greatettfer CUs (e.g. Morice, Tahlo/Morrison),
146 which in turn led to lower estimates of producipitom the HBM relative to the linear

147  independent model.

148 Estimates ofy; and; were confounded in most cases, which is not ssingrigiven the

149 limited information about productivity and densitgpendence in the stock-recruit data (Fig. 4).
150  The use of informative priors f@ reduced the extent of the correlation betweenmeters

151  (results not shown for brevity). The posterior disitions of3; were generally very close to the
152  prior distributions (Fig. 5), either because thempand stock-recruit based estimates were

153  consistent, or because of strong confounding betweand; estimates. We examined the

154  temporal trend in residuals from the stock-recreititncurve to evaluate whether there was

155  evidence for temporal changes in productivity (lB)g.Ten of 15 CUs showed a negative trend
156  in residuals through time indicating that produityifias been declining, however a significant
157  negative slope was found for only two CUs (Azuklat@ Swan). Five of 15 CUs showed a

158  positive time trend in residuals, but only onehade cases was significant (Motase). Statistical
159  evidence for temporal changes in productivity wesefore quite limited, however the sample
160  size for many of the CUs was low and the extemaniation in residuals was often very high, so

161  statistical power to detect such trends was poor.

162 Stock productivity (& the initial slope of the stock-recruit curve pikey management
163  parameter as it determines the harvest rate thamees yield. There was considerable

164  uncertainty ino; estimates from the HBM with the exception of Baband Kitsumkalum (Fig.
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7). Most independent estimatesopfvere shrunk towards the mean of the hyper digiohy

and the extent of shrinkage was quite large foryn@@ds where information to estimate stock-
recruit parameters was limited (e.g., Kitwancodad. F#). This shrinkage is not surprising
considering the uncertainty m estimates. The hyper-distributione@from the HBM and a
lognormal distribution fit to independent estimatess similar, although the latter had a slightly
larger mean and showed greater variation (soliddasthed lines in Fig. 7). Thus, the effect of
the hierarchicati-exchangeability assumption appears to be quiteestodhe expected value
for the hyper distribution afi from the HBM was 1.3 (3.7 recruits/spawner) witG\a of 0.46
and there was modest uncertainty in the hyperidigton (Fig. 8). Based on random draws
from hyper-parameters, 95% ofestimates for lake Sockeye within the Skeena \whéegh were
between 0.48 and 3.5 with a median of 1.3 (Figop®). Optimal harvest rates translated from
random draws oft produced a distribution with a mean of 0.54 a®%% credible interval of
0.22-0.88 (Fig. 9, bottom). The wide range in optiimates reflects the considerable variation in

productivity among CUs estimated by the HBM.

Benchmarks for the 15 lake sockeye CUs with steckuitment data are presented in
Table 2. These estimates were determined basedsperior distributions of; and; and reflect
the uncertainty in these estimates. The ratio @n®go Smsy ranged averaged 0.36 and the ratio
of Smsy to Smax averaged of 0.53. Optimal hanassrranged from 0.38 to 0.74 across CUs
with an average of 0.55. Bear, Lakelse, and Johristd the lowest productivities and optimal
harvest rates of all CUs. There was very large daicgy in optimal harvest rates within CUs
due to uncertainty iaj, with an average relative error (2 * differenc®b?b6 credible interval /
mean) across CUs of 1.22. Sgenl was on averade &rimater than Sgen2 and differences

between these two lower benchmarks increased vatk productivity.

Status for the 15 lake sockeye CUs with stockeigmient data was determined by
comparing the average escapement and total exphoitate between 2004 and 2008 with
estimates of Sgenl (lower), Smsy (upper), and Bepthmarks (Table 3). Probabilities of being
in red (below Sgenl), amber (Sgenl-Smsy), and dree®msy) status zones for each CU
reflect the uncertainty in Sgenl and Smsy valueegded from the posterior distributionsopf
andp; from HBM. Similarly, the probability of over fishg between 2004 and 2008 was

computed by comparing average exploitation rate thie period relative to the posterior

7
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distribution of Uopt values. Six of 14 CUs wheratgts could be assessed (Johnston was
excluded as there was no exploitation or escapedatatavailable for the 2004-2008 period)
had a probability of 0.5 or higher of being in thed” status zone (Bear, Kitwancool, Morice,
Motase, Swan, Tahlo/Morrison) with the remainingihg higher probabilities in amber
(Babine, Lakelse) or green (Azukoltz, Alastair, Bamigwit, Kitsumakalum, Mcdonell,
Stephens) zones. The probability that the 2004-20@®oitation rate exceed the rate that
produces MSY was very low for all CUs except Bgar((31). Time trends in abundance and
exploitation rate relative to the benchmarks amshin figures 1 and 10, respectively. With the
exception of Bear, the historical average explmitatate has been at or less than the estimated
optimal rate (Fig. 11). There was a significantippes relationship between the optimal
exploitation rate and the historical average antbedl5 CUs (r=0.55, p=0.03) indicating that
management has been able to reduce harvest ralessgoroductive populations and increase it
on more productive ones. Although all CUs havelyikeeen under exploited over the last 5
years of available data (2004-2008) , Bear, KitvearhcMorice, Motase, Swan, and
Tahlo/Morrison have the highest probability of lzein the red abundance zone given their
recent escapements (Fig. 12).

The strength of the prior on Smax could have ingrdgreffects on benchmark and status
assessments since it effects estimation of prodtycind density dependent parameters in the
Ricker model. The HBM was rerun with the defauformative prior with a CV of 0.3 for all
CUs changed to an uninformative value of 3. Sumpglyg, there was little effect of the prior on
the expected estimatesaf eight of 15 CUs showed a small increase in exgueealues under
an uninformative prior while seven showed a veralbhecrease (Fig. 13). Uncertainty in CU-
specific Ricker parameters increased under thefermirative prior (note increased vertical width
of credible interval relative to horizontal widtA)he hyper-distributions generated under both
prior information scenarios were similar (Fig. 1fhis occurred because effects of the Smax
prior were limited for the more informative CUs thead the greatest influence on the hyper

distribution fora.

The majority of CUs had only one or two years of dgta (Table 1), so all the
recruitment estimates used in this analysis wengptiied assuming that age composition does
not vary among years. However, one would expecitantial variation in age composition due
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solely to variation in the strength of some broedrg, let alone density dependent effects on
age-at-return. For example, a strong brood in 2000ld result in a higher than average return
of age 3 fish in 2003, age 4 fish in 2004, and@agish in 2005. Using an across-year average
age composition to compute recruitments, as donallf@€Us in the HBM analysis, would lead

to a reduction in the extent of variation in retment among brood years, which could affect
stock-recruitment parameter estimates. To evabhaeeffect, we compared benchmarks for the
Babine and Nass sockeye CUs estimated using ne@amis generated by year-specific and
average age composition estimates. This analysisl cmly be done for these two CUs as they
were the only ones with sufficient age informat{ery. see Table 1). Differences in benchmarks
were substantial in the case of Babine sockeyeevr@ductivity decreased and Smax increased
based on year-specific age compositions relativekboes generated using the average age
composition (Table 4). This resulted in a 55% iaseein Sgenl and a 12% decrease in Uopt
under year-specific age composition. The effect pasticularly strong for the lower confidence
limit for Uopt (0.51 vs. 0.36). However, differerscin benchmarks for the Nass comparison

were small.

The detailed analysis of Babine Lake sockeye steckdit data showed substantial
differences in productivity among some stock grolpeamination of the average escapement
for the five stock groups examined (Table 5) aredtock-recruitment curves (Fig. 15) showed
that the aggregate stock (with our without surgssapement to the spawning channels) is
dominated by enhanced fish, with wild stock groopsprising 2-6% of the aggregate. As
expected, the productivity for the aggregate s{@gkh or without surplus) was higher than
productivity for any of the wild stocks. This ocoed because the aggregate was largely
composed of enhanced fish which have higher surinvihe spawning channels. Harvest rates
which maximize yield averaged 0.45 over the 3 wilock components, compared to 0.55 and
0.68 for the aggregate stock with and without sig@scapement, respectively. The early wild
run appears to be the least productive stock, asdah optimal harvest rate that is almost 0.27
units lower than the optimal rate for the aggregabek without surplus escapement. There is
considerable potential to overharvest the lessymipek wild stock components, and especially
the early run, if these stocks are fished at aroggion rate that maximizes yield for the

aggregate.
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Conclusions

Assuming the posterior distribution of Ricker #t@ecruit parameters generated for the

15 lake sockeye CUs in the Skeena are unbiasedarhaiysis leads to the following conclusions:

1. 6 of 14 CUs (43%) where status could be assesssllman recent average escapement
(2004 and 2008) were most likely in the ‘red’ ggazone (below lower benchmark
Sgenl);

2. There was very little evidence to suggest thatartizte 15 lake sockeye CUs have been
overfished, and the most recent exploitation ré2664-2008) are approximately one-
half of the rates which would maximize yield. Tlsaid, any harvest of stocks in the red

zone reduces the rate at which they can potentiadigver;

3. There is very wide variation in productivity amo@ys, indicating wide variation in
exploitation rates that optimize yield. If these <éafe fished under a common

exploitation rate, considerable losses in yield & required to protect weaker stocks.

4. There was wide variation among stock groups withenBabine Lake system, with wild
stocks being less productive than the aggregatejvig dominated by fish produced
from the spawning channels. Thus, wild stocks balloverfished if the exploitation rate

on Babine Lake sockeye is set to maximize yieldlieraggregate.

There were modest differences in benchmarks basgeéar-specific age composition
compared to across year-averaged values for thm@&&lJ, but not for Nass CU. The different
response of these CUs was likely driven by ther#dédifferences in brood strength among
years, and perhaps other factors (exploitatiorotystontrast in stock-recruit data). Time series
and observation error biases could also lead teestienates of stock productivity and
underestimation of carrying capacity, which wouldurn affect the benchmarks. A logical next
step in this analysis is to conduct a simulatioereise to estimate the potential extent of the

biases for benchmarks within the context of Skd@inar sockeye data. We suspect that time
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series and observation error biases could be suh&alue to the short-time series of stock-
recruit data combined with implementation of whahegrally appears to be a fixed exploitation
rate strategy. However, the use of semi-informgpivers on carrying capacity and the use of the
HBM could reduce the extent of the bias.

The use of benchmarks developed in the analysisifore management depends on the
assumption the historical data used to estimata tre representative of future conditions. Our
analysis indicates that for the most part, Skeeckes/e have not been overexploited and that
escapements over the last decade or so for somaeUew because productivity has dropped,
likely because marine survival is lower. There wey weak statistical evidence for declining
productivity based on the temporal trend in redsléram the stock-recruit curves, but the power
of these tests for most CUs was generally low dugrtited sample size. The fundamental
guestion is whether any productivity changes arenpaent or temporary. If the change is
permanent, then use of benchmarks developed imtialysis for future management is not
appropriate because they are based on data fraraahat does not represent future conditions.
One could argue that, in the absence of convineomgntific data suggesting that the
productivity change is permanent, there is no neas@ssume that it is, and therefore that
benchmarks developed in this analysis can be wsddtiire management. However, based on
the precautionary principle, one could also ardpae we should assume that a permanent drop in
productivity has occurred and benchmarks shouladpested to reflect this fact. While this latter
argument is also logical, we do not know of anyedsible methodology to determine which data
are representative of future conditions and whiehret. Time series methods, like the Kahlman
filter approach, provide estimates of how much pabitity could be changing over the
historical time series (conditional on some restriecassumptions) but do not provide a reliable
means of forecasting what productivity will be hetfuture. In addition, the low sample size of
most sockeye CUs in the Skeena makes it difficutgply such a model even if it was useful. In
our view, concerns about the nuances of statistiedghodology, or the accuracy of historical
data, are relatively minor compared to the issualadther historical information is
representative of future conditions. This is a ameéntal issue that needs to be addressed by

stakeholders involved in Skeena River sockeye nmeamagt.
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The hierarchical Bayesian model provides a defd@sneans to estimate the distribution
of productivities for the 16 of 31 lake sockeye Qbs¢he Skeena that do not have stock-
recruitment data. The hyper-distribution of prodkitt can be used to define optimal harvest
rates for these CUs and could also be used to drmanagement strategy evaluation model
(similar to Cox-Rogers et al. 2010 as proposed at&ks and Hawkshaw, UBC). If PR-based
methods are used to estimate Smayx, it would belgeds combine them with the hyper-
distribution to generate abundance-based benchmadksas Sgenl and Smsy. However,
considering there is no historical data to compathese benchmarks, and the likelihood of
collecting reliable information on escapement feesde CUs in the future is probably low, there
does not appear to be a strong rationale to prothere. Furthermore, the lower and upper
benchmarks used here and in other analyses (eant & al. 2010) are quite arbitrary and
fraught with uncertainties about the ecologicalddges of higher escapements and the population
risks associated with low escapements. Focusinguaef management strategy evaluation on
fixed exploitation rate strategies, or variablelexkption rates based on the abundance of weak

stocks with escapement data, seems like the mgisalovay to proceed.

The analyses we have conducted assumes that ty@geesent and recruitment values are
estimated without any bias. In fact, the expansiocounts to escapement estimates for some
systems, and the changes in these expansion fastersime in cases where methodology
changed, are quite uncertain. A similar argumepti@p to the recruitment estimates (see
English et al. 2011). Incorporating these uncetisrdirectly in the modelling is not possible
because there is no information to estimate thempiall extent of bias or expansion uncertainty.
However, we could repeat the analysis under alterassumptions used to generate the
escapement and recruitment data to evaluate tlsgtigep of benchmarks to these assumptions.
Factors affecting the scale of the data (expanyiwitiseffect abundance-based benchmarks (e.g.
Sgenl, Smsy) but are unlikely to affect harvest aate (e.g., Uopt). This is another reason to
focus management strategy evaluations on fixedogagpibn rate strategies rather than on
policies which require an understanding of absaddlnendance.

A number of revisions to the existing analysis arténsion are possible. First, the stock-
recruit analysis presented here could be repeasedoon updated values of the CVs on Smax

for individual CUs, as the confidence in the PRdabsstimates among CUs is variable (see Cox-

12



343 Rogers et al. 2010). That said, it is unlikely thatying the CVs in Smax among CUs will have
344  alarge effect considering the relatively smalfatiénce associated with the 10-fold change in the
345 CV on Smax explored in this analysis. Second, tB&Hhnalysis could be repeated based on
346  revised estimates of escapement and recruitmeatlmsadjustments to expansion factors,

347  exploitation estimates, and in-river harvest datard, the HBM analysis could be revised so

348 that Babine Lake sockeye stocks are broken-outdr@omponents (enhanced + 3 wild stocks)
349 rather than treated as an aggregate as done auttent analysis. Fourth, the simulation exercise
350 reviewed above is needed to assess the potentiaia®in benchmarks and to develop

351 adjustments to correct for these biases if possially, a management strategy evaluation

352 (MSE) model, similar to Cox-Roger et al. (2010}fwe analysis conducted by Carl Walters as
353  part of his work on the Independent Scientific RewiPanel, is needed to evaluate the

354  performance of alternate harvest rules. The bendtsyteveloped in this analysis (or revised

355 ones from a future analysis) could be used in tis&=Mhodel to track performance, or to define

356  harvest rate rules.

357
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Table 1. List of Skeena lake sockeye Conservation Units§ICN-SR denotes the number of

stock-recruit data points for CUs with escapementracruitment data. N-Age denotes the total

number of age samples, with values in parenthesestiehg the number of years where age data

are available. PR-based Smax values are estimfties spawning stock size that produces

maximum recruitment based on the photosynthetemaidel and other factors (from Cox-

Rogers et al. 2010). These estimates are usedoas pnf3; in the stock-recruit analysis. Note

that escapement estimates for Kitwancool usedisnvéirsion of the report are 2-fold lower than

those used in the previous version after discogesmerror in the escapement expansion for this

stock. The correction also resulted in a redudmorecruitment.

CU Name
Alastair
Aldrich
Asitika

Atna
Azuklotz
Babine
Bear
Bukley
Damshilgwit
Dennis
EcstallLower
Footsore
Johanson
Johnston
Kitsumkalum

Kitwancool

Kluatantan
Kluayaz
Lakelse
Maxan

Mcdonell
Morice
Motase

Nilkitkwa

Sicintine

Slamgeesh

Spawning

Stephens
Sustut
Swan

Tahlo/Morrison

N - SR

21

13
23

19

14

15
10

12

10
18

N - Age
151 (2)

17,489 (32)
46 (1)

67 (1)

299 (4)

194 (1)

98 (1)

100 (1)

PR-based Smax
23,437

5,933
1,808,245
40,532

423

4,125
20,531
36,984

35,916
4,072

191,362
1,764

7,069

21,432
44,587
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Table 2. Preliminary benchmarks for Skeena lake sockeyes@uation Units (CU). Sgenl or
Sgen2 are two alternatives that could be usedea®ter benchmark. They are the escapements
that will allow the population to recover to thedk size that maximizes catch (Smsy) in one and
two generations, respectively. Smsy and Smax aveatternatives for the upper benchmark, the
latter being the escapement that maximizes recemtniProd is equivalent t& ,evhich is the

initial slope of the stock recruitment curve (maximrecruits/spawner). Uopt is the harvest rate
which maximizes catch (i.e., the harvest rate as\§nBenchmark statistics are based on the
CU-specific tock-recruit parameter values from &M (mean), as well as the lower and upper
95% credible intervals (LCL and UCL, respectively).

CuU Benchmark

Alastair Sgen2
Sgenl
Smsy
Smax
Prod
Uopt
Azuklotz Sgen2
Sgenl
Smsy
Smax
Prod
Uopt
Babine Sgen2
Sgenl
Smsy
Smax
Prod
Uopt
Bear Sgen2
Sgenl
Smsy
Smax
Prod
Uopt

Mean LCL UCL CuU Benchmark
1,144 328 2,675 Damshilgwit Sgen2
3,251 1,682 5,499 Sgenl
8,655 6,760 11,766 Smsy
18,059 11,564 28,585 Smax
3.38 2.20 5.20 Prod
0.49 0.34 0.63 Uopt
214 50 570 Johnston Sgen2
905 391 1,690 Sgenl
3,586 2,500 5,270 Smsy
5,917 3,651 9,445 Smax
5.14 2.90 8.20 Prod
0.62 0.46 0.74 Uopt
80,879 27,850 176,678 Kitsumkalum Sgen2
307,985 159,214 550,652 Sgenl
1,072,553 792,052 1,553,761 Smsy
1,901,936 1,213,821 3,043,237 Smax
4.30 3.10 6.00 Prod
0.57 0.48 0.67 Uopt
3,435 906 6,990 Kitwancool Sgen2
7,676 3,861 13,409 Sgenl
17,103 6,674 33,180 Smsy
42,509 23,341 71,998 Smax
2.72 1.50 5.30 Prod
0.40 0.20 0.64 Uopt

15

Mean

LCL UCL
30 5 74
83 34 130
225 153 297
453 302 684
3.89 1.80 7.90
0.52 0.27 0.73
482 182 822
953 562 1,418
1,796 1,066 2,740
5,138 3,202 7,689
2.32 1.50 3.60
0.36 0.20 0.53
781 629,971
3,183 607 36,311
7,941 5546 12,621
10,340 7,168 @¢&,61
8.19 6.10 10.40
0.74 0.67 0.79
3,609 109 46,315
6,834 1,563 12,269
28,730 13,824 49,406
38,734 19,990 64,854
9.30 3.30 17.00
0.74 0.49 0.85



Table 2.Con't.

CuU

Lakelse

Mcdonell

Morice

Motase

Benchmark

Sgen2
Sgenl
Smsy
Smax

Prod
Uopt

Sgen2
Sgenl
Smsy
Smax
Prod
Uopt

Sgen2
Sgenl
Smsy

Prod
Uopt

Sgen2
Sgenl
Smsy
Smax
Prod
Uopt

Mean

2,024
4,589
9,820

24,480
2.70
0.41

407
925
2,976
4,032
9.17

0.75

10,374
30,953
88,943
177,773
3.55
0.50

120
300
690

1,594
2.85
0.44

LCL

644
2,471
6,518

14,462
1.80
0.27

10
155
2,205
2,667
4.60

0.6

3,047
15,335
41,143
92,995
2.10
0.32

49
163
420
933
2.00
0.32

UCL CuU Benchmark Mean LCL UCL
4,389 Stephens Sgen2 320 65 707
8,275 Sgenl 1,526 576 2,488
15,673 Smsy 5,777 4,627 7,512
44,569 Smax 8,772 6,191 12,955
4.10 Prod 6.18 3.80 9.20
0.56 Uopt 0.67 0.54 0.76
4,159 Swan Sgen2 1,577 573 3,207
13,866 Sgenl 4,572 2,437 7,647
4,259 Smsy 12,179 7,584 18,508
6,147 Smax 25,270 15,271 41,180
16.10 Prod 3.30 2.30 4.70
0.85 Uopt 0.49 0.37 0.61
22,907 Tahlo/Morrisol Sgen2 1,796 473 4,465
55,946 Sgenl 6,138 2,502 11541
160,944 Smsy 19,552 10,060 34,336
305,824 Smax 36,454 17,146 63496
6.20 Prod 3.95 2.50 6.00
0.68 Uopt 0.54 0.41 0.67
240
520
1,190
2,743
3.90
0.55

16



Table 3. Status of Skeena lake sockeye CUs based on cargphg average escapement between 2004 and 2@@8ad¢b Sgenl
(lower) and Smsy (upper) benchmarks. The probaslassociated with each abundance status leveldetermined from the
posterior distributions of Sgenl and Smsy predi@teh the HBM. Also shown is the average total explion rate (ER) between
2004 and 2008 relative to the average optimal lsamate (Uopt) and the probability that the 2008268&verage has exceeded the
optimal exploitation rate. Status could not be catad for Johnston because no escapement or exjgoitate data is available
between 2004 and 2008. Status of the Johnston @ld cot be assessed because there are no escaperagploitation rate
estimates available between 2004 and 2008.

Abundance Status Exploitation Rate Status
Avg. Esc. Red Amber Green Avg. ER  Avg. Prob.
CuU ('04-08) (<Sgenl) (<Smsy) (>=Smsy) ('04-08) Uopt Overpx
Alastair 10,267 0 0.1 0.9 0.11 0.4¢ 0.00
Azuklotz 3,653 0.00 0.39 0.61 0.39 0.62 0.00
Babine 907,507 0.00 0.82 0.18 0.45 0.57 0.01
Bear 1,648 1.00 0.00 0.00 0.35 0.40 0.31
Damshilgwit 271 0.00 0.09 0.91 0.32 0.52 0.06
Johnston NaN 0.36 0.00
Kitsumkalum 12,046 0.06 0.04 0.90 0.38 0.74 0.00
Kitwancool 1,768 0.95 0.05 0.00 0.38 0.74 0.00
Lakelse 5,590 0.21 0.78 0.00 0.11 0.41 0.00
Mcdonell 4,683 0.04 0.01 0.96 0.38 0.75 0.00
Morice 20,401 0.85 0.15 0.00 0.20 0.50 0.00
Motase 282 0.50 0.50 0.00 0.32 0.44 0.02
Stephens 11,147 0.02 0.00 0.98 0.25 0.67 0.00
Swan 3,836 0.68 0.32 0.00 0.25 0.49 0.00
Tahlo/Morrison 4,356 0.75 0.25 0.00 0.23 0.54 0.00
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Table 4. Benchmarks for Skeena and Nass sockeye CUs wharetneent estimates were
computed using the average age composition acezss gompared with those computed using
year-specific age composition. Parameters wermattid from a Bayesian model without prior
information onB; and wherey; estimates were assumed to be completely indepertties Table
2 for definitions of Sgenl, Smsy, Smax, Prod, angtU

Average Age Composition Year-Specific Age Composin

Babine

Mean LCL UCL Mean LCL UCL
Sgenl 240,879 141,036 392,949 375,605 131,093 1,151,051
Smsy 898,155 708,519 1,199,148 1,001,734 604,099 2,241,124
Smax 1,539,4441,083,354 2,270,786 2,090,271 974,564 6,003,034
Prod 4.51 3.50 5.90 3.69 2.30 5.70
Uopt 0.59 0.51 0.67 0.52 0.36 0.66
Nass

Mean LCL UCL Mean LCL UCL
Sgenl 67,558 13,185 989,525 66,706 12,906 982,925
Smsy 229,575 162,762 355,000 221,080 156,572,835
Smax 316,629 198,528 552,986 306,962 194,3%H9,613
Prod 8.51 5.00 13.40 8.44 4.90 13.70

Uopt 0.74 0.62 0.83 0.74 0.62 0.83
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Table 5. Stock-recruitment parameter estimates and demestagement parameters for the total Babine rur @it without

inclusion of spawners surplus to the spawning cas)mnd for 3 wild run components. Average escamiis computed between
1970 and 2005, the period of record for the stawktit analysis.

Recruit-Spawner Dataset Avg. Escapement a B Prod (") Smsy Smax Uopt
Al Babine recruits vs. all spawners+surplus 1,008,1 1.34 6.45E-07 3.8 845,356 1,550,925 0.55
Al Babine recruits vs. all spawners (no surplus) 4,091 184 117E-06 6.3 584,259 856,478 0.68
Early wild recruits vs. early wid spawners 56,358 9. 7.57E-06 25 53,602 132,179 0.41
Mid wild recruits vs. mid wid spawners 19,452 1.13 2@&-05 3.1 14,848 31,236 0.48
Late wild recruits vs. late wid spawners 240,583 21.12.58E-06 3.1 184,135 388,193 0.47
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Figure 1. Tim series of escapement estimates for 15 lak&e&yecCU’s in the Skeena
watershed. These plots show the entire availafvle series, including a limited number of
points which do not have complete recruitment p@aysbrood year) that would be omitted from
the stock-recruit analysis. Dashed red lines artttd@reen lines denote the estimated lower
(Sgenl) and upper (Smsy) benchmarks generatedtfi@imerarchical Bayesian model,
respectively.
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Figure 2. An example of a stock-recruitment relationshipvging the abundance-based
benchmarks (Sgen2, Sgenl, Smsy, Smax) used isttiig as well as the estimate of maximum
recruits/spawner that is used to compute the etgtion rate which optimizes yield. Stock
productivity is the maximum ratio of recruits (R)gpawners (S) and is the initial slope of the
stock-recruitment curve (the Max R/S tangent ligahsy and Smax are the escapements that
maximize catch and recruitment, respectively. Nb&é¢ maximum catch occurs where the
difference between the stock-recruit curve andlthereplacement line is maximized. Sgen2 and
Sgenl are the escapements needed to recover toistmgyand one generations respectively.
The colored status bar is defined based on escapegtative to Sgenl and Smsy (red<Sgenl,
yellow Sgenl<= and <=Smsy, green > Smsy).
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Figure 3. Stock-recruit relationships for lake sockeye Ctuthe Skeena watershed. The thick
black solid and dashed lines denote the expectatioreship and 95% confidence limits from the
hierarchical Bayesian Model. The solid gray linkevg independent estimate of the relationship
based on linear regression (and no effect of tlee pn Smax). The thin dashed line represents a
1:1 relationship (replacement), and the verticahed red line denotes the mean for the prior on
the escapement that maximizes recruitment fronPfRenodel (see Table 1). This latter line is
not visible for some CUs because the PR estimajeemter than the maximum escapement
recorded and therefore off the x-axis scale. A €4.8 for the prior on Smax was used to
generate these results.
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Figure 6. Residuals of recruitment from the mean stock-liecurves from the HBM by brood
year lake sockeye CUs in the Skeena watershedddsteed line shows the trend in residuals
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Figure 10. The historical exploitation rate for lake sock&ds in the Skeena relative to the
mean estimate of the optimal exploitation rate liddshorizontal line) and the 95% credible
intervals of that optimal rate (finely dashed hontal lines).

29



1.0

0.8
g
©
o
c
S
g 06 =y
-‘é’ 0.6 Bear BabAguiklotzKitsumkalum
= PR a Mcdongll
) &
— Motasehis/Momison | Kitwancocl
% & & Stephens &
[t ,-"§%§hilgwit e
< 04 7 T e
g Morice
8 &
0 -
I Johnsjon 1 )

[fakelseAiastgjr
0.2
0.0
[ [ [ [ |
0.0 0.2 04 0.6 0.8 1.0

Exploitation Rate for MSY

Figure 11. Comparison of the historical average (points) #ied95% quantile (vertical gray

bars) of the total exploitation rate over the pemd record (1980-2008 for years when estimates
are available relative to the estimated optimad tatproduce the maximum sustainable yield
estimate from the HBM (Uopt). Points and horizofitaés denote the mean estimate of Uopt and
the 95% credible interval. Points below the 1:& lindicate that the historical average
exploitation rate is less than the optimal ratdidating the CU has been under exploited relative
to MSY.

30



2.0 —red - overfished ; amber or green - overfished
1.5 5
=2 :
@) '
D .
@ 1.0 —f--re-e--c-- .
(1] ) ,
o> Bear :
5: & . Babine
Motase *
' Damshilgwit Azuklotz
05 itwancool Sw,ani Kitsumkglum Mcdonell
' Tam'%lgggérisi)n
Lakelse
: Alastajr
red - underfished X amber or green - underfished
0.0 5
I ! I I I I |
0 1 2 3 4 5 6
AvgEsc/Sgenl

Figure 12. Status of 15 lake sockeye CUs in the Skeena lmaséte average escapement and
exploitation rate between 2004 and 2008 data velati abundance and exploitation
benchmarks. The x-axis is the ratio of the aveesgpapement relative to the lower benchmark
(Sgenl). CUs with ratios less than one would @éred status zone. The y-axis is the ratio of
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AvgEsc/Sgen ratio was greater than 8 and exceédextaxis scale (this CU has a AvgER/Uopt
ratio of 0.37, so the stock is in the green statrge and under fished). The Johnston CU is not
shown as there is no escapement or exploitatienestimates over the 2004-2008 period.
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Figure 15. Comparison of stock-recruit relationships for eliint sockeye stocks within Babine
Lake. The plots with titles beginning with “All” arbased on the total recruitment estimates for
the Babine aggregate and the total escapementap@&®ment less the surplus spawners at the
spawning channel. The other relationships are basedcruitment and escapement estimates
for early, mid, and late wild components. The thitkck solid and dashed lines denote the
expected relationship and 95% confidence limiteff@aBayesian model where parameters for
each stock were estimated independently. The godid lines show independent estimate of the

relationship based on linear regression. The gtiled “All Curves” compares the relationships
among all stock groups.

34



Appendix |

Response to Questions posed by the Salmon Committefethe Marine Conservation
Caucus regarding the first draft of the Benchmark Analysis (questions sent directly to PSF
on February 27, 2012).

1. Q: Why is the current Benchmark status restriecte2004-2008 data? Can the analyses be
expanded to at least 2010, as well as prior to 200% 2004-2008 data may not be
representative of longer-term abundance givendlaively short, 5-year escapement period,
and differential marine production associated Witttific Decadal Oscillations and inter-annual
factors. There was also a dramatic change in fispatterns during these periods, concentrating
and increasing fishing impacts in a relatively shioning window. This period also included
years of relatively little fishing. How might thisipact the analysis?

A: There is nothing special about the 5 year tinaenke that was used. We are happy to modify
the time frame based on input from stakeholderst#@. Also note that there are many
assessments of status in the report that are sitoicted to this 5 yr. period and those analyses do
not indicated that the 5 yr. period leads to anonmakonclusions about status. Comparing
escapement with the benchmarks over the periodoofrd (Fig. 1) does not indicate that the
status assessment based on the last 5 years Ig opegmistic. Figures 10 and 11 also provide
status assessments based on exploitation rateéhm/period of record and seem consistent with
the 5 yr. assessment.

2. Q: The parameter “a” estimates (productivity) imost Skeena lake sockeye CUs appear to
be well above what they likely are. How will futuaealyses be adjusted so as to more accurately
approximate productivity?

A: There is no information in this comment abouliaivthe ‘correct’ but lower productivity
values should be. Without alternative estimates; o you know that the estimated values of
productivity in the report are too high? Thereeisttin the original and revised report that
discusses potential positive biases in productiesiymates which we plan on addressing via
simulation (lines 283-289, 352-354).

3. Q: Does the current approach assume “statibmaggn stock—recruitment relationships? If
so, how are the effects of persistent environmeaitahge (i.e., future changes in ocean
productivity), or changes in trophic relationshgzzounted for?

A: Yes the stock-recruit analysis and derived bemarks assume stationarity if they are to be
used for future management. This is a key assumptal there is lots of discussion on this topic
in the paper (lines 290-314, Fig. 6).

4. Q: Has the risk of persistent depensatorycesfthat develop with a time-lag following

periods of adult stock depletion been accounte® limother words, have depensatory effects
been incorporated into spawner-recruitment modelsdry small populations?
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A: There is barely enough information availablestimate 2-parameter Ricker models for most
stocks with stock-recruit data, let alone a 3 pat@mmodel that includes depensation. From my
experience, there would be little support for medbht estimate an additional parameter
(depensation). There is just too much scatter atdli@ curve at low stock size to estimate this
parameter. Given the uncertain data, we shouleéd@ng towards simpler models and
management procedures (e.g. fixed exploitatiorséate

5. Q: Has a time-series of deviations from staakwitment relationships been run for each CU
to examine whether any CUs show evidence of sud#veation since 19807 If not, can this be
performed?

A: Please see Fig. 6 and associated discussion.

6. Q: The Photosynthetic Rate (PR) for many lakdmsed on a single measurement. How have
the uncertainties in the PR estimates for eachbiale®m accounted for, and how will future
changes to the PR rates be accounted for? Candbsetes be bound by confidence intervals
so as to more effectively capture the range inegts?

A: Cox-Rogers is working on this but the uncertgiestimates will themselves be quite
uncertain!

7. Q: Given that evidence for compensatory derggfyendence at existing spawner abundance
is minimal in most of the datasets presented,as/tlue of additional spawners (i.e., beyond
Smax) both to productivity and the ecosystem, bsiggificantly under represented (if not
misrepresented)?

A: There is plenty of evidence for density deperdein the data. There may be confusion here
about what density dependence looks like in steckuit data. A linear relation between
spawners and recruitment is indicative of no dgrdgfpendence. That is clearly not the case.

8. Q: Dr. Korman uses Sgen as a precautionaryrloemchmark in his preliminary analysis. It
has been suggested (see Holt 2009) that the Bgeorf as a lower benchmark only applies for
CUs with a carrying capacity above 15,000 to 25,008~ applicable is the use of Sgen for
small un-enhanced Skeena CUs?

A: The population viability analysis upon whictetBgen benchmark was evaluated by Holt is
based on a lot of uncertain assumptions. There Iegical reason why this metric shouldn’t
work for smaller stocks. The assumptions usetienpopulation viability analysis that lead to
this conclusion aren’t really consistent with thetfthat there are lots of small stocks out there
that persist. See lines 324-329.

9. Q: How have the uncertainties associated wighvarious assumptions and bias during both
run-reconstruction and modeling outputs been etadij@and how might they be included in a
given CUs buffer? Can these assumptions and umtggtabe made explicit for stakeholders to
consider?
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A: Please see Lines 330-341.
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