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Summary 
 

Basic Data 

 New estimates of abundance available back to 1998. 

 Abundance of natural-origin spawners has fluctuated between 597 and 4,364 (Figure 2). 

 60% chance of decline in natural-origin terminal return (spawners + hatchery take + 

inland harvest) (Figure 3). 

 pHOS has declined from a high of 80% (2002) to 5% (2018) (Figure 2). 

 Inland harvest rate of natural-origin fish fluctuating between 11% and 30%; no sign of 

trend (Figure 4). 

 Mean and median percentage of the natural-origin terminal return used for hatchery 

broodstock is 4% and 2.4%, respectively. 

Population Dynamics 

 Significant trend through time toward younger natural-origin spawners (Figure 5).  

 No sign of density-dependent population regulation (Figure 6, 8, 9). 

 Median recruits per spawner is 1.09 assuming all adult recruits are progeny of only 

natural-origin spawners (i.e. RRSH = 0) (Figure 6a). 

 Median recruits per spawner is 0.61 assuming that hatchery-origin spawners have 1/2 

the reproductive success in the wild as natural-

origin fish (i.e. RRSH  = 0.5) (Figure 6b). 

 Assuming RRSH = 0 (best-case scenario), the 

probability of quasi-extinction over a 100 year 

period is 0.34 under the status quo inland sport 

harvest and current ocean survival (Table 1, Figure 

11).  

 Assuming RRSH = 0.5 (more-likely scenario), the 

probability of quasi-extinction over a 100 year 

period increases dramatically to 0.89 even if the 

inland sport harvest ended (Figure 11). 

RRSH 

   

The reproductive success of 

hatchery-origin spawners in 

the wild relative to natural-

origin fish (RRSH - "Relative 

Reproductive Success") is a 

number between 0 and 1.  As 

RRSH increases, recruitment 

is increasingly attributable to 

hatchery-origin fish, so 

recruits per spawner of 

natural-origin fish must 

decline.  RRSH is a critical 

uncertainty in modeling 

demographic performance of 

natural-origin fish. See also 

Figure 1. 

 

 

   RRSH   

 0 0.19 0.5 1 

Current inland fishing & 

ocean survival……………... 
0.34 0.67 0.97 0.99 

No inland fishing & 40% 

increase in ocean survival….  
0.01 0.049 0.19 0.66 

 

Table 1.  PVA results- probabilities of quasi-extinction over a 

100 year period.  Scenarios include different assumptions about 

RRSH (see inset), inland fishing regimes, and ocean survival. 
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Discussion 

 This analysis uses better and more recent estimates 

of abundance than were used in a similar assessment 

in the Coastal Multi-species Conservation and 

Management Plan, but the qualitative results are 

similar. 

 Even under the best-case scenario where natural-

origin fish produce 100% of the subsequent adult 

recruits (RRSH = 0), recruits per spawner is very low 

compared to other populations of coastal fall 

Chinook. 

 As RRSH  increases, hatchery-origin spawners 

produce more adult offspring.  Such offspring are 

natural-origin.  In this way, hatchery production 

prevents decline in natural-origin fish (Figure 1). 

 The relatively low productivity of Elk River fall 

Chinook and the relatively high historical pHOS is 

consistent with established science on the negative 

effect of hatchery domestication selection on the 

fitness of natural-origin fish. 

 pHOS is declining and is meeting goals (Figure 2).  Intrinsitc productivity of natural-

origin Chinook is expected to improve as pHOS remains low. 

 The ocean fisheries contribute approximately twice the mortality as the inland sport 

fishery (Figure 4).  The PVA explores effects of increasing survival, which can be 

attained by reduced ocean fisheries or improved natural conditions. 

 This analysis is conducted at the scale of the entire Elk River basin.  It is possible that 

there are smaller patches of spawning natural-origin fish that have higher productivity 

that the basin-wide estimate presented here.  Such source-sink landscape dynamics are 

currently unknown. 

 Density-dependence needs to be better understood.    

 Effects of ocean fishing could be included in a future study. 

 A state-space modeling approach (Falcy and Suring 2018) could improve a future PVA.  

 More mark-recapture calibration studies will improve monitoring ability. 

 More work is needed to better understand mechanisms so that prudent management 

actions can be taken. 

  

 
Figure 1. Transgenerational population 

dynamics when hatchery fish are 

constantly added to the spawning 

populations.  It is unclear how many 

recruits are the offspring of hatchery-

origin spawners.  This uncertainty is 

compounded by spatial and/or 

temporal separation of hatchery and 

natural-origin spawners. 
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Background 
 

     Status assessments performed in the Coastal Multi-species Conservation and Management Plan 

found that Elk River fall Chinook have a higher risk of extinction than other coast fall Chinook 

populations.  Elk River fall Chinook also have high proportions of hatchery-origin spawners, raising 

the concern that hatchery domestication selection is having an adverse effect on Elk River natural-

origin fish.   

          Abundance estimates of natural and hatchery-origin fall Chinook were revised recently by the 

Coastal Chinook Research and Monitoring Program (CCRMP).  Unlike the revised estimates, the 

methods previously used to estimate abundance (Williams 2004):  

1. used mark-recapture studies concluding in 1980 as the basis for expanding counts in index sites 

to basin-wide estimates of abundance, 

2. employed power functions to relate index counts to mark-recapture estimates,  

3. calibrated index counts to MR estimate separately for hatchery and natural-origin fish, 

4. used a different set of index sites.  

The effects of all of these things produced unrealistically invariant estimates of natural origin spawner 

abundances.  For example, the Williams (2004) power functions relating index counts (C) to abundance 

estimates for hatchery (H) and natural origin (W) fish are: 

𝐻 = 7.76𝐶𝐻
0.9925 

𝑊 = 300.59𝐶𝑊
0.327 

There are distinct differences in the parameters of these two power functions. The power function for 

natural-origin fish results in a relatively flat relationship between total abundances over the index 

counts.  Using the equations above, a normally distributed index count with a coefficient of variation 

CVC = 0.48, will result in CVH = 0.48 and CVW =  0.20. 

     The revised estimates go back to 1998.  Estimating abundance prior to 1998 is technically possible 

but would include additional uncertainty because the protocols used on spawning ground surveys 

were not formalized until the Elk River was declared a candidate exploitation rate indicator stock 

during the 1997-1999 Pacific Salmon Treaty negotiation.  The new abundances estimate are derived 

from calibrated mark-recapture studies.  Calibration factors between counts from spawning ground 

surveys the mark-recapture estimates on 1977, 1978, 1979, 2015, 2017 have a coefficient of variation = 

0.18.  An ODFW Report detailing the new estimates is under development.   

     The purpose of this document is to use revised and updated estimates to address existing concern 

about the current status and viability of natural-origin fall Chinook in the Elk River.  For this purpose, 

earlier estimates of abundance are less informative of current status and viability.  
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Basic Data and Analyses 
 

 

 

Figure 2.  Time series of natural-origin and hatchery-origin spawner abundances (a) and the resulting proportion 

of hatchery-origin spawners (pHOS, b). 

 

Figure 3. Trend in the abundance of natural-origin terminal return and 95% credible interval (a).  The y-axis of (a) 

is all natural-origin spawners, catch, and hatchery broodstock collection.  Uncertainty in the magnitude of trend is 

given in (b).  Sixty percent of the posterior lies to the left of zero, indicating that there is a 60:40 chance of decline. 

a b 

a 

b 
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Figure 4.  Harvest motality in three different Elk River Fall Chinook fisheries.  Inland sport fishery plotted here 

does not include incindental mortality.  Ocean mortality rates are relative to pre-inland sport fishery abundance. 

  

 

 

b a 

Figure 5. Trend in age composition of natural-origin 

spawners.  The y-axis in (a) gives the difference in the 

probabilities of 3 year old spawners and 6year old 

spawners.  The increasing slope indicates a trend 

toward younger fish.  The posterior distribution for 

the slope parameter (b) is highly significant:  There is 

a 0.97 probability that spawners are getting younger.  

Modeled shift in age distribution from trend analysis 

of 4,723 fish aged between 1993 and 2018 (c).  

c 
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Figure 6. Recruits per spawner assuming that all adult returners are progeny of only natural-origin parents (a).  

Recruits per spawner assuming that all adult returners are progeny of natural and hatchery-origin parents, where 

hatchery-origin fish have 1/2 of the productivity of natural-origin fish (b).   Red line is 1:1.   

b a 
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Modeling Abundance Trend 
     The temporal trend in terminal return (Figure 3) was modeled with approaches used previously by 

ODFW.  Let the spawner abundance on year t, 𝑆𝑡, be a Poisson random variable: 

𝑝(𝑆𝑡|𝜆) =  
𝜆𝑁𝑡𝑒−𝜆

𝑁𝑡!
. 

Make the Poisson rate parameter, λ, a linear function of time on the log scale: 

𝜆 = 𝑒𝛼+𝛽(𝑡−�̌�)+𝜖. 

The quantity �̌� is the midpoint of the time series, which simply centers the regressor to improve 

convergence.  The quantity 𝜖 is zero-mean, normally distributed error: 

𝑝(𝜀|𝜎) =
1

√2𝜋𝜎2
𝑒

−
𝜖2

2𝜎2. 

Note that α and β play the roles of intercept and slope, respectively, in ordinary trend analysis.  From 

here, we can define two additional quantities of interest.  First, the predicted abundance is  

�̂�𝑡 =  𝑒𝛼+𝛽(𝑡−�̌�)+1
2

𝜎2
. 

The term 
1

2
𝜎2 follows from probability theory used to translate the normal distribution across the log 

scale.  The second quantity of interest is the geometric mean rate of interannual change (GMRIC).  This 

is given on a percent scale by 

𝐺𝑀𝑅𝐼𝐶 = 100 ((
𝑆𝑇𝑚𝑎𝑥

𝑆𝑇𝑚𝑖𝑛
)

1

𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛
− 1). 

     Box 1 provides the JAGS code used to fit the trend model described above.  This model always has 

very nice convergence properties.  A 95% highest probability density interval (HPDI) can be 

constructed from the posterior distribution of �̂�𝑡 (Figure 3a, blue lines).  The posterior of GMRIC 

(Figure 3b) can be integrated to determine the probability that the population is declining.   This is 

done with a simple query of the posterior: sum(GMRIC<0)/#MCMC samples. 
 

Modeling Age Trend 
     Two analyses were performed to detect trends in age of natural-origin spawners.  The analyses used 

different approaches and different data.  Both analyses indicate a significant trend toward younger fish 

(Figure 5). 

Analysis 1 

     Simple linear regression was implemented in a Bayesian context to detect change in the probability 

of 3 year old fish less the probability of 6 year old fish (Pr[3yo] - Pr[6yo]).  The quantity Pr[3yo] - 

Pr[6yo] should increase if fish are generally getting younger through time.  A trend analysis on the 

quantity (Pr[4yo] - Pr[5yo]) was not explored. The data used in Analysis 1 are the age compositions of 
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natural-origin fish used to calculate recruit abundance.  The results of Analysis 1 show a highly 

significant trend toward younger fish (Figure 5a and Figure 5b.) 

Analysis 2 

     Age composition data do not reveal the number of fish used to calculate the composition.  Indeed, 

the raw data are discrete ages of discreet fish.  Analysis 2 was performed on a separate data set that 

included ages of 4,723 natural-origin spawners in the Elk River from 1993 through 2018.  Each fish's age 

was treated as an ordered categorical response variable and modeled using proportional odds logistic 

regression (Figure 7).  The model for this is given below, where we have a single X variable (time).  The 

model was fit in R using the 'polr' function found in the 'MASS' package.  The fitted model was then 

used to predict age compostition for the years 1993 and 2018 (Figure 5c). 

 

 

Figure 7.  Proportional odds logistic regression treats each fish's age as a discreet ordered 

category.  The analytical work is to determine appropriate cutoffs (y-values) for each age 

based on a covariate. 
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Modeling Density Dependence 
 

     The recruitment data displayed in Figure 6 do not indicate density dependence.  Several 

stock-recruitment models were nonetheless fitted to these data.  A Ricker stock-recruitment 

model was not entertained because the data and basic biology do not indicate that 

overcompensation (descending right-hand limb) is occurring.  Three parameterizations of the 

Beverton-Holt stock-recruitment relationship and the logistic hockey stick stock-recruitment 

relationship were used:  

𝑅 =  
𝛼𝑆

1 +
𝛼
𝛽

𝑆
𝑒𝜀 

𝑅 =  
𝑆

𝛼 + 𝛽𝑆
𝑒𝜀 

𝑅 =  
𝛼𝑆

1 + 𝛽𝑆
𝑒𝜀 

𝑅 = 𝛼𝜃𝛾(1 + 𝑒−1/𝜃) (
𝑆

𝜃𝛾
− log (

1+𝑒(𝑆−𝛾)/(𝜃𝛾)

1+𝑒−1/𝜃 )) 𝑒𝜀, 

where R is recruits, S is spawners, e is the base of the natural logarithm, ε is error, and other 

Greek letters are parameters controlling the shape of the stock recruitment relationship.  

Importantly, none of these models provided satisfactory diagnostics.  All of them show 

sensitivity to priors, indicating that the data do not contain sufficient information to estimate 

parameters.  An example of this problem is shown in Figure 8. 

     Since the data and the models do not capture a density-dependent relationship between 

spawners and recruits, a simple density-independent model was used in the subsequent 

population viability analysis: 

𝑅 =  𝛼𝑆𝑒𝜀. 

The fitted model is displayed in Figure 9.   

     It is possible to estimate RRSH in a spawner-recruit model by expanding spawning fish into 

natural (W) and hatchery-origin (H), and then introducing a term, 𝜓, multiplied into hatchery-

origin spawner abundance (Falcy and Suring 2018).  The term 𝜓 is bounded to the interval 

[0,1] using the beta distribution, and represents the relative reproductive success of hatchery-

origin fish (ψ = RRSH).  Doing this for the density independent model described above yields: 

𝑅 =  𝛼(𝑊 + 𝜓𝐻)𝑒𝜀. 

The estimate of ψ and RRSH is given in Figure 10.  The mean value is 0.19.  Using RRSH = 0.19 is 

a scenario explored in the PVA (Table 1, Figure 11).  JAGS code to fit the model is in Box 2. 
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Figure 9. A density-independent spawner-recruit relationship fitted using 

only natural-origin spawners (RRSH = 0).  Grey lines are alternate models 

drawn randomly in proportion to parameter probabilities. 

 

Figure 8. Poor diagnostics of density-dependent recruitment models.  The fitted Beverton-Holt model (a) has 

extremely high intrinsic productivity (100 recruits per spawner).  Red line is 1:1 and grey lines show parameter 

uncertainty.  However, the posterior distribution of intrinsic productivity matches the prior distribution (b), which 

also has a mean of 100.  Arbitrarily increasing the upper limit of the prior causes intrinsic productivity to increase.  

Sensitivity to priors (see inset) was found in all four density-dependent recruitment models explored. 

Priors 

   

Bayesian statistical 

analysis requires 

prior beliefs about 

parameters.  Since 

priors are arbitrary, 

it is important to 

check that priors 

have no effect on the 

posterior ("final 

result") if the intent 

is to let the data 

speak.   

 

a b 
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Modeling Population Viability 
 

     The population viability analysis (PVA) is a computer model that uses information from the 

spawner-recruit analysis (see previous section) to project/simulate population abundances into 

the future.  20,000 repetitions of the 100-year simulation are conducted, and the fraction of 

these that result in an extinction event yields the probability of extinction.  The word 

“extinction” refers to the population of natural-origin fish as a distinct demographic unit.  

     The PVA was ran under many different scenarios.  Scenarios include one of four 

assumptions about RRSH  (RRSH  = 0, 0.19, 0.5, and 1).  Within each of these RRSH cases, 

different levels of inland harvest rate was explored.  This was done by randomly sampling for 

the historic record (1998-2018) of inland harvest (and broodstock take) and then multiplying 

inland harvest by a fraction incremented between 0 and 1.  Additonally, the effects of 

improved survial resulting from improved ocean conditions and/or reduced ocean harvest 

 

Figure 10. Empirical estimate (blue) of RRSH from a density-independent 

model.  The mean of the posterior is 0.19. 
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were explored.  This was done by refitting the population model under different levels 

fractionally increased recruitment.  A full factorial design was used, where all four levels RRSH 

are crossed with all the fractional levels of historic harvest and improved ocean survival. 

     The density-independent function, 𝑅 =  𝛼𝑆𝑒𝜀 (Figure 9), is the model of intergenerational 

population dynamics that is used within the PVA to simulate spawner abundances through 

time.  The PVA: 

1. takes a given spawner abundance on year t, 

2. uses the recruitment function to compute adult recruits,  

3. apportions recruits are across years according to random permutations of the age 

composition data, 

4. sums recruits across ages within a year and then deflates them by the inland harvest 

rate and broodstock take, and then 

5. uses the resulting abundance as the spawners in step 1 above. 

 

     A critically important aspect of all PVAs is the incorporation of stochasticity 

(“randomness”).  Indeed, if stochasticity is neglected, then the steps outlined above would 

quickly result in static population and extinction risk would be zero.  Stochasticity enters the 

PVA in several ways.  First, the spawner-recruit data are ambiguous with respect to the 

parameters of the recruitment function (Figure 9).  Thus, uncertainty in the estimates of 

recruitment parameter α is simulated within the PVA by sampling a unique value of α for each 

of the 20,000 simulations of a 100 year period.  The different values of α are selected in 

proportion to the probabilities of α given in Bayesian posterior.   

     The spawner-recruit data are not fully explained by uncertainty in the recruitment function 

parameter, even though parameter uncertainty is acknowledged.  In Figure 9, this can be seen 

as the vertical distances between spawner-recruit “points” and the line(s) representing the 

recruitment function(s).  These “residual” deviations must also be simulated in the PVA.  

These residuals are lognormally distributed (note that the errors, ε, are exponentiated in the 

recruitment functions described above) and contain temporal autocorrelation.  After the PVA 

receives a value for α, the variance of the errors is computed as well as the lag-1 

autocorrelation of the errors.  A 100-year time series of residual errors is then simulated using: 

ttt z
22

1 1   
 , 
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where ρ is the lag-1 autocorrelation of the errors, 
2

 is the variance of the errors, and zt is a 

standard normal random deviate (Morris and Doak 2002, p. 139).   

     Extinction in the PVA model occurs when spawner abundance for four consecutive years 

falls below a “quasi-extinction threshold” (QET).  A separate process called “reproductive 

failure threshold” (RFT) is used to zero-out recruitment at critically low spawner abundances.  

Both of these thresholds are implemented because processes like inbreeding depression, 

genetic drift, mate finding, and increased per-capita juvenile mortality will drive the 

population into extinction at critically low abundances.  These negative density-dependent 

processes are very infrequently observed in nature, so they cannot be explicitly modeled.  

Collectively, both QET and RFT represent the boundary of an “extinction vortex” from which 

real populations are irrecoverable (Gilpin and Soulé 1984, Courchamp et al. 2008, Jamieson 

and Allendorf 2012).  The specific values used here are RFT=QET=100.  The PVA counts the 

fraction of the 20,000 simulations where adult abundance falls below QET across 4 consecutive 

years. 

     The PVA model uses past abundances to infer extinction risk.  Thus, the interpretation of 

the result is couched in the assumption that the conditions that were present when the data 

were collected will persist for 100 years.  The model is not intended to capture effects of global 

warming, human population growth, or other anticipated future change.  Of course, the future 

will not be like the past.  Future food webs are uncertain, as is the adaptive potential of these 

fish.  The purpose of the PVA is not to forecast the future; rather, the PVA is used to judge 

relative extinction risk under different scenarios.  Figure 11 contains the PVA results for all 

scenarios.  MATLAB code for implementing the PVA is given in Box 3.   
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Figure 11.  PVA results.  Colors give probability of quasi-extinction of natural-origin fish over a 100 year 

period.  Panels show different assumtpios of RRSH.  The top right panel uses empricial data and the 

method of Falcy and Suring (2018) to estimate that RRSH = 0.19.  Each simulated year included a 

random draw from historic harvest rate.  The random draw was incrementally multiplied by a 

proportion between 0 and 1 to explore the effects of reducing harvest take (x-axis).  The popualtion 

dynamics model was refit under different hypothetical scenarios of increased recruitment resulting 

from improved survival (y-axis).  Improved survival would result from decreased ocean fishing (see 

Figure 4) or increased natural ocean survival.  
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Code 

  

Box 1.  JAGS code used to fit trend model to natural-origin terminal returners. 

model{ 

for (t in 1:Nyears){ 

    log(lambda[t])<- alpha + beta*(t-fixedyear)+epsilon[t] 

    N[t]~dpois(lambda[t]) 

    epsilon[t]~dnorm(0,tau_epsilon) 

    fitted[t]<-exp(alpha+beta*(t-fixedyear)+0.5*sd_epsilon*sd_epsilon) 

  } 

  ## Priors 

  alpha~dnorm(0,1.0E-10) 

  beta~dnorm(0,1.0E-6) 

  tau_epsilon<-pow(sd_epsilon,-2) #tau=1/var 

  sd_epsilon~dunif(0,6)#Gelman recommends uniform on SD 

   

  ##Derived Params 

  B<-100*(pow(fitted[Nyears]/fitted[1],1/(Nyears-1))-1) 

} 

Box 2.  JAGS code used to fit the population dynamics model.  This code called from the code in 

Box3 as 'aS_psi.txt' .   

model{ 

  for (t in 1:Tmax){ 

    logR[t]~dnorm(mu[t],tau) 

     mu[t]<-log(alpha) + log(W[t]+psi*H[t]) 

   } 

 

  ## Priors 

  alpha~dunif(0, 10) 

  psi~dbeta(1,1) 

  tau<-pow(sig,-2) 

  sig~dunif(0.1, 5) 

  sd<-sqrt(1/tau) 

} 
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Box 3.  MATLAB code for PVA.  The code calls JAGS and the code in Box 2 to obtain posterior 

samples of the population dynamics model parameters. 

tic 

for Mstep=0:20  
clear R 
Mort=0.4; 
M=Mort*Mstep/20; %M is 0:0.02:0.4 

  
for t=1:15 
    Rprime=0; 
    for a=2:6 
      Rprime=Rprime+((Sw(t+a+1)+BS(t+a+1))./((1-HR(t+a+1))*(1-M)))*A(t+a+1,a); 
    end %a 
    R(t)=Rprime; 
end %t 

  
clear init I initStructs 
for i=1:nchains 
    I.alpha= 5+2*rand([1,1]); 
    I.sig =  0.1+3*rand([1,1]);  %Log scale 
    I.psi= rand([1,1]); 
    init(i) = I; % init is a structure array that has the initial values for 

all latent variables for each chain 
end 
Data = 

struct('S',Sw(1:length(R))+0*Sh(1:length(R)),'logR',log(R),'Tmax',length(R)); 
%Data = struct('S',Sw(1:length(R)),'logR',log(R),'Tmax',length(R)); 
doparallel = 1; % runs parallel process on multi-core computers 
fprintf( 'Running JAGS...\n' ); 
[samples, stats, structArray] = matjagsParallel( ... 
    Data, ...                % Observed data    
    fullfile(pwd, 'aS_psi.txt'), ...   % File that contains model definition 
    init, ...                      % Initial values for latent variables 
    'doparallel' , doparallel, ... % Parallelization flag 
    'nchains', 4,...         % Number of MCMC chains 
    'nburnin', 35000,...         % Number of burnin steps 
    'nsamples', 10000, ...      % Number of samples to extract 
    'thin', 13, ...                 % Thinning parameter 
    'dic', 0, ...                  % Do the DIC? 
    'monitorparams', {'alpha'}, ...    % List of latent variables to monitor 
    'savejagsoutput' , 1 , ...     % Save command line output? 
    'verbosity' , 0 , ...          % 0=no output; 1=minimal; 2=max 
    'cleanup' , 0 );               % clean up of temporary files? 
delete(gcp) % close out parallel process 
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Box 3, continued. 

Tmax=110; 
RFT=100; 
QET=100; 
Nsims=20000; 

    
N(1)=Sw(end-3); 
N(2)=Sw(end-2); 
N(3)=Sw(end-1); 
N(4)=Sw(end); 

  
for Hstep=0:20 
terminal_hr=HR*Hstep/20; 
SA=A(:,2:end).*Sw;%Spawenrs at age 
%Recruits at age 
for i=0:(length(Sw)-4) 
  for a=1:4 
    RA(i+a,a)=SA(i+a,a)/sum(diag(SA(i+1:i+4,1:4))); 
   end 
end 
for i=0:(length(Sw)-4) 
  for a=1:4 
    RA1(i+1,a)=SA(i+a,a)/sum(diag(SA(i+1:i+4,1:4))); 
   end 
end 

  
QET4=0; 
%Simulation loop 
for rep=1:Nsims 

  
qet4=0; 
j=[randi([1,4]),randi(length(samples.alpha))]; 
a=samples.alpha(j(1),j(2)); 

  
for i=1:length(R) 
    z(i)=log(R(i))-(log(a)+log(Sw(i)));%aS 
end 

  
rho=corr(z(1:(length(z)-1))',z(2:length(z))'); 
X=zeros(Tmax,13); 

  
%BEGIN simulate normally distributed deviates 
sig=std(z); 
X(1,6)=0; 
X(1,8)=terminal_hr(randperm(length(terminal_h),1));%terminal harvest rate 
X(1,9)=mining(randperm(length(mining),1));%terminal harvest 
for t=2:Tmax 
   X(t,6)=rho*X(t-1,6)+sig*sqrt(1-rho^2)*randn; 
   X(t,8)=terminal_hr(randperm(length(terminal_hr),1));%terminal harvest rate 
   X(t,9)=mining(randperm(length(mining),1));%terminal harvest 
end 
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Box 3, continued. 

N0=mean(Sw); 
Ni=N0.*mean(A); 

     
X(1:3,1)=Ni(1); 
X(1:4,2)=Ni(2); 
X(1:5,3)=Ni(3); 
X(1:6,4)=Ni(4); 

  
for t =1:(Tmax-7) 
  St=sum(X(t,1:4));   
  X(t,5)=St;    
  lnRt=log(a)+log(St)+X(t,6);%aS 
  if St>RFT  
    X(t,7)=exp(lnRt);%Recruits 
  else     
    X(t,7)=0; %Implement RFT 
  end 

      
   X(t,10:13)=max(0,(X(t,7)-X(t,9))*(1-X(t,8)).*RA1(randperm(18,1),:)) ;%post 

harvest and mining Recruits by age.  Mining can make negative numbers, so use 

"max" 

    
  for i=1:4 
    X(t+i+2,i)=X(t,9+i);% Make Spawners 
  end 

     
end%time t 

  
 u=X(2:104,5)<QET; 
for i = 1:length(u)-3 
    qet4=qet4+ u(i)*u(i+1)*u(i+2)*u(i+3); 
end 
QET4=QET4+(qet4>0);   

  
end %reps 
Out1(Hstep+1,Mstep+1)=QET4/Nsims; 
end 
end 
toc/60/60 

 
[xi,yi]=meshgrid((0:1:20)./20,0:0.02:0.4); 
[Xq,Yq]= meshgrid(0:0.001:1); 
Vq=interp2(xi,yi,Out1',Xq,Yq); 
subplot(2,2,4) 
S=surf(Xq,Yq,Vq); 
view([0 90]) 
caxis([0,1]) 
title('RRS=1') 
xlabel('% Historic Harvest Rate') 
ylabel({'% Increased Survival';'ocean conditions & fishing'}) 
colormap((jet)) 
S.LineStyle='none' 
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