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Abstract

Two alternative actions are being evaluated irkilaenath Basin: 1) a No Action Alternative (NAA) én
2) removal of four mainstem dams (Iron Gate, Cdp€&opco Il, and J.C. Boyle) and initiation of hizibi
restoration in the Klamath Basin under a Dam Reindltarnative (DRA). The decision process
regarding which action to implement requires anfoi@casts of abundance with uncertainty under each
of the two alternatives from 2012 to 2061. | f@sted escapement for both alternatives by constguat
life-cycle model (Evaluation of Dam Removal and Restion of Anadromy, EDRRA) composed of: 1) a
stock recruitment relationship between spawnersaged3 in the ocean, which is when they are
vulnerable to the fishery, and 2) a fishery modat talculates harvest, maturation, and escaperient.
develop stage 1 of the model under NAA, | estimditechistorical stock recruitment relationshiphe t
Klamath River below Iron Gate Dam in a Bayesiamiavork. To develop stage 1 of the model under
DRA, | used the predictive spawner recruitmentti@teships in Liermann et al. (2010) to forecast
recruitment to age 3 from tributaries to Upper KédimLake, which is the site of active reintroductad
anadromy. | also modified the spawner recruitti@aship under DRA to include additional spawning
capacity between Iron Gate Dam and Keno Dam. derdio facilitate the comparison of the two
alternatives, | used paired Monte Carlo simulatimnforecast the levels of escapement and harvelgtru
NAA and DRA. Median escapements and harvest wigieehin DRA relative to NAA with a high
degree of overlap in 95% confidence intervals duenicertainty in stock-recruitment dynamics. Still
there was a 0.75 probability of higher annual espagnt and a 0.7 probability of higher annual harves
by performing DRA relative to NAA, despite uncentiiin the abundance forecasts. The median
increase in escapement in the absence of fishisg@Bwal% (95% symmetric probability interval
[95%Crl]: -59.9%, 881.4%), the median increasedaam harvest was 46.5% (95%Crl: -68.7, 1495.2%),
and the median increase in tribal harvest was 548 Crl: -71.0%, 1841.0%) by performing DRA
relative to NAA (estimates provided for model rafter 2033 when portion of the population in the
tributaries to UKL are assumed to be establisheldiam Gate Hatchery production has ceased).



1 Introduction

Evaluation of alternative actions in light of imfemt information is a dilemma commonly faced by
decision makers (Berger 2006; Raifa and Sclaif@020 Often, there is a mismatch between the time
needed to amass information through studies toigecy body of evidence for one action versus amothe
(long time frame) and the time over which a decisfoneeded (short time frame). Modeling is aaait
step in the decision making process and is usefid\faluating the outcome of each action, the
uncertainty in the outcomes, and how those retatke decision maker’s objectives (Clemen 1996).
Analyses that can improve the predictive abilityso€h models, such as statistical analysis, areib
in revealing and quantifying some of the uncertagin the decision process. Bayesian statistical
analyses are particularly well suited to decisinalgsis given their natural approach to modeling
uncertainty (Berger 2006). In the report thatdais, | conducted a series of Bayesian statistitalyaes
and performed model forecasts in support of a detisvhether to operate the series of dams on the
Klamath River consistent with recent history (the Action Alternative) or whether to remove the four
mainstem dams, restore anadromous Chinook salmite toibutaries of Upper Klamath Lake, and
initiate habitat restoration efforts in the tribiigs of the Klamath Basin (the Dam Removal Alteirregt

Chinook salmon@ncorhynchus tshawytschia the Klamath River historically used the fuktent of the
watershed including tributaries to Upper Klamattké-é~ortune et al. 1966; Lane and Lane Associates
1981; Moyle 2002; Hamilton et al. 2005; Butler etZz®10). There are two distinct populations rettiy
the Klamath Basin, namely spring and fall run. iggprun enter the river between March and Julyrprio
to maturation and hold in pools for 2 to 4 monthismto spawning, whereas fall run enter as mature
adults from July through December and move dirdctlypawning grounds (Andersson 2003). In the
tributaries of the Klamath Basin that currently @@anadromy, the majority of Chinook runs are faui r
(Andersson 2003), whereas spring run Chinook pdipnisiare found in the Salmon and Trinity rivers.
With the potential for restoration of Chinook anamy to the full watershed, there is interest in
understanding how the levels of Chinook abundamd¢ké Klamath Basin may change relative to the
current conditions.

The objective of this effort is to develop a mothelt is capable of providing annual forecasts dhGbk
abundance with estimates of uncertainty. The moueit be able to represent the Chinook populations
of the Klamath Basin using a life-cycle approacdht thcorporates harvest. The model must also be
capable of evaluating two alternative scenariost Dams Removal Alternative (DRA) in which the four
mainstem dams (Iron Gate, Copco I, Copco Il, a@dBoyle) are assumed to be removed in 2020, flows
in the Klamath River are managed to attain hydrplag)described in the Klamath Basin Restoration
Agreement (KBRA), habitat improvements of spawnieaches are enacted as described in KBRA, and
an active reintroduction program is implementectiiertributaries of Upper Klamath Lake (UKL); and 2
a No Action Alternative (NAA) in which the four matem dams remain in place and the flows in the
Klamath River are managed to attain hydrology a=ideed in the 2010 NMFS Biological Opinion
(Hamilton et al. 2010). The period of record floe forecast is 2012 — 2061; thus modeling of both
alternatives begins with the dams in place. Thdehwas named EDRRA (Evaluation of Dam Removal
and Restoration of Anadromy) to distinguish thekuoere from other models being developed in the



Klamath Basin to understand the effects of dam ramdydrology modifications, and habitat
restoration.

The EDRRA model is composed of a stock productimesp in which spawners generate progeny to the
age 3 ocean stage. The stock production functionkl potentially be derived in several ways: 1)
statistical analysis of historical data, 2) litewrat derived values, and 3) professional judgmamialysis
of stock production relationships have been coratlperiodically for Chinook of the Klamath Basin
from spawner to adult recruit (e.g., STT 2005).eJdndata are useful for estimating a new stock
production function to age 3. Further, estimatbthe stock production functions in a Bayesian
framework can be used to quantify the uncertaimtyré stock recruitment parameters and provide
predictive probability distributions for forecagife.g., Punt and Hilborn 1997). Where spawner and
recruit data are not available, other methods ineistsed to make predictions of the spawner and
recruitment relationship. A meta-analysis of stoe&ruitment for Chinook populations throughout the
western U.S. and Canada by Liermann et al. (20d®)ighe valuable insight into Chinook population
dynamics. In particular, Liermann et al. (201@)vpde posterior predictive distributions for calatihg
unfished equilibrium population abundance as atfanof watershed size and provide posterior
predictive distributions of productivity for bottream and ocean type Chinook. Such predictive
distributions are valuable for making forecastsarding the reintroduction of Chinook into tribuesito
Upper Klamath Lake (UKL), where active reintrodoctis planned for the Williamson, Sprague, and
Wood Rivers (Hooton and Smith 2008).

To complete the life cycle, the ocean componetheiife-history was needed. An “off the shelf”
Klamath basin harvest model was made availabl&éd\Bbuthwest Fisheries Science Center of NMFS
(Mohr In prep). The Klamath Harvest Rate Model M), a spatially and temporally aggregated
version of the Klamath Ocean Harvest Model (KOHBlculates all sources of mortality starting at age
3. The KHRM, described in detail by Prager and M@001) and Mohr (In prep) takes as input the
abundance of age 3, 4 and 5 Chinook in the oce&@eptember 1, and projects this population through
the processes of natural mortality, ocean fishingturation, entry to the river, and river fisheries
Mature fish that avoid impact by river fisheriesa@se to spawn.

Using the EDRRA model, | compared the abundancghiiook salmon under two alternative actions
defining the future condition of the Klamath Basiranalyzed a time series of spawner and recruitme
data from 1979 to 2000 in the Lower Klamath BaSimT 2005) in a Bayesian framework to develop a
posterior predictive spawner recruitment relatigmsivhich was used for forecasting future produttiv

in the lower basin. For areas of the Klamath B#sat lacked historical data, | used a spawner
recruitment model that assumed capacity was retatectershed size and provided predictions of
recruitment in probabilistic terms (Liermann et2010). To complete the life cycle and understied
effect of the two actions on the fishery, | useel KtHRM to calculate harvest and escapement. To
facilitate the decision making process, | compuisolute and relative escapement and harvest metric
under NAA and DRA.

2 Methods

2.1 Retrospective Analysis

2.1.1 Stock Recruitment Data



Data on escapement and stock size were obtainedSfor (2005). The recruitment was defined as the
abundance of progeny spawned3in calendar year BY that survive to become ocegn3on
September 1 in calendar year BY+3 (STT 2005) (TahleThe values in Table 1 were also used to
compute a conversion factdCk) from adult recruitsR) to age 3 ocealN; sepn The CF was estimated as
aN(2.03, 0.009) random variable, where whtfu, °) indicates a Normal (Gaussian) random variable
with mean p and varianeg.

2.1.2 Statistical Model

A Ricker stock-recruitment model (Quinn and Derl€899) was used to represent the levels of
recruitment of age 3 adults in the oceBy) &s a function of the spawner abundar®ef¢r brood years
= 1979,...,2000.

R, = aS,el=BSt ek ¢,~N(0,02% ) (Equation 1)

wheree, is logNormal measurement error. The model wagdrkngsformed to obtain linearity in the
relationship between log recruitment and spawnimgnhdance given’' = log(a).

log(R,) = o' +log(S;) - BS; + €, (Equation 2)

The model term log) was treated as an offset with a known coefficiettie of 1 (McCullagh and
Nelder 1989). Further additions to the model camiade by adding terms affecting the annual
variability in the relationship between log recnuéint and spawner abundance. In particular, | neadel
the effect of annual variability in recruitment dioea common variability index (CYIthat was based on
log survival rates of Iron Gate Hatchery (IGH) anahity River Hatchery (TRH) fingerling releases.
Unlike typical covariates in a regression equatiat are assumed known without error, the values of
CVI, were assumed known with error (described below}elhat the values of CMbere scaled to the
levels of annual variability in the natural recnuént via the coefficient.

log(R;) = o' +log(S;) -BS;+ 6CVI + €, (Equation 3)

2.1.3 Common Variability Index

The fingerling survival from IGH and TRH in the fomnonths after release (May — Aug) for brood years
1979 to 2000 were compiled by STT (2005) to createéarly-life survival index based on those data
(Table 2). Instead of using the early life surVivaex, | used the log survival rates of fingeglin

Chinook released from IGH and TRH to understandstheces of annual variability in hatchery log
survival ratedy; for hatchery = IGH, TRH, and brood year= 1979,..., 2000.

hje =1+ CVIg+ vy, (Q) + wp (Equation 4)
cvI,~N(0,06%,; )

u;~N(0,0% )



where thdog hatchery survival rate(h;;) for hatchery = IGH, TRH and brood yeid were modeled as a
function of amean level of survival for each hatch(x;), a random effects term representing a com
source of variability to both hatchery stocCVlI,), a term representing tiedéfect ofsummer flow in the
river associated with each hatcl (y;) (Iron Gate Hatchergurvival a function of Klamath River float
Seiad inthe first two weeks of JUNUSGS gage 11520508hd Trinity River survival a function mean
monthly July flow at LewistorlJSGS gage 11525500) , aadesidual error tern;;.

Coefficients in Equations dnd 3 were estimated simultaneously in a Bayesamdwork. The directe
acyclic graph (DAG) for therobability mode provides a mapping of the conditional relationstapsong
the parameters (Figure 1). Thalues o CVI, werenot known with certainty, birather were estimated
as randm effects variable in Equatior. In equation (3), the common hatchery variab(CVly) is thus
treated as an error in variablesvariate(e.g., Congdon 2002 the regression model for natu
recruitment.

2.1.4 Bayesian Estimation

The Bayesian paradigm estimates a probabilityiligion of the model parametef? given the observed
dataR by using Bayes’ rule:

w0 )f (RO )

(6 [R) = f(R) (Equation 5)

wherer (0 |R) is the posterior probability distribution of the d® parameters given the dex(0 ) is the
prior probability distribution of the model parareet, f(R |0 ) is the likelihood of the da given the
model parameter values, afR) is the marginal probability density of the recaptdata. The margin
probability density,f(R): may also be viewed as integrating across the guair@meter space #; thus

f(R) = [7(0)f(R|6 )db.

Priors for the coefficients in tH&ayesian estimation were r-informative (Boxand Tiac 1973, Gelman
et al. 2004) Priors for both the mean and the variance etcthefficients were required. Priors for
means were given normal distributions with largeareces(e.g.,N(0,1000)),whereas priors for th
variance terms were given inverse gamma distribattbat had approximately uniform probabi
density across the range of likely values (e.g0I®{1, 0.00J) (Table 3).

The posterior distributions of the el parameters? were estimated by drawing samples from the
conditional distributions of each parameter givatugs of all other parameters. This was implemehye
using a Metropolis within Gibbs Markov Chain Mori@arlo (MCMC) approach (Gelm et al. 2004;
Gilks et al. 1996).If the posterior distribution is a standard statédtdistributior and the priors for the
mean and the variance amenjugate priot, the Gibbs sampler may be used to update the sari the
Markov Chain (Roberts arfélolson1994). The nomrformative priors used here were conjugate pr
thus the Gibbs sampler wased. MCMC sampling w implemented in WinBUGS 1.4.3 (Spiegelha
et al. 2003).

Diagnostics of MCMC chains are required to enshia¢ the MCMC chai has converged to a station:
target distribution.Multiple chains were run using disper initial values for each model, an scale
reduction factor (SRF, Gelman et al. 2004), whiatidates whether further sampling would improve



accuracy of dras/from the target distribution, was calculatedeach monitored quantity in the moc
Monitored parameters in all models had SRF valnasihdicated samples were being drawn fron
target distribution (i.e. SRF= 1) by 50000 samples. The initial 30%§ the samples were used to re

the stationary target distribution and were dised (“burn in”) with the subsequent samplesnned to
produce approximately@Q0 draws from the statiary target distributions. The000 draws were used to
compute theosterior mean and 95% central probability intenal credible intervals (95% Crl). T
diagnostics were implemented using the R2WinBUGkage (Sturt et al.2005) in R (RCDT 201C

| compared two models of stock recruitment; thst finodel was thease model (Equation 2) anc
second alternative model with the common varighitidlex (Equation 3)I used Deviance Informatic
Criterion (DIC) to evaluate model predictive alyittith a penalty for model complexity (Spiegelhake
al. 2002).

DIC = D(R|0 )+ pp (Equation 6)

where the devianced(R|6 ) is equal to 2x the negative log likelihood (e.g- 2logp(R|0 )). The
deviance is a measure of model fit and decreagsbdeiter fitting models. The deviance is calcudadt
each iteration of the MCMC chain, and the firstri on the right hand side of the equation is the pumst
mean of the deviance (e.@),= 1/L 5", D(R|6 ')]). The second term on the right hand side of
equation 6 ipD, which is the effective number of paramet: In a hierarchical model the effecti
number of paramets is typically less than the total number of estied parameters, because informa
is being shared among random effects. The , is defined aspp = D — D (Spiegelhalter et a
2002), and D is the deviance evaluated at the posterior medmeainodel paraeters (e.g.,

D = D(R| )).

2.1.5 Fisheries Reference Poir

Reference points of the Ricker stock recruitmelatti@nship were calculated using the following faren
(Ricker 1975):

Shsyis the spawner that provides maximum sustainalelel.yiThere is no analytical solution to
equation (Quinn and Deriso 1999), thus it was sblteratively by maximizing the yiel(R —S), which
is defined as

ASpsyel BSmy* VIl g (Equation 7)
To calculateS,s, | assumed the random effectCVI was at its average value (iICVI = 0)

ShaxiS the spawner abundance that provides maximumitewnt

Smax = % (Equation 8)

S.eqis the spawner aimdance aunfished equilibriunpopulation size, assuming recruitment is define
adults. When the recruitment is defined as anegdife stage, it is still useful as the spawnleumdance
that equals the abundancetioé earlier life stage; here itage 3 ocean fish.

Sueq = log(a) /B (Equation 9)



Estimating the model parameters in a Bayesian frarlefacilitated the calculation of the fishery
reference points as probability distributions. tBimtions for fishery reference points were cadtet by
drawing 1000 samples from the posterior distrilngiof the model parameters, calculating the referen
point for each of the 1000 draws and forming a phility distribution.

2.1.6 Assumptions for retrospective analysis

The assumptions in conducting the retrospectivéysisausing the Ricker stock — recruitment model ar
the same as those enumerated in STT (2005, pl2addition, | make the following assumptionstie t
retrospective stock recruitment analysis:

1. The flow metrics (July flow at Seiad on the Klam&iwer and July flow at Lewiston on the
Trinity River) were representative of annual vailigbin flow. | evaluated multiple flow metrics
in a correlation analysis to evaluate multiple flmgtrics to residuals from the STT (2005)
analysis (not shown). In addition, the amountariability attributable to flow was relatively
small compared to CVI; therefore, incorporatioratbérnative flow metrics should have a small
effect on parameter estimates.

2. The Bayesian model is drawing samples from théostaty posterior distribution of model
parameters (i.e., the model has converged). Whndliee are tests for lack of convergence (i.e.,
SRF values) that were used here, there are no dwetb@uarantee convergence.

2.2 Forecasting Abundance under the NAA and the DRA

Under both the NAA and the DRA, the life cycle dii@ook was completed in two stages: 1) production
of natural origin age 3 ocean fish from spawnestzatchery origin age 3 ocean fish from Iron Gaig a
Trinity River hatcheries, and 2) calculation ofvest, maturation rates, natural mortality, and psoeent
by the KHRM (Mohr In prep). The production of agjecean fish was implemented with Monte Carlo
simulations to incorporate uncertainty in the alamwmb forecasts. | conducted 1000 Monte Carlo
simulations to characterize the uncertainty infeifaroductivity under each of the two alternativEsch
iteration of the Monte Carlo simulation paired ¥&A and DRA forecasts; parameter draws used in the
production stage under NAA and DRA (e.g., value€df,) were the same under NAA and DRA for
each iteration of the model. For example, thealuCVhqo4, Wwas the same in iteration 724 of NAA as in
iteration 724 of DRA. Using the same covariataigalin a given iteration allowed paired comparisains
model outputs, which were valuable for calculating relative benefits of the two alternatives iiiespf
uncertainty in the absolute abundances.

| provide details on the production of age 3 odésinunder the two alternatives below. The appiaat
of KHRM was the same between the NAA and DRA ewvi#dua which also facilitated comparison of
DRA and NAA on relative terms. In general, theaidf values of the KHRM were used in EDRRA.
Values of the biological parameter set that weppbed for each run of KHRM were:



1) Na., which was a vector of abundances consistingageé 3 hatchery and natural origin in the
ocean, age 4 hatchery and natural origin in thamcand age 5 hatchery and natural origin in the
ocean

2) 0., Which was a vector gfroportions of the natural origin consisting ofe&ynatural
proportion, age 4 natural proportion, and age Gnaaproportion.

The KHRM operated as a deterministic harvest madtél uncertainty in harvest and escapement arising
only from the input of th&\,, g,, vectors only. The fishery control rule defined Havest rates based on
expected levels of escapement in the absence wddtgiMohr In prep), and under both the NAA and
DRA the fishery control rule was an updated versibthe amendment 16 fishery control rule (Appendix
A). The default management parameters and therfigharameters in the KHRM were not modified;
therefore, the management and fishery behavidroKHRM model was exactly the same under both
alternatives.

The role of flow in the Klamath and Trinity Rivengas expected to affect hatchery survival rates, and
flow was included in the forecasted production fions to age 3. Flows for the Klamath River ata8ei
were forecasted for the 50 year period (2012 td 2@6 part of flow studies on the Klamath River in
support of the Secretarial Determination procesxignation 2010). Two flow series were used as par
of the hydrological evaluation of future conditianghe Klamath Basin; these were the flows unter t
Biological Opinion (NMFS 2010) and the flows asaetnended under KBRA. In the Ricker stock
recruitment model presented here, the flow covamas normalized to have a mean value of 0 and a
standard deviation of 1. In order to use the patanvalues for flowy(gy), hydrology data for the
Klamath River at Seiad was normalized using theeseafues as the historical data (mean of 1589,0 cfs
sd = 944.17). These normalized flows are presantétjure 2 to provide a comparison under the two
alternatives. In the Trinity River, no such floarécasts were available; therefore, | constructiue
series of flows that were consistent with histdrftiavs. The constructed flow series for the Tiynivas
used for all iterations of EDRRA under NAA and DRA.

Monte Carlo simulation was used to integrate actlessincertainty in the model parameters with the
objective of translating uncertainties in modelutginto uncertainties in model outputs (Manly 1997
Monte Carlo simulation is a technique that involusing random numbers sampled from some form of a
probability distribution as input to a deterministiquation or model to derive an outcome under
conditions of uncertainty. As the number of outesrin the simulations approaches infinity, theistias
(mean, standard deviation, etc.) converge to thaérvalue (Givens and Hoeting 2005).

2.2.1 Production to Age 3 in the Ocean under the Naction Alternative (NAA)

Forecasted production under the NAA consisted odlpction of natural origin and hatchery origin &ge
ocean salmon. Forecasts of natural production b&sed on the results of the retrospective Ricker
stock-production function described previously (&tipn 3). Values of CVlwere drawn for each
iterationi and yeat of the model, whereis now the year when the cohort is at age 3% the
spawner abundance. The values for @Vére drawn from diJ(O,cs2 cwi,; ) and residual erras from N(O,
6°.;). The values of the parameters of the stock oot function ¢, B, 5) were drawn from their
Bayesian posterior distributions. In each year#ehery was operational, the Trinity River Hatghe
produced 3 million and the Iron Gate Hatchery poedli6 million fingerlings. Values of log hatchery
survival were drawn from their posterior distrilmuts (e.g.k;, y; for j = IGH, TRH) and the residual error
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was drawn fromN(0,6° ). To provide age 3 hatchery abundance, hatclignyfere assumed to have
an age 2 to age 3 survival rate of 0.5 (Hankinlasghn 2010). For a more detailed description ef th
steps in the NAA simulation, please see Appendix B.

2.2.2 Forecasting Abundance under the Dam Removallt&rnative (DRA)

There are several substantial changes to the KhaRiaer system that were incorporated in the model
under DRA: 1) production in the tributaries of Upjpdamath Lake (Wood, Williamson, and Sprague
Rivers); 2) reintroduction of Chinook to these titifries of UKL; 3) production in the mainstem Klaima
from Iron Gate Dam to Keno Dam and tributaries (e, Shovel, Jenny, and Fall creeks); 4) KBRA
flows in the mainstem Klamath; and 5) KBRA habitgtoration actions in the tributaries to Upper
Klamath Lake and lower basin tributaries.

2.2.2.1 Production in Tributaries to Upper Klamatake

| calculated the production of natural origin oceae 3 fish from tributaries of Upper Klamath Ldkee
upper basin) as described in Liermann et al. (20L&rmann et al. (2010) used watershed sizeedipt
the unfished equilibrium population size based ometa-analysis of multiple stocks of Chinook salmon
throughout the western United States and Canadg;ailso estimated the productivity for ocean-type a
stream-type Chinook. | used both of these resaltievelop Ricker stock production functions fag th
upper basin.

Estimates of watershed area

The definition of usable watershed area requiredugting potential barriers to migration (Table Zhe
Williamson River is the main river system in thepgdp Klamath Basin that, when including the Sprague
River subbasin, comprises 79 percent of the totahedge area of the Basin (Risley and Laenen 1999).
The Williamson River subbasin has a drainage arepmroximately 3678 k(1,420 mf), extending

from its source on the eastern edge of the basthflawing through the Klamath Marsh, which covers
601 knf (232 mf) (Risley and Laenen 1999; Conaway 2000; David Exard Associates 2005). The
area of the lower Williamson River, between thekkeef and UKL, covers 311 IfrﬁlZO m?), and is

one of the major ground-water discharge areassiufiper Klamath Basin.

The Sprague River is the main tributary of the iafiison River system in the Upper Klamath Basin,
comprising approximately 4,092 KrtlL,580 mf), which includes the North and South Forks, Fi$ého
Creek, and the Sycan River subbasins (Risley ardém1999). The upper extent of the Sprague
subbasin, which is upstream of Beatty Gap abov&lian River, is approximately 1471 k(668 mf),
and includes a portion of the Fremont-Winema Natid¢iorest. The lower extent of the Sprague
subbasin below the Sycan River is approximately3 kinf (453 square miles in area), meandering
through the lower valley for 75 miles to its comfhce with the Williamson River (Conelley and Lyons
2007).

The Sycan River subbasin has a drainage area mhapptely 1447 krh(559 mf). The upper extent of
the Sycan River subbasin above Sycan Marsh is gippately 103 square miles in area (Conelley and
Lyons 2007). The Sycan Marsh is predominantlyréase-water dominated wetland, measuring
approximately 124.3 k(48 mf, 30,537 acres), accepting flows not only fromUhmer Sycan River,
but from an additional drainage area of 456 kirY6 mf) surrounding the marsh (USFS 2005). The
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lower extent of the Sycan River subbasin beginevo¢he Sycan Marsh, and is approximately 60 km
(232 mf) in area (Conelley and Lyons 2007).

The Wood River subbasin is located in Klamath Cgpu@regon approximately 40 miles north of
Klamath Falls. The subbasin has a drainage arapgrbximately 567 ki(219 mf) extending from the
southern flanks of the Crater Lake highland witGiater Lake National Park and the Winema National
Forest, and flowing southward through the Wood Rwalley into Agency Lake (USBR 2005; Graham
Matthews and Associates 2007).

The total estimate of watershed size for the tebies to UKL was 4200.96 KnfTable 4) Using samples
from posterior distributions provided by Martin bigann (Martin Liermann, NWFSC NOAA, March 28,
2011 personal communication) as described in Liams al. (2010), a stock production function was
constructed for the tributaries to UKL. Liermartrak (2010) used a version of the Ricker stock
recruitment function defined in terms of the logductivityr and the unfished equilibrium population
sizeE (the value where recruitment abundance equalsripgwabundance). Liermann et al. (2010)
found that the log productivity was different farean type and stream type Chinook; further, themdo
that the relationship between watershed sizekawds different for ocean and stream Chinook.

Both stream and ocean type Chinook are expectbd fwesent in the tributaries to UKL (Dunsmoor and
Huntington 2006); therefore, the production funetidor the tributaries to UKL incorporated produitsi
(r) and unfished equilibrium population siZ8 for a mixture of stream and ocean Chinook. To
implement the mixture, the proportion of ocean simdam type were able to vary in each year. Fon ea
iterationi and yeat of the model, a proportion of ocean Chingpkwas drawn at random from a
Uniform(0,1) distribution.

The unfished equilibrium population size was calted for stream type Chinook using Equation 8 of
Liermann et al. (2010) (assuming L = 0 indicatitigam Chinook)Enewsream The unfished equilibrium
population size was also calculated for ocean Gfpi@ook using Equation 8 (assuming L = 1, indiagtin
ocean Chinook)E ewocean The mixture of ocean and stream unfished eqiulib population siz&,e,, i
for iterationi and yeat was calculated as follows:

Enew,i,t = pi,tEnew ocean,i + (1 - pi,t)Enew spring,i Equation (11)

In a similar fashion, the values of productivity,, ;;were formed as a mixture of ocean and streamrtype
values from Liermann et al. (2010).

rnew,i,t = pi,trnew ocean,i + (1 - pi,t)rnew spring,i Equatlon (12)

The values ofE,q,, i ¢ » Thew i.¢» @Nd the spawner abundance three years previgiisly allowed the
calculation of upper basin adult recruits in theaaize of fishing via Equation 1 in Liermann e{2010).
In addition, annual variability in recruitment wamdeled with a random effest;. The random effect
for annual variability in the tributaries of UKL wahe same as the lower bai€VI; (,. Finally the
recruitment calculated to the adult returning stage converted from adult to 3 year ocean fish ttwia
N(2.03, 0.01) expansion factor ) .

2.2.2.2 Modeling the reintroduction to tributarieUpper Klamath Lake
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The reintroduction of Chinook to the tributaried L was assumed to start in 2019 with fry being
planted in the tributaries to UKL prior to dam rerabin 2020. The reintroduction process is expktte
construct a conservation hatchery that is capdideading the tributaries to UKL with fry to capsci
(Hooton and Smith 2008). There is no fry or ofla@enile freshwater stage in the model; therefore,
stocking to capacity was modeled by assuming tremhtimbers of adult returns were at or above the
unfished equilibrium population si#%,,,,;  from 2019 to 2029 for model iteratiomnd yeat.

2.2.2.3 Production from Iron Gate to Keno Dam

From Iron Gate Dam to Keno Dam, the mainstem ahdtaries to the mainstem (Spencer, Shovel,
Jenny, and Fall creeks) watershed area was estiraafer92.2 kin(Lindley and Davis In prep).
Posterior samples from the distributions for paramsedefining the relationship between watershee si
and unfished equilibrium population sigavere used to construct the posterior predictiveitigion for
E.ewgiven the watershed size for Iron Gate to Keno amg Liermann et al. (2010) and assuming
ocean type Chinook.

Further, the following steps were taken to modify Ricker stock recruitment relationship under N&A
include the additional spawning area below Keno Orathe DRA:

1. Calculate the distribution of unfished equilibriyggmpulation size for the Iron Gate to Keno
mainstem and tributaries using Equation 8 of Liexmat al. (2010) assuming a watershed size of
1792.2 knf and ocean ChinooEeno:ic

2. Multiply the unfished equilibrium population sizerfadult recruits by the adult recruit to age 3
ocean factoCF

3. Use the distribution of,qCalculated in Equation 9 of this document for phe-dam removal
estimate of unfished equilibrium population sizecuitment defined as age 3 ocean abundance).

4. Add the unfished equilibrium abundance for halfitatn Keno to Iron Gate calculated in step 1
to the old equilibrium abundance from step 2 tewalkeS,cq new

5. Calculate a new distribution for tifeparameter with the additional capacityby re-ariagqg
Equation 9

al

Brew = Equation (10)

Sueq new
Because there were 1000 posterior samples foradblese quantitie®E(eno.ic andS,eq) the above
calculations were carried out 1000 times for edetaiioni of the model . The 1000 samples of the
distribution off.wWere used for the forecasting the productivityhef Klamath River below Keno Dam
after 2020 (i.e., replagein Equation 10 witlB,.,,).

2.2.2.4 Modeling the effects of KBRA

Since the Fisheries Restoration Plan under KBRAybaso be developed, specific restoration projects
within each of the tributary streams currently uti#d in the model have yet to be identified. Hatbit
restoration actions were specifically identified floe three major lower basin tributary stream®{Sc
Shasta, and Salmon) and in the tributaries to Uldfsmath Lake. | assumed that for the purposehisf
model, all of the habitat restoration actions idfexd will have benefits beginning in 2013 and ateg
through 2061.
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Stakeholders identified the likelihood that anneedability in recruitment from the tributaries tKL
could vary with Klamath River flows. The variationproduction due to flow variability is not known
given the lack of information on the upper basiwlver. |assumed that flow variability affected
outmigrating UKL fish to a similar degree as thédlBatchery fish. Thus, the posterior distributan

Yicn Was used as a posterior predictive distributiotheneffect of flow on production in the tributagito
UKL. The values of the flows at Seiad used inriteospective analysis were normalized to have anme
of 0 and a standard deviation of 1; therefore KB&A flows used to compute annual variability in
recruitment to age 3 form tributaries to UKL un@RA were transformed using the same mean and
standard deviation as the Seiad series.

Stakeholders have also identified the likelihocat tiBRA actions will increase productivity between
2012 and 2061. The uncertainty in productivity wharacterized by the posterior distributiorwtf

thus, the posterior distribution af provides a description of the range of possibtelpctivity values in
the lower basin along with the probability of ohgeg those values (by definition of a posterior
probability distribution). | implemented the imprament in productivity due to KBRA actions in
EDRRA by drawing samples from a truncated distidoubf productivity. By using a truncated
distribution, the upper range of productivity vaudid not change, whereas the lower values of
productivity became less likely over time. In Fig, the process of drawing posterior predictive
samples from truncated distributions is depictEdrly in the time series, low as well as high pitlity
values can be drawn from the distribution; howesasrthe time series progresses lower values of
productivity are rejected and a new draw must bdenantil one from the Accepted region is obtained.
In practice, the draws were made from truncatedrdbdistributions via the package msm (Jackson
2011) in the statistical programming language RPRQ@010). The lower threshold value was set at the
0 quantile in 2012 (i.e., the full distribution weampled) and the quantile increased linearly2é 0y
2061; that is, by 2061 only the upper 0.75 portibthe distribution could be sampled (lower thrddrai
guantile of 0.25). Draws from the truncated disition are distinguished by an asterisk on therpater.

For example, truncated draws from the lower basddyctivity «'are distinguished ag*

A similar approach was implemented for the tribiesto UKL, where uncertainty was characterized
through the use of posterior predictive distribnt@f productivity for ocean type and stream type
Chinook presented in Liermann et al. (2010) (ix&vwocean@Ndrnewstrean-  The lower threshold for sampling
in 2012 was set at the 0 quartile (the entire ithistion could be sampled) and moved linearly toQt&s
guantile by 2061 (truncated to the upper 0.75 portif the distribution). The mixture of ocean and
stream Chinook was then applied via the propomifoocean Chinooks; after the draws from the
truncated distributions OfewoceandNAr newstream

In a similar fashion, the values of productivity,, ;:were formed as a mixture of ocean and streamrtype
values from Liermann et al. (2010).

T newit = PitTmew oceani T (1= Dit)Tnew spring,i Equation (13)
Please see Appendix B for the specific steps aymtion of Age 3 Chinook under DRA.
2.2.3 Assumptions to forecasting under DRA and NAA

Multiple assumptions were made to forecast aburelander DRA and NAA:
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10.

11.

12.

13.

14.

15.

16.

17.

Data used for the stock-recruit analysis and sulm#csimulation modeling were based on
current and past conditions and are also indicatiiature conditions in the Lower Klamath
Basin

Stock recruitment relationships developed fromrétespective analysis will be the same in the
future. Any modifications to the stock recruitmeetationships for the Lower Klamath Basin in
the future will only occur as modeled (e.g., KBRifeets under DRA).

Annual variability in stock recruitment in the lomeasin will be of a similar magnitude to past
annual variability in stock recruitment.

The use of Liermann et al. (2010) work assumesthigaKlamath system falls within the range of
watersheds evaluated in their analysis. The Liam®&t al. (2010) work was used due to its
incorporation of a broad range of watersheds, 8icluof stream and ocean type Chinook. and
the explicit incorporation of uncertainty in pretittmis for new streams. The EDRRA model
assumes that production from the Klamath Rivehataeginning of the time series could range
from the worst to the best rivers analyzed in Lienm et al (2010).

Conversion from adult abundance to age 3 abundanedid based on data presented in STT
(2005) (Table 1).

Capacity for the Iron Gate to Keno reach calculatsidg Liermann et al. (2010) can be added to
capacity below Iron Gate estimated via the retrogpe stock recruitment analysis.

Chinook in the Lower Basin below Keno will be prednantly ocean type.

Chinook in the Upper Basin above Keno will be atonig of ocean and stream type; the relative
proportion of each type will vary annually.

The Sycan Marsh on the Sycan River and the Klafatsh on the Williamson River are
barriers to Chinook migration.

Implementation of KBRA in the EDRRA model assumest the conditions in the Klamath River
will improve over the 50 year time period of thedwsb This process was modeled by removing
the chance for low productivity in later years lné time series. In future years, the likelihood
that the Klamath would act like the worst riverd.iermann et al. (2010) diminishes.

Annual variability in production of age 3 oceanrtéts will be highly correlated in the upper and
lower basin.

Flow variability in the Klamath River will affectrpduction of Chinook in the upper basin to a
similar degree as it affected survival of IGH hatghfish. Namely, the posterior distribution on
vien Was used as a posterior predictive distributiotheneffect of flow on the production in the
tributaries to UKL.

Under the active reintroduction of the upper baginduction assumes adult abundances at or
above the unfished equilibrium population sizetfar period 2019-2029.

Default values provided in the KHRM (described int\v et al. In prep.) for maturation rates,
ocean survival rates, etc. were appropriate far&uKlamath Basin Chinook stocks.

The fishery management is the same for DRA and Ngléase see Appendix A). Further, it is
fixed for the time period of the model simulations.

The fishery is managed with perfect informatiorattis, fishery managers have perfect
information of the abundances at each age andrtipogion of hatchery fish in each age.

The fishery operates perfectly; that is, the alledacatch from the fishery managers is caught to
meet the target harvest and escapement levels.
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3 Results

3.1 Retrospective Analysis

The Ricker stock-recruitment function with the ird# common variation (CVI) provided a better
explanation of the variability in the age 3 oceacruitment (DIC = 662.8, pD = 25.3, mean deviance =
637.5) than the base model (DIC = 683.4, pD = 28&an deviance = 654.9). The difference in DIC
values was approximately 20 units, which is strgrgipportive of the alternative model (Spiegelhradte
al. 2002). The difference in DIC values was dumarily to a decrease in mean deviance in the model
indicating an improvement in the prediction of &jecean abundance by including the CVI as a
covariate. Scale reduction factors indicated $shatples were occurring from a stationary distridoutn
both models (i.e., values were near 1 for paranestiimates in both models). Observed versus pezstlic
plots under the alternative model indicated thatimted median ocean age 3 abundances were indicati
of observed abundances, but as may be expecteditiiity spawner-recruit relationships (e.g., Hitho
and Walters 1992), some additional variability rered to be explained (Figure 4).

The CVI was estimated by capturing annual varighili hatchery survival common to both the IGH and
TRH fingerling release groups (Figure 5). Muchihed annual variability in survival of IGH and TRH
releases was due to the common source of variabéitween the two hatcheries (Figure 6), with some
remaining variability due to hatchery specific fast Estimates of the standard deviation of thé CV
provide an indicator of the magnitude of the effatthatchery survival. For example, TRH survies
could vary from 4.8% to 0.38% for a 1 standard dten increase and a 1 standard deviation deciease
the value of CVI, respectively.

Mean survival to age 2 was higher for TRH releq$e35%) than IGH releases (0.9%) (values obtained
by transforming mean valuesofin Table 5). Summer flows in the Trinity River July at Lewiston
were positively related to annual variability im@ual of TRH releases; the posterior distributimfiyry
had a mean value of 0.3 (95% Crl: -0.038, 0.618)d&). Although the 95% Crl included zero, there
was a 0.963 probability that flow was positivelfated to hatchery survival. Summer flows in the
Klamath River (July flows at Seiad) were positivedyated to variability in IGH releases. The pdste
distribution ofy,cy was positive and the 95% Crl did not include O[€&b); the probability of higher
flows having a positive relationship with IGH suwra&i in the Klamath River was ©.999.

The common variability index (CVI) was variable amjoyears and matched the pattern in log hatchery
survival rates (Figure 6). While the pattern ia @VI may be informative, it is not known whether the
magnitude of annual deviations is the same forrahtecruitment to the age 3 ocean stage. A pasme
was included in the model to allow the variabifitym the hatchery fish (CVI) to be scaled to theura
recruitment viad. The inclusion of thé parameter also allowed the stock recruitment fandb ignore
the CVI (e.g., if thed value was 0). Median posterior estimate8 waere 0.61 (95%Crl: 0.32, 0.93)
indicating that there was a positive relationshépAgen recruitment variability and CVI, i.e., yeaith
higher survival of TRH and IGH fingerlings were corrent with positive deviations from the mean
stock recruitment relationship.
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The result of the retrospective model was a stookysction function that could be used to forechst t
levels of production with uncertainty for the Klatimdasin below Iron Gate Dam in the No Action
Alternative. The uncertainty in the stock prodactfunction is substantial, even in the absendbef

CVI effect (i.e., assuming CVI = 0) (Figure 7). elfishery reference points indicate the levels of
uncertainty in the stock recruitment relationsHlipable 6). The spawning abundance that maximizes
yield is approximately 48,000 spawners (95%Crl1934, 86,141). The level of spawner abundance that
maximizes recruitment has a median of 58,360 (93%@9r325, 109,167), whereas the median spawner
abundance that equals the abundance of 3 yeans thld ocean was estimated at 143,660 (106,407;
232,915).

The Liermann et al. (2010) model was also calcdl&ethe lower basin assuming a watershed area of
9,653 kni (assuming a total watershed area of 12,066fenthe Salmon, Shasta, Scott, Lower & Upper
Klamath below Iron Gate and removing 20% duerétershed area draining directly into anadromous
streams, D. Chow, NMFS, pers. comm.). This waspteted to provide a point of comparison between
the Liermann et al. (2010) approach and existitigneses of sy in the lower basin. The Liermann et al.
(2010) median estimates ofassuming a 9.653 Knwatershed was 43,360 (95%Crl: 17.905, 95,500).
In comparison, STT (2005) estimateg, 3o the adult stage as 40,700 (95% confidenceviake82,200,
54,100). This result suggests relatively good exgpent between Liermann and the STT (2005) analysis.

3.2 Spawner recruitment functions for DRA
3.2.1 Lower Klamath Basin

Under DRA the spawning habitat was increased by) ki, which equated to an adult unfished
equilibrium population size of 23,613 (95% Crl. Q63.1; 47,625.1) (Liermann et al. 2010). The adult
were expanded into age 3 ocean recruits, whichtteaedefining the capacity parameter in the Ricker
stock recruitment relationship. The stock recreittrrelationship in the lower basin shifted dught®
added capacity in 2020 (Figure 8). As a resudt fishery reference points shifted to higher medkarls
(Table 7) with the median,g, of 63,838 under DRA as compared to 48,475 undeh l[dAd median .

of 79,623 under DRA versus 58,361 under NAA. Theselts were computed in the absence of KBRA
to provide estimates of changes in the stock priboluéunction early in the time series.

The stock production function in the lower basiiftstl over the time series due to KBRA actions
affecting productivity in the lower basin tributesi (Stillwater Sciences 2010). The stock prodactio
function in 2012 was thus different than in 206& dwuthe portion of the posterior distributioncothat
was sampled (Figure 9). As a result, the stockuitoent relationship shifted over the time segaesh
that median recruitment was higher in 2055 relativ2025, although uncertainty in recruitment
remained largely unchanged (Figure 10).

3.2.2 Tributaries to Upper Klamath Lake

The stock production function in the upper basis dearived from assuming mixed stream and ocean
Chinook life history types and sampling log prodiities from posterior predictive distributions
provided in Liermann et al. (2010). The medianpogductivity from assuming the mixed life history
rewWas 1.69 (95%Crl: 1.14; 2.24). The median estnadtunfished equilibrium population size for the
tributaries to UKL using the results of Liermanrag (2010) was 17,232 (95%Crl: 8,330; 30,439) for
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stream type and 53,691 (95%Crl: 23,598; 98,891ddman type Chinook, whereas the mixed ocean and
stream type estimate was 34,350 (95%Crl: 12,968043. Restoration work in the tributaries to UKL
was assumed to alter the distributiorr,@f, between 2012 and 2061 such that lower valuesgof lo
productivity became less likely over this periogl{) (Figure 11). As a result, the stock recruitment
relationship (defined from spawner to age 3 indbean) in 2055 had higher recruitment of age 3rocea
Chinook for a given spawner abundances when cordpariae stock recruitment relationship in 2025
(Figure 12). The difference between the 2025tha055 stock recruitment relationships was most
pronounced at spawner abundances less than appiteky33,000.

3.3 Comparison of Alternatives

To support the decision process, the relative lisnaff performing one action over another in theefaf
parametric and environmental uncertainty were ¢aled. Because the model iterations were paired (i
the same values of Ci| the same value of, the same value aof; , etc. for hatcherj iterationi in
yeart in NAA as in DRA), the probability that DRA wasegter than NAA could be calculated (i.e., the
number of model iterations in which DRA was gredtan NAA). If there is no benefit to one action
over the other, the probability will be 0.5 (i.80:50 chance of higher abundance); however, if the
probability is consistently greater than 0.5, ttieere is support for DRA despite uncertainty in the
absolute abundance forecast.

| also calculated the percentage increase in almeedar each paired iteration as (DRA — NAA)/NAA *
100%, which provided a quantitative estimate ofdtiference in abundance. There were three periods
that could have different relative levels of abummaunder DRA versus NAA: the period between model
initiation and dam removal (2012- 2020); the peddter dam removal but with active reintroductian i
the tributaries to UKL (2021-2032); and the finatipd when the population in the tributaries to Uile
assumed to be established and Iron Gate Hatchedugtion has ceased (2032-2061).

Escapement in the absence of fishing was calcutatede KHRM prior to determining the harvest rate,
and it provided an estimate of total escapemetitad<lamath Basin. The probability that forecasted
escapement in the absence of fishing is highernidB& than NAA between 2012 and 2020 is 0.54
(median of the annual probabilities from 2012-20F2yure 13). The probability is 0.79 from 2021-
2032 and 0.78 from 2033 to 2061 that forecastedpesnent under DRA was higher than NAA (Figure
13). The percentage increases in escapement oflPR#ve to NAA in these three periods were 10.8%
(2012-2020), 81.8% (2021-2032) and 81.4% (2033-p0Bdble 8).

Escapement to the Lower Klamath Basin was margimédher under DRA than NAA (Figure 14). The
probability that forecasted escapement to the Lddamath basin under DRA was greater than NAA
was 0.50 between 2012 and 2020. The probabiliyRA being greater than NAA was 0.54 and 0.56 for
the periods 2021-2032 and 2033-2061, respectivadyife 14). Over these three periods, the median
percentage increases in escapement to the loweribd3RA relative to NAA were approximately 7% to
9% after 2021 (Table 8).

Due to the structure of the KHRM, ocean recreatiand ocean commercial harvest had the same
relative response of DRA versus NAA (Figure 15 a6l The probability of increased ocean harvest
from 2012 to 2020 was 0.54. The improvement ali®® during the early period was due to KBRA
restoration actions. After dam removal and dugntjve reintroduction (2021-2032), the probabithgt
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ocean harvest was greater in DRA than NAA was 0T#% probability of higher harvest dropped
slightly to 0.72 with the cessation of active remgiuction and the loss of Iron Gate Hatchery prtidac
after 2032 (Figures 15 and 16). Median estimatéiseopercentage increase in ocean harvest du# D
was approximately 9% from 2012 to 2020, rising 38d6from 2021 to 2032, and dropping to 46.5% after
2033 (Figure 15 and 16, Table 8).

Patterns in river harvest were similar to thosddarer basin escapement, with relatively small éases

in river harvest under DRA versus NAA (Figure 1Pxior to 2020, river harvest was roughly equivalen
for NAA and DRA. The probability that DRA was gteathan NAA was 0.48 prior to dam removal in
2020 (but equal to 0.5 if one includes the iteratiovhere DRA equals NAA). After dam removal, the
probability of increases in river harvest under DR#s consistent at 0.62. The pattern in river éstrv
was due to a 25,000 limit on capacity of recreatidishers (Mohr In prep), which minimized the ambu
that the DRA and NAA runs could differ. As a rdésthe median percentage increases in DRA relétive
NAA runs were 0% during the early period (2012-2020d increased to approximately 9% after dam
removal (Table 8).

Tribal harvest was similar in pattern to ocean hargFigure 18), which reflected the fishery altoma
rules incorporated into the KHRM. The probabilifytribal harvest increasing under DRA was 0.54mpri
to 2020, increasing to 0.79 during the active reghiiction period (2021-2032) and dropping down to
0.72 afterwards (Figure 18). Median estimate$fefdercentage increase in tribal harvest was rgughl
10% before 2020, climbing to 71.5% during 2021-2G8® dropping to 54.8% thereafter.

4.0 Discussion

The forecasted levels of escapement and harvedetgemined by KHRM; therefore, understanding how
KHRM operates provides some insight into the reéatevels of escapement and harvest forecasted unde
NAA and DRA. The main driver of the KHRM behavisrthe F- control rule, and the rule used in the
forecasts under NAA and DRA is an updated amendd@ntle (Appendix A). This rule is based on an
optimal (i.e., escapement that produces maximunaisiable yield) escapement target after harvest of
40,700 (STT 2005). The updated F-control rule deaseloped to maximize yield under the current
conditions (i.e., NAA), but it may not be optimarfDRA. The application of the updated rule to DRA
affects the results here in two ways. First, gitrenadditional recruitment to the fishery thatasi from
production in the Keno to Iron Gate reach and tdkias to UKL, the escapement and harvest foredaste
under DRA were likely not managed optimally. Higharvest and escapement (and potentially more
consistent harvest and escapement) may be attaibgltsipecifying an F-control rule optimized for the
spawner recruitment relationships under DRA. Sdgctire probability of fishery closure was deterndine
by F control rule and its escapement floor. Theag be a trade-off between higher probability of
closures and higher harvest rates that would rebd txplored based on the spawner recruitment
relationships for the lower and upper basins. nulitely, any modification of the F-control rule waul

occur through a formal process under the Pacibétiy Management Council, and modeling this process
was well beyond the scope of this effort.

The KHRM was implemented in EDRRA with simplifyimgsumptions to highlight differences in the
production under NAA and DRA. These assumptiofecégd the absolute estimates of harvest, and
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attempts to compare the harvest under NAA to hisibcatches may be misleading. Catch in the ocean
and river fisheries between the mid 1990's throR@hO had a median value of 33,725 (PFMC 2011).
Median forecasts of harvest under NAA presented beg well above the historical catches for attleas
two reasons. First, the ocean abundance suppliget tkKkHRM here is known without error; in other
words, there is no error between the abundandeeipreseason forecast and the postseason estilmate.
reality, the level of error in preseason to postsaas not trivial, and the ratio of preseason
forecast/postseason estimate of age 3 Klamath RilleZhinook has ranged from an overestimate 5f 2.
to an underestimate of 0.34 in the period 19910t Table 1I-3 in PFMC 2011). As a result, the
fishery management process used here was ablegorifie the exact numbers of fish to be harvested t
reach the escapement objective. Second, the Yistescribed here operates perfectly; therefore the
numbers of fish prescribed to be captured to nfeeescapement objective are actually captured with
perfect accuracy. The result of these two simiplfyassumptions of the management and the fishiery a
that the escapement returning to spawn is clo48,i00 in most years (median of 42K under NAA)
which means that the stock is clos&tg,under NAA and producing optimally.

| estimated a spawner recruitment relationshimfspawners to age 3 ocean fish using historical dat
the Klamath Basin that was similar in many respe&TT (2005). Although the recruitment was
defined to different locations in the life histditg age 3 in the ocean here, whereas STT (2005)edef
recruitment as adult escapement), the fisheryeatsr pointsS,s,andSnaxcan be compared. The bias
adjusted mean estimate &fs, calculated in STT (2005) was 40,700 (95% configenterval [CI]:
32,200; 54,100) and the bias adjusted mean estoh&g, was 56,900 (95%CIl. 42,400; 84,200). The
reference points estimated in the Bayesian anagsis (Table 6) were higher with broader 9&84dible
intervals relative to the 95% confidence intenalSTT (2005). In particular, the median estimzite
Snsywas 48,475 in the Bayesian analysis was higher tthebias adjusted mean estimate of 40,700 (STT
2005). If the distributions were the same, theimmedould be expected to be below the bias adjusted
mean due to the shape of the lognormal distributidius although the bias adjusted mean,gf I8

STT (2005) and the Bayesian analysis are simhar|avel ofS,.«implied by the Bayesian analysis was
larger than in STT (2005). It is not surprisih@ttthe levels 0%, andSya differ between the two
approaches. First, the estimation of the stockurgaent relationship to an earlier life stagehe t
Bayesian analysis (age 3 in the ocean) will affeetestimates of log productivity. Second, theuahn
variability in productivity was characterized diféatly in the Bayesian analysis than in STT (2005)
which also affected log productivity estimates.fdRence points that use the estimated log prodtictiv
(e.9.,Snsy Will be affected by the difference in log produty estimates.

Finally, one advantage of the Bayesian analydisesncorporation of parameter uncertainty into the
estimation approach as probability distributiongl(@an et al. 2004). Derived quantities of the nhode
can then be computed as probability distributiopngbegrating over the uncertainty in the paranmseter
The full posterior distribution on the derived gtigncan then be evaluated for inference (e.g., Mster
et al. 1994, Punt and Hilborn 1997, Liermann ef@lL0). Analyses of similar data sets under Bayesi
and frequentist approaches may result in differesiilts depending upon the marginal likelihoodhef t
coefficient estimate. When the information in ta¢a on a particular parameter value are inforraativ
the difference between Bayesian and frequentistémice will be small; however, when the information
on the parameter is limited (e.qg., for parametech 8sS.., =/ estimated from spawner recruitment
data), the differences between the two approadiedgkaly to be greater. For this reason, congmariof
approaches under Bayesian and frequentist appreactg provide different inference, and almost
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always indicate greater uncertainty in the valuthefderived quantities in the Bayesian analysirf@an
et al. 2004, Congdon 2002).

In the process of developing the tools for evahgalAA and DRA, | computed estimates of equilibrium
population sizes for the tributaries to UKL and thach from Iron Gate Dam to Keno Dam. The median
estimates of unfished equilibrium population sigeng the Liermann et al. (2010) posterior distridios
was approximately 23,000 ocean type Chinook irKikieo to Iron Gate reach and approximately 35,000
stream and ocean type Chinook in the tributariagkkb. There are several other estimates of
equilibrium unfished or fished population sizeslioth the tributaries to UKL and the Iron Gate teni§
reach that can be used to put the estimates cothpate into context. Most recently, Lindley andvi3a
(In prep) estimated an equilibriufishedpopulation size of 720 for the Keno to Iron Gataah and an
estimate of 2372 for the tributaries of UKL (Wodllilliamson, and Sprague Rivers). Further they
compare their estimates to calculations of equilibrunfished population abundances in Liermann.et a
(2010) using assumptions consistent with their rhodibe assumptions in Lindley and Davis (In prep)
differ than those made here with respect to ado#igsio portions of the watershed and the spatial
structure of Chinook populations once they becostebdished; therefore calculations using parameters
in Liermann et al (2010) are not directly compagdixtween the two works. Finally, Dunsmoor and
Huntington (2006) developed a tabular summary ofig habitat conditions in the Upper Klamath
Basin with particular emphasis on areas above UKhey estimated that current habitat conditions
above Iron Gate Dam could support approximatel@@4t spawning fall Chinook salmon and 32,706
spawning spring Chinook salmon. Huntington (20®jeloped estimates of adult Chinook to the
Klamath Basin upstream of IGD using five differemtthods and estimated between 9,180-32,040
Chinook. These estimates are roughly comparable to the Q@¢0B0,000 levels of Chinook escapement
upstream of Iron Gate Dam calculated under EDRRA.

Ultimately, the specifics of how anadromy wouldrbstored to the Klamath Basin will require additibn
planning, and there are many details that wereuebed from this analysis by necessity. There arersé
factors that have been discussed as potentiallyfyiagl the degree to which anadromy may be restored
to the Upper Klamath Basin. Water quality in UKdncbe problematic for salmonids with summer
temperatures exceeding 25 C and dissolved oxygetslat 4mg/L or below during the summer (Wood
et al. 2006). Thus, the conditions in UKL may Hactor in determining the type of life — history
strategies that are successful due to acceptahliows into and out of the tributaries to UKL.
Ceratomixta shastaurrently affects natural origin juveniles migrefithrough the mainstem Klamath
River. The prevalence of the disease appears tiedbéo the density of the polychaete host anditve
and temperature conditions under which juvenileg b@exposed to the parasite (Bartholomew and
Foott 2010). The parasi& shastds also located in the Williamson River (Barthokmand Foott
2010), although the strain there is not virulen€tonook. It is not known whether the strain tisat
virulent toChinook will become established in thibutaries to UKL and affect the production potahti
of those tributaries.

Still, recent studies suggest that with the pravisif suitable passage facilities at downstreamsdam
dam removal, Chinook salmon could be re-introduaredi restored to waters in the Upper Klamath Basin
(Dunsmoor and Huntington 2006; Hooton and Smith82@utler et al. 2010); further, substantial
historical evidence shows that both Chinook salauh steelhead trout historically used the stredms o
the Upper Klamath Basin for spawning and for julerearing (Hamilton et al. 2005; Fortune et al.
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1966). Finally, NMFS and USFWS required anadronf@lispassage as a condition for issuing a Federal
Energy Regulatory Commission (FERC) license to aigethe dams; thus, restoration of anadromy to the
upper Klamath Basin will be an important part af #2RC relicensing process.
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Table 1. The recruit and spawner data present@dble A1l of STT (2005). BY denotes brood year;
N3 sepndenotes the abundance of progeny spawned by&eandar year BY that survive to become
ocean age 3 on September 1 in calendar year 3.

BY N3,sept1 Rs R4 Rs R S R/S
1979 423701 42235 137103 21360 200698 30637 6.6
1980 236144 28082 56102 25246 109430 21484 5.1
1981 106338 16737 26354 7877 50968 3385Y 15
1982 277850 17331 61442 43414 12218y 31951 3.8
1983 776743 73352 259838 34969 36815p 30784 12.
1984 512171 46576 181026 16450 24405p 16064 15.]
1985 391378 52017 119909 16796 18872p 2567p 7.4
1986 256532 29759 84135 9353 123247 113359 1.1
1987 148910 20399 50415 2167 72981 1017137 0.7
1988 37029 2871 13010 1569 17450 79385 0.2
1989 33368 4921 9962 1330 16213 43869 0.4
1990 85146 29185 13186 2539 44910 15596 2.9
1991 91590 29578 18478 457 48513 11649 4.2
1992 526545 129836 132474 7368 269678 1202P 22.4
1993 177305 40102 48124 1984 90210 21858 4.1
1994 99535 24195 24978 1667 50840 32333 1.6
1995 72062 28271 10703 229 39203 161793 0.2
1996 74965 17305 21052 51 38408 81324 0.5
1997 327575 84784 76782 6523 168089 46144 3.6
1998 253386 62628 66021 1634 130283 42488 3.1
1999 406036 74558 89368 32271 19619y 18456 10.¢
2000 386121 60997 112628 14912 18853 8272P 2.3

D
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Table 2. Iron Gate Hatchery (IGH) and Trinity Rivgatchery (TRH) fingerling early survival (May —

August) after release, spawner abundance from mm#th River (KR), Trinity River (TR), and

Unknown (UN), and the weights for Klamath Rivergvand Trinity River (wg) and final survival
index s’ used in the STT (2005) analysis.

BY S'ieH S'TRH SR Sk Sun WKR WTR s

1979 0.0522 0.0589 21141 8028 1468 0.72b 0.275 40.05
1980 0.0183 0.0071 12383 7700 1400 0.61y7 0.383 40.01
1981 0.0329 0.0058 17517 15340 1000 0.533 0.467 200.0
1982 0.0058 0.0133 21177 9274 1500 0.69b6 0.305 80.0(
1983 0.0279 0.0870 12230 17284 1270 0.414 0.586 626.0
1984 0.0255 0.0656 9420 5654 990 0.625 0.375 0.0405
1985 0.0174 0.0814 12166 9217 4294 0.569 0.431 50.04
1986 0.0011 0.0050 15893 92548 4919 0.14f7 0.853 04a.0
1987 0.0015 0.0047 26511 71920 3286 0.269 0.731 038.0
1988 0.0010 0.0034 29783 44616 4987 0.400 0.600 02a.0
1989 0.0005 0.0004 10584 29445 3839 0.264 0.736 00a.0
1990 0.0235 *0.0356 7102 7682 812 0.48( 0.52D @029
1991 0.0045 0.0164 5905 4867 877 0.548 0.452 0.0099
1992 0.0447 0.0575 4135 7139 754 0.367 0.633 0.0528
1993 0.0018 0.0035 13385 5905 2568 0.694 0.306 26.0¢
1994 0.0029 0.0070 20003 10906 1424 0.64y7 0.353 043.0
1995 0.0028 0.0053 79851 77876 4067 0.506 0.494 040.0
1996 0.0053 0.0106 31755 42646 6925 0.42)7 0.573 088.0
1997 0.0668 0.0419 29015 11507 5622 0.716 0.284 590@.0
1998 0.0194 0.0083 16407 24460 1621 0.401L 0.599 128.0
1999 0.0263 0.0265 10883 6797 777 0.616 0.384 0.026
2000 0.0123 0.0421 58388 24340 0 0.706 0.294 0.0211

* imputed value§'try 109 = €XP(0.896H,109()-
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Table 3. Prior distributions for parameters in Rieker stock recruitment function.

Parameter Prior

o N(0, 1000

B N(0,1000

R N(0,1000

K, j = IGH, TRF N(0,1000

¥,,j =IGH, TRH N(0,1000

og” IG(0.001, 0.001
ocv - IG(0.001, 0.001
on° 1G(0.001, 0.001
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Table 4: Watershed area in tributaries of Uppenméth Lake .

Subbasin Watershed Area in kmi (mi?)
Sycar 1,447.2 (55¢

Sycan downstream of the Ma 600.9 (232

Sprague (lower, upper, and Syc 4,092.2 (1,58(

Sprague without the Syc 2,644.4 (1,02:

Wooc 567.2 (219

Williamsor 3,677.8 (1,42(

Williamson downstream of the Mal 311 (120
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Table 5. Posterior distribution mean, median ardipints for 95% credible interval (2.5% and 97)5%
for parameters in the Ricker stock recruitment fiomc

Parameter Mean 2.5% 50% 97.5%
o 2.4¢ 1.9C 2.4¢ 3.0t

B 1.73¢05 2.54¢05 1.71¢05 9.16¢06
o 6.12¢01 3.24¢01 6.03¢01 9.27¢01
KiGH -4.77 -5.41 -4.7¢€ -4.1¢
KTRH -4.3( -4.8¢ -4.3( -3.7¢
YiGH 6.44¢01 3.35¢01 6.41¢01 9.41¢01
YTRH 3.06¢-01 -3.80¢-02 3.12¢01 6.13¢01
OF 6.08¢-01 3.65¢01 6.02¢01 8.85¢01
Ccvi 1.27 8.78¢01 1.2¢ 1.8C

OH 5.07¢01 3.68¢01 4.93¢01 7.44¢01
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Table 6. Probability distributions of the fisheeference points: spawner abundance that provides
maximum sustainable yield {§); spawner abundance that provides maximum receuiti,.,); and the

spawner abundance that is equal to recruitmergea8an the ocear§().

Reference Poin Median 2.5% 97.5%
Snsy 48,47 34,924. 86,141.:
Sha 58,360.! 39,3256 10€,167.1
Sec 14%,660.4 10€,406.¢ 232,915k
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Table 7. Probability distributions of the fishegference points for the Lower Klamath Basin after
removing the four mainstem dams: spawner abundéatgrovides maximum sustainable yield {5
spawner abundance that provides maximum recruit(@g); and the spawner abundance that is equal
to recruitment at age 3 in the oce&p.d. The stock production function used the samellef/log
productivity @) as in Table 5.

Reference Point Median 2.5% 97.5%

Shsy 63,838.! 54,979.( 100,198..
Sha 79,623.. 53,290.! 137,876.!
Siec 194,448.: 128,587.. 322,711.

Table 8. Percent increase in abundance due torperig DRA versus performing NAA for three time
periods: 1) prior to dam removal (2012 — 2019)@)ing active reintroduction in Upper Basin (2020-
2029); and after active reintroduction ceases emtGate Hatchery production ceases (2030-2061).

2012 - 2020 2021-2032 2033-2061
Metric Median | 95%Crl Median | 95%Crl Median | 95%Cirl
Escapement in the Absen | 10.8% -79.7%, 81.8% -61.7%, 81.4% -59.9%,
of Fishing 492.6% 836.5% 881.4%
Lower Basin Escapeme 0% -72.2%, 6.7% -77.5%, 9.2% -75.8%,
385.7% 474.8% 489.6%
Ocean Commerci Harves | 9.2% -86.7%, 63.0% -61.9%, 46.5% -68.7%,
836.2% 1618.9% 1495.2%
Ocean Recreation 9.2% -86.7%, 63.0% -61.9%, 46.5% -68.7%,
Harvest 836.2% 1618.9% 1495.2%
River Harves 0% -92.3%, 8.7% -73.4%, 9.1% -77.4%,
1519.7% 2778.1% 2753.7%
Tribal Harves 10.3% -88.6%, 71.5% -65.0%, 54.8% -71.0%,
1009.8% 1948.2% 1841.0%
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Figure 1. Directed Acyclic Graph (DAG) of the camhal relationships between coefficients in
equations for estimating log hatchery survival sdtg and natural recruitment to ageR @s depicted in
Equations 3 and 4. Ovals represent nodes thaidrelated quantities whereas squares representrkn
guantities (i.e., covariates known without erroBplid lines indicate a stochastic relationshipemdas
dashed lines indicate a deterministic one. Alllsgta the same as in Equation 3 and 4 exladyatr,

which is the mean log survival rate of hatchieity brood yeat, andR.bag which is the mean recruitment
in brood yeat. The figure shows the relationship of the commariability index CVI) and its role in
both the equation for Recruitment and for log hatglsurvival.
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Figure 2. Flow forecasts for 2012 to 2061 under MMBtological Opinion (BO) and under KBRA in the
Klamath River at Seiad during July. Flow valuesevgtiandardized using the mean Klamath River flows

in July at Seiad Valley from 1980 to 2000 (mearb849, sd = 944.17). The standardized flow values
were incorporated in the model for forecasts ofralamce and harvest under NAA and DRA.
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Figure 3. Depiction of sampling from higher pettiles of a hypothetical productivity distributioner
time. Samples of productivity occur only from thecepted region. Early in the time series, samples
from almost the entire distribution are accepteap(TAccepted threshold at 0.05 quantile). Lateh@n
time series, the Accepted region is shifted toritiet due to higher expected productivity (Middle,
Accepted threshold at the 0.10 quantile). At the ef the time series the threshold for the Acagpte
region has again shifted towards higher produgti{Biottom, Accepted threshold at the 0.25 quantile)
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Figure 5. Observed log survival rates from Irone3datchery (A) and Trinity River Hatchery (B) with
median model predictions and 95% credible inter(@586 Crl).
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Figure 7. Estimated stock recruitment relationdigjween spawners and age 3 ocean abundance for
brood years 1979 to 2000. Observed data (squamneslian recruitment (dark solid line) and 95%
credible interval (dashed lines), and the 1:1 (the solid line) are plotted. Model predictiorssamed
CVI equal 0.
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Figure 8. Lower Klamath Basin stock productioratieinship under the No Action Alternative (NAA)
and under the Dam Removal Alternative (DRA). Madiecruitment (dark lines) and 95% intervals
(light lines) are plotted for production under tiv® alternatives. The DRA and NAA alternatives
assume the same level of log productivity).(
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Figure 9. Distribution of .log productivity{) in the lower Klamath Basin from 2012 to 2061 dae
habitat restoration by KBRA.
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Figure 10. Stock recruitment relationship in theer Klamath basin in 2025 and in 2055 including
increase in habitat due to dam removal and KBRAastaffecting log productivity’ . Median
production (dark line) and 95%I (light line) areéd for each of the two years.
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Figure 11. Distribution of log productivity£&.) of a mixed stream and ocean type life history in
tributaries to Upper Klamath Basin from 2012 to 2@hanges in log productivity over the time series
are due to habitat restoration by KBRA.
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Figure 12. Stock recruitment relationship in thieutaries to Upper Klamath Lake in 2020 and in 2055
incorporating mixed stream and ocean type lifeonjsand KBRA actions affecting log productivity
rew. Median production (dark line) and 95%l (lightd) are plotted for each of the two years.
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Escapementin Absence of Fishing
Harvest Rule: Modified Council Rule 2011
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Figure 13. Probability that escapement in the adxsenffishing is greater under DRA than under NAA
from 2012 to 2061 (top). Dashed line represents®@6bhance of increased abundance under DRA.
Median and 95% credible intervals for the perceatéase in DRA relative to NAA from 2012 to 2061
(bottom). Dashed line represents no differenceden DRA and NAA.
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Proportion DRA > NAA

Percent Difference (DRA - NAA)
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Figure 14. Probability that escapement to the Ladlamath Basin is greater under DRA than under
NAA from 2012 to 2061 (top). Dashed line represés@/50 chance of increased abundance under DRA.
Median and 95% credible intervals for the perceatéase in DRA relative to NAA from 2012 to 2061
(bottom). Dashed line represents no differenceden DRA and NAA.
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Ocean Commercial Harvest
Harvest Rule: Modified Council Rule 2011
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Figure 15. Probability that ocean commercial harieegreater under DRA than under NAA from 2012 to
2061 (top). Dashed line represents 50/50 chantemased abundance under DRA. Median and 95%
credible intervals for the percent increase in Dielative to NAA from 2012 to 2061 (bottom). Dashed
line represents no difference between DRA and NAA.
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Ocean Recreational Harvest
Harvest Rule: Modified Council Rule 2011
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Figure 16. Probability that ocean recreational bsiris greater under DRA than under NAA from 2012 t
2061 (top). Dashed line represents 50/50 chantemased abundance under DRA. Median and 95%
credible intervals for the percent increase in DRelative to NAA from 2012 to 2061 (bottom). Dashed
line represents no difference between DRA and NAA.
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River Harvest
Harvest Rule: Modified Council Rule 2011
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Figure 17. Probability that river harvest is greateder DRA than under NAA from 2012 to 2061 (top).
Dashed line represents 50/50 chance of increasewlabce under DRA. Median and 95% credible
intervals for the percent increase in DRA relatowy@&AA from 2012 to 2061 (bottom). Dashed line
represents no difference between DRA and NAA.
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Tribal Harvest

Harvest Rule: Modified Council Rule 2011
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Figure 18. Probability that tribal harvest is gezatnder DRA than under NAA from 2012 to 2061 (top)
Dashed line represents 50/50 chance of increasewlabce under DRA. Median and 95% credible
intervals for the percent increase in DRA relatowy@&AA from 2012 to 2061 (bottom). Dashed line
represents no difference between DRA and NAA.
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Appendix A. Fishery Control Rule Applied in theathath Harvest Rate Model

0.6 0.7

0.5

0.4

Harvest Rate
0.3

0.2

0.1

I I I I
0 50000 100000 150000

Escapement in the Absence of Fishing

Figure A2.1. Harvest rate as a function of escapgrim the absence of fishing utilized in the Klama
Harvest Rate Model (Mohr et al. in Prep).

Management of the Klamath Fishery was modeled éyiamath Harvest Rate Model (KHRM, Mohr et
al. in Prep.). Integral to the KHRM is the defioit of a fishery control rule that defines the lestwate

as a function of an unfished escapement estiméear@=1). The fishery control rule described here
provides the opportunity forde minimisfishery even if the escapement in the absencistihfy is

below the target stock size of 40,70Q.45
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Appendix B. Pseudocode for running the No Actidtefative and the Dam Removal Alternative
A. Steps to Running NAA
Set initial abundances and parameter values

The following steps were completed prior to runriing annual forecasts of recruitment and harvest by
drawing 1000 values from the following distributsofnote thalN(mean, variance) refers to a normal
distribution with mean and variance as specified):

1. Setinitial abundances from the CDFG MegaTable (GI2B11)
a. Spawning abundance in 2007 distributed\{§1741, 25000)
b. Spawning abundance in 2008 distributedNé&8073, 25000)
c. Spawning abundance in 2009 distributed\{52499, 25000)
d. Spawning abundance in 2010 distributed\{g¢9027, 25000)
2. Set initial abundances in the ocean in 2010 (PFRICLZPreSeason Report)
a. Age 4 inthe ocean in 2010 distributed\{66500, 25000)
b. Age 5inthe ocean in 2010 distributed\{g00, 250)
3. Set initial proportion of natural fish in the ocear2010
a. Proportion of natural age 4 in 201), = 0.5
b. Proportion of natural age 5in 20143,= 0.5
4. Draw parameter values from samples of the postdigtribution from the Ricker stock-
recruitment model for natural production (Table 4)
a. Productivity,«’
b. Ricker density dependence parameter,
c. Strength of CVI on natural stocks,
d. Standard deviation of random effect CW4,>
e. The values of CVI for each year of the time set@gél,007:206N(0, ocvi 2)

5. Draw parameter values from samples of the postdistribution from the Ricker stock-
recruitment model for hatchery log survival (Tal}e Hatchery production was constant over
the 2007 to 2061 time series with IGH productio afiillion, and TRH production of 3 million
fingerlings.

a. Average log hatchery survivaley andirry

b. Parameter relating log survival to flowgy andyrry

c. Standard deviation for residual variability on lgtchery survivalg
d. Unexplained variability of log hatchery survival,, 2010:2061

With the initial abundance estimates specified, tiedvectors of parameter values specified, theuhjo
portion of the model could be completed.

Calculate annual production and harvest
For iterationi = 1 to 1000 (subscript suppressed for clairity)

For years = 2010 to 2061
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1. Calculate natural production of the age 3 ocednifig/eart by.

R, =S, sexp{a — BS,_3+ 6CVI,_, + € }

Equation (A1)

2. Calculate the survival rate of IGH releases foryessy using Klamath River Biological

Opinion flows .

SiGHt = €XP {h,GH_t} = exp {kign + CVIi—2 + Vo4 (Qp por—2) + WiGH}

Equation (A2)

3. Calculate the survival rate of TRH releases foolrgeart, sry Using Trinity River flows

Strut = €XP {hrru} = exp {krpy + CVIi_3 + Vrru (QTR,t—Z) + Urgpt}

Equation (A3)

4. Calculate the hatchery production to age 3 assuamed survival of 0.5 (Hankin and Logan

2010) for yeat
Ny ¢ = 0.5(sigp e 6€06 + sppy: 3€06)
5. Calculate the total abundance of year 3 ocean fish
N3t =Ry + Ny

6. Calculate the proportion of year 3 ocean fish gnatnatural origin

Rt
g3t = Ri+ Ny ¢
7. CallKHRM and pasfN,;={Ns:, Nst, Ns;}and ga: ={0s¢, Jat, Us: }
8. In yeart KHRM returns:
a. Natural area escapemeRt,which is set equal t§&
b. Harvest
i. Ocean commercial harvest,
ii. Ocean recreational harvekt,
iii. River tribal harvestH;
iv. River recreational harvest,
c. Ocean Abundance in yet# 1
i. 4 year old abundance in the océdn
ii. 5 year old abundance in the oceldh,

Equation (A4)

Equation (A5)

Equation (A6)

Next year: Repeat the loop for yeaf by returning to step 1 having obtained the o@mamdances for

the 4 and 5 year olds returned from KHRM
Next iteration
2.2.3 Steps to Running DRA

Set initial abundances and parameter values
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The following steps were completed prior to runriing annual forecasts of recruitment and harvest fo
iterationsi = 1 to 1000, the subscript for iteratibis suppressed for clarity.

1. Use initial abundances previously sampled for tAé\Nilternative
a. Spawning abundance in 2007
b. Spawning abundance in 2008
c. Spawning abundance in 2009
d. Spawning abundance in 2010
2. Use initial abundances in the ocean in 2010 prsijosampled for the NAA
a. Age 4 inthe ocean in 2010
b. Age 5inthe ocean in 2010
3. Use initial proportion of natural fish in the ocear2010 from NAA
a. Proportion of natural age 4 in 201), = 0.5
b. Proportion of natural age 5in 20143,= 0.5
4. Lower Basin stock recruitment parameters for yeadd to 2020
a. Productivity drawn from truncated starting in 2012 to reduce the probability of low
productivity as a result of KBRA
b. Ricker density dependence parameter,
c. Strength of CVI on natural stocks, use drawsg fobm the NAA
d. Use the values of CVI from the NAA, C¥lo-2020
5. Lower Basin stock recruitment parameters for 2@a22061
a. Productivity drawn from truncated starting in 2012 to reduce the probability of low
productivity as a result of KBRA
b. Ricker density dependence parameter based on@wdigpawning habitat from Iron
Gate to Keno and tributarie,e,
c. Strength of CVI on natural stocks, use drawsg fobm the NAA
d. Use the values of CVI from the NAA, C)}1-2061
6. Hatchery production from 2010 to 2028. Hatchedpiction was constant over the 2010 to
2020 with IGH production of 6 million, and TRH praction of 3 million fingerlings.
a. Use draws of average log hatchery survivgl, andikrry from NAA
b. Use draws of parameter relating log survival tovflggy andyrry from NAA
c. Use draws of unexplained variability of log hatghsarvivalu;.», 2010:202sffrom NAA
7. Hatchery production from 2029 to 2061. Hatchedpiction was assumed constant at TRH
with production of 3 million fingerlings, whereasoduction at IGH ceases after 2028.
a. Use draws of average log hatchery survixat, from NAA
b. Use draws of parameter relating log survival tovflgrg, from NAA
c. Use draws of unexplained variability of log hatghsurvival at TRH U, 2029:20s:ffOmM
NAA
8. Stock recruitment parameters in tributaries to UKlearst = 2021, ..., 2061
a. Unfished equilibrium population sizEyey, ¢
i. Draw a value of; from a Uniform(0,1) distribution in year
ii. Sample from the distribution of ,& syeaniSing the watershed size of 4200.96
km?
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iii. Sample from the distribution of ,& oceantiSing the watershed size of 4200.96
km?

iv. Calculate Eyew :Using Equation 17

b. Productivity,r ey, t
i. Sample from the truncated distribution Bf.ceawith the degree of truncation

dependent upon the year

ii. Sample from the truncated distribution Qfwsreamwith the degree of truncation
dependent upon the year

iii. Calculater,ey, using Equation 18.

With the initial abundance estimates specified, tiedvectors of parameter values specified, theuhjo
portion of the model could be completed.

Calculate annual production and harvest
For iterationi = 1 to 1000 (subscript suppressed for clairity)
For yearg = 2010 to 2020

1. Calculate natural production of the age 3 ocednifig/eart, R, in the lower basin using Equation
10; however replace with the samples from the truncated (the asterisk denotes draws from a
truncated distribution).

2. Calculate the survival rate of IGH releases foryessn, using Equation 11 and calculate the
survival rate of TRH releases for ydasr: Using Equation 12. Note that the survival rates a
the same as used in the NAA due to using the dfiensthe posterior distributions for
parameters used in Equations 11 and 12.

3. Calculate the hatchery production to age 3 assumated? survival of 0.5 (Hankin and Logan

2010) for yeat using Equation 13.

Calculate the total abundance of year 3 ocearugtg Equation 14.

Calculate the proportion of year 3 ocean fish #gratnatural origin using Equation 15.

Call KHRM and pasfN,¢={Nz:, Nat, N5 }and ga: ={0st , Jat, Os: }

The KHRM program returns:

a. Natural area escapemeRt,which is set equal t&
b. Harvest
i. Ocean commercial harvest,
ii. Ocean recreational harvekt,
iii. River tribal harvest,
iv. River recreational harvest,
c. Ocean Abundance in yet# 1
i. 4 year old abundance in the océdn
ii. 5 year old abundance in the oceld,

No gk

Next year: Repeat the loop for yeaf by returning to step 1 having obtained the o@amdances for
the 4 and 5 year olds returned from KHRM
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For yearg > 2020

1. Calculate natural production of the age 3 ocednifig/eart, R, in the lower basin using Equation
10; however replace with the samples from the truncated (the asterisk denotes draws from a
truncated distribution) and the new capagiiy,

Ry = Si_zexp{ a’ - BrewSt—3 + 6CVI_, + €; } Equation (A7)

2. If t< 2032 the reintroduction program in the tributatie UKL provides spawner§jq.,t) at
levels equal to or greater than capa@ify 1 = maxEnews SukLy)

3. Fort> 2022, calculate recruitment of age 3 odedmfrom production in the tributaries to UKL
(RukLy) incorporating the truncated mixture of ocean sindlam type Chinook, the common
variability among basing3VI), and flow related survival. Finally, recruitmeatthe adult stage
is multiplied by an adult return to age 3 in thea conversion factor (CF) obtained from Table
1.

Rykrt = SukLt—3 €Xp {r. new”* (1 - h) + 0CVIi_y + VicuQxprart—2 } CF Equation (A8)

new,t

4. If yeart > 2028 IGH ceases to produce fall Chinook and eatcproduction consists of TRH
fish only of 3 million

Np,t = 0.5(S7ra,c 3€06) Equation (A9)
5. Calculate total natural production of natural arigge 3 fish
Nnt = Re + Rykre

6. Calculate the proportion of lower basin naturaldquetion relative to the total natural production
for age 3 fish in year. Note that values df ;= |;;;and likewisds;= 1,1 SO that the proportion
of lower basin natural production could track thféedent cohorts moving through the fishery

l3; — R Equation (A10)

t= Re+ RykLt
7. Calculate total production of age 3 fish on Septenib
N3, = Npp+ Nyt Equation (A11)
8. Calculate the proportion of year 3 ocean fish gnatnatural origin

3t Nt Equation (A12)

’ Nnt+ Nne

9. CallKHRM and pasfNa;={Ns;, Na;, Ns:Yand ga; ={0s1, Gat, G5+ }
10. In yeart KHRM returns:
a. Age specific natural area escapementwhich is split between lower basin and UKL
tributary production using the appropriate age-gjpacalues ofl,; . .

Se = 2(51=3 Enalat Equation (A13)
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Sukit = Da=3 Ena (1 = lat) Equation (Al14)

b. Harvest
i. Ocean commercial harvest,
ii. Ocean recreational harvekt,
iii. River tribal harvestH;
iv. River recreational harvest,
c. Ocean Abundance in yeta# 1
i. 4 year old abundance in the océn
ii. 5 year old abundance in the oceld,

Next year: Repeat the loop for yead by returning to step 1 having obtained the o@amdances for
the 4 and 5 year olds returned from KHRM

Next iteration
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