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BAYESIAN SURPLUS PRODUCTION MODELS FOR MAKO SHARK,
USING ALTERNATIVE INTEGRATION ALGORITHMS

Elizabeth A. Babcock?, Enric Cortes?

SUMMARY

The Bayesian Surplus Production (BSP) software, which uses the Sampling-Importance-
Resampling (SIR) method to integrate posterior distributions, was used for the ICCAT mako
assessments through 2012. The 2014 assessment of blue shark used both the BSP software and
the Markov Chain Monte Carlo (MCMC) algorithm, implemented in the JAGS software, and
found that the JAGS and BSP model results were not always consistent. We applied both the
BSP1 software (without process error) and the BSP2 software (with process error), and two
independent MCMC software packages, JAGS and Stan, to the data from the 2012 mako shark
assessment for the North Atlantic to determine whether the same problem exists. We also used
the SIR and MCMC algorithms from LearnBayes to fit the same function with both algorithms.
Although all the modeling approaches give fairly consistent posteriors for r, the posteriors of K
were somewhat different. This may be because there is a long period of catches with no CPUE
data, or because the catch and CPUE data are not consistent with each other. The lack of
information in the data may cause the model to be sensitive to minor differences in how the
model is configured.

RESUME

Le logiciel de production excédentaire bayésien (BSP), qui utilise la méthode
d’échantillonnage-importance-rééchantillonnage (SIR) pour intégrer les distributions a
posteriori, a été employé pour réaliser 1’évaluation de requin-taupe bleu jusqu’en 2012.
L’évaluation de 2014 du requin peau bleue utilisait a la fois le logiciel BSP et I’algorithme
Markov Chain Monte Carlo (MCMC), mis en ceuvre dans le logiciel JAGS, et révélait que les
résultats des modéles JAGS et BSP n’étaient pas toujours cohérents. Le logiciel BSPI (sans
erreur de processus) et le logiciel BSP2 (avec erreur de processus) et deux progiciels
indépendants MCMC, JAGS et Stan, ont été appliqués aux données de [’évaluation du requin-
taupe bleu de 2012 de I’Atlantique Nord pour déterminer si les mémes problémes se posent. Les
algorithmes de SIR et de MCMC de LearnBayes ont été utilisés afin d’ajuster la méme fonction
avec les deux algorithmes. Méme si toutes les approches de modélisation donnent des
distributions a posteriori relativement cohérentes pour r, les distributions a posteriori de K
étaient legerement différentes, ce qui pourrait s expliquer par le fait qu 'une longue période de
captures soit dépourvue de données de CPUE ou bien que les données de capture et de CPUE
ne coincident pas. L’absence d’informations dans les données pourrait causer la sensibilité du
modele aux légeres différences de configuration de modéles.

RESUMEN

El programa de produccion excedente bayesiano (BSP), que utiliza el método Sampling-
Importance-Resampling (SIR) para integrar distribuciones posteriores, se ha utilizado en las
evaluaciones de marrajo dientuso de ICCAT hasta 2012. En la evaluacién de 2014 de tintorera
se utilizaron tanto el programa BSP como el algoritmo Markov Chain-Monte Carlo (MCMC),
implementado en el programa JAGS, y se hallé que los resultados de los modelos JAGS y BSP
no siempre eran coherentes. En este documento, se aplicaron el programa BSP1 (sin error de
proceso) y BSP2 (con error de proceso), asi como dos paquetes informaticos MCMC
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independientes, JAGS y Stan, a los datos de la evaluacion de marrajo dientuso de 2012 para el
Atlantico norte con el fin de determinar si se producia el mismo problema. Hemos utilizado
también algoritmos SIR y MCMC de LearnBayes para ajustar la misma funcién con ambos
algoritmos. Aunque todos los enfoques de modelacion proporcionaron distribuciones
posteriores bastante coherentes para r, las distribuciones posteriores de K diferian en cierto
modo. Esto podria deberse a que hay un largo periodo de capturas sin datos de CPUE o a que
los datos de captura y CPUE no son coherentes unos con otros. La falta de informacion en los
datos puede hacer que el modelo sea sensible a pequefias diferencias en el modo en que se
configura el modelo.

KEYWORDS

Catch/effort, mathematical models,
stochastic models, stock assessment, population dynamics

1. Introduction

The Bayesian Surplus Production (BSP) software, which uses the Sampling-Importance-Resampling (SIR)
method to integrate posterior distributions, was used for the mako shark assessments through 2012 (Anonymous
2013, Babcock and Cortes 2009). The 2015 assessment of blue shark used both the BSP software and the
Markov Chain Monte Carlo (MCMC) algorithm, implemented in the JAGS software (Plummer 2015), and found
that the JAGS and BSP model results were not always consistent (Anonymous 2016). The difference in outputs
from different software packages may have been caused by slight differences in how the models were set up,
such as how they handled process error. These differences would not matter if the data were highly informative.
However, in the case of blue shark, the data were not informative. The catch data were poorly estimated and
were not consistent with the CPUE data, in that catches increased at the same time as CPUE increased. This
made it difficult for the models to fit the data, and magnified the effect of small differences between software
packages.

The data for shortfin mako shark have many of the same problems as the blue shark data, in that the CPUE series
are short, and not very consistent with the catch data. To determine whether Bayesian production models applied
to the mako shark data would give different results from different software packages, we re-ran one of the
models from the 2012 north Atlantic assessment (Model N1) in BSP and JAGS. We also used a newer MCMC
integration package called Stan, which uses a different variation of the MCMC (Stan Development Team
2016a,b). Finally, we used the SIR and MCMC algorithms from the LearnBayes R package to fit an identical
model with both SIR and MCMC integration methods (Albert 2009, Albert 2014). A preliminary version of this
analysis conducted for the Mako shark data meeting in 2017 found large differences in results between
algorithms; however, the current analysis finds that the algorithms are more consistent, except in the estimated
variance for the unfished biomass (K).

2. Methods

The Bayesian surplus production model (BSP) software available in the ICCAT catalog of methods (McAllister
and Babcock 2003) was modified for the shark assessments to allow catches to be estimated based on historical
longline fishing effort (Babcock and Cortes 2015). The discrete-time version of the model was used, so that:

r
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where Bi= biomass at the beginning of year t, r is the intrinsic rate of increase, K is carrying capacity and C; is
the catch in year t. The log-likelihood was:
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were ljy is the CPUE in year y for series j, qj is the constant of proportionality for series j, |§y is the estimated

biomass in year y, and Gj‘yz is the observation error variance (=1/weight) applied to series j in year y. The

weights were either assumed to be constant across all series and data points and o> was estimated, or > was set
equal to a constant value.

The BSP software can estimate the catchability q as a parameter with a uniform prior, or it can calculate the
MLE estimate of g, which is:

3 G, :exp(%zm(lj’y)—ln(éy)}

BSP1 and BSP2 can also estimate the observation error variance for each series using an MLE method (Walters
and Ludwig, 1994):
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Using the MLE estimates speeds convergence, but may influence the posterior distributions of other parameters.

The original BSP model (BSP1, McAllister and Babcock 2003) does not include process error, but the version
called BSP2 (McAllister 2014) can include process error, so that the biomass in each time period is drawn from a
lognormal distribution with the median equal to the predicted value and a specified process error standard
deviation.

Similar models were coded in JAGS (Lunn et al. 2013, Plummer 2015, Su and Yajima 2014) and Stan (Stan
Development Team 2016a, 2016b). These two packages both use MCMC algorithms, and both can be run from
R, but they use different MCMC algorithms and have slightly different syntax. A similar model was also coded
in R, and the SIR and MCMC algorithms from LearnBayes were used to calculate the posteriors (Albert 2009,
2014). In the JAGS and Stan versions, the catchability (q) was estimated as a free parameter, and the error
standard deviation was either input or estimated as a free parameter. It is not possible to use the MLE shortcuts
for g and the error standard deviation in JAGS, because the code is object-oriented rather than sequential.
However, in the R version fitted with LearmBayes, it was possible to use the MLE estimates of g and sigma, so
that the code is nearly identical to the code in BSP1. The JAGS and Stan version included process error, but no
process error was included in the LearnBayes version.

All models were applied to the catch, CPUE and effort data available from the 2012 mako shark assessment for
the North Atlantic (Anonymous 2015). Priors were set up as in the 2012 assessment. The starting biomass ratio
(Bo/K) was lognormal with a mean of 1.0 and CV of 0.2, bounded between 0.2 and 1.1. The base case prior for
K was uniform on log(K), bounded between 0.01 and 5 million. The prior for r was lognormal with a mean of
0.058 and a log standard deviation of 0.12, bounded between 0.01 and 2. The prior for q for each index was
uniform if it was estimated. If the observation error standard deviation was estimated, it was given an
uninformative uniform prior. Post-model pre-data (PDPM) runs were used to see if the model setup and priors
favored any particular solution (McAllister 2014). PMPD runs were set up in JAGS by making all the CPUE
data equal to NA, and in Stan, BSP1 and BSP2 by having only one CPUE data point. In both cases, the data
contain no information so model output will be entirely determined by the priors.

There were three model runs in addition to the post-model pre-data run that varied in the set up of observation
and process error (Table 1). For some model runs, the observation error standard deviation was set to 1, as was
done in some runs in previous assessments, and in some runs the value was set to 0.2, which is close to the MLE
estimate. Production models in JAGS do not fit well without at least some process error. Thus, we used a low
process error (CV=0.001) to get as close as possible to the case with no process error. In some models, process
error CV was set to 0.05.
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In BSP1 and BSP2, either the multivariate t-distribution or the priors of the parameters was used for the
importance function, and the importance sampling was assumed to have converged when the highest weight was
less than 0.5% of the total, and the CV of the weights was similar to the CV of the likelihood times priors. For
JAGS and Stan, the MCMC was considered converged if the Gelman-Rubin diagnostic was near 1, and the
effective number of parameters was more than 300. For LeanBayes, the multivariate t distribution was used as an
importance function.

3. Results

The catch and CPUE data for mako sharks are not consistent with each other, in that both CPUE and catch
decline from the mid-1980s through 2000 and then increase (Figure 1). Nevertheless, all of the models in BSP1,
BSP2, Stan, and LearnBayes were able to converge on a solution. The JAGS models converged eventually, but it
was necessary to run more than 10 million MCMC iterations (Table 1).

In a preliminary version of this analysis, the JAGS and Stan models estimated very high values of r, so that the
model was able to fit the U-shaped trend in the indices. However, those fits had used an incorrect, larger value of
the prior standard deviation for r, allowing the model to estimate a value of r very different from the prior. When
that error was corrected, all versions of the model estimated posteriors of r that were quite similar to the prior, as
expected when the data are uninformative (Table 2, Table 3, Figure 2, Figure 3, Figure 4, Figure 5). However,
the BSP models generally estimated a higher posterior CV of K than did JAGS and Stan. The BSP runs had CVs
of 0.9 to 1.0 for K, and the posterior distribution had non-zero probabilities associated with K values up to the
upper boundary of 5 million. The BSP posteriors for r and K looked very similar to the post model pre-data run,
even when they were fitted to data. In contrast, the Jags and STAN runs estimated a value of K with a fairly
similar mode but with a smaller CV, and a more bell-shaped posterior distribution. The post model pre data runs
were quite similar in all three cases.

The difference in the posteriors of K between the software packages is not caused by the differences in the
algorithms used to fit the model. When SIR and MCMC were used to estimate the posteriors of the exact same
model code, the results were identical as expected (Table 3, Figure 5). The LearnBayes fits also estimated a
posterior of K with a relatively low CV.

The wider posterior distribution of K in the BSP runs makes these models more optimistic about current status
than the MCMC runs (Figure 6). The mean current biomass tends to be higher in the BSP models than in the
JAGS and Stan runs.

4. Discussion

The fact that the SIR and MCMC programs give somewhat different results is surprising, since they have very
similar model structures. Also, when we ran identical models with both SIR and MCMC in LearnBayes, the
results were nearly identical as expected. The slight differences in how each software package estimates the
catchability and observation error variance may explain some of the differences in model results. There may be
other subtleties in the software packages that we have not identified. None of these minor differences would
influence the results substantially if the data were informative enough to give a more precise posterior estimate
of K. The lack of agreement between similar models in estimating population parameters and status may be
considered a diagnostic that the data are poor, and perhaps not suitable for assessment.

Considering that there is no particular reason to choose one software package over another, we recommend that
the working group continue to use multiple software packages and treat them as valid alternative model runs.
Also, since the models have slightly different input configurations it is important to closely compare the priors
and data input for each software package to ensure that the models really are using the same data and priors. We
also suggest running sensitivity analysis with different standard deviations for the prior for r, since the results are
highly sensitive to this assumption.
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Table 1. Model specifications for the four model runs applied in BSP, JAGS and Stan.

Model  Estimation error standard deviation Process error

Estimated with uniform prior in BSP1, JAGS and  None in BSP1, error =0.001 in BSP2, JAGS,

1 STAN, sigma=0.2 in BSP2 STAN
None in BSP1, error =0.001 in BSP2, JAGS,

2 sigma=1 STAN
Estimated with uniform prior in BSP1, JAGS and  Not run in BSP1, error=0.05 in BSP2, JAGS,

3 STAN, sigma=0.2 in BSP2 STAN
Estimated with uniform prior in BSP1, JAGS and  None in BSP1, error =0.001 in BSP2, JAGS,

PMPD  STAN, sigma=0.2 in BSP2 STAN

Table 2. Posterior means and CVs for each model run. Note that BSP results for K and Bo are in thousands,
while JAGS and STAN results are not.

Software Variable Model 1 Model 2 Model 3 PMPD

BSP1 K (1000) 1373.63 0.9 14121 09 1319.27 1.0
r 0.06 0.1 0.06 0.1 0.06 0.1
Bo (1000) 1225.18 0.9 1271.04 0.9 11895 1.0
Bcur/Bmsy 1.73 0.1 172 0.2 162 0.3
Fcur/Fmsy 029 0.9 033 1.2 096 4.4

BSP2 K (1000) 91429 0.9 140128 0.8 120722 0.9 131006 0.8
r 006 0.1 006 0.1 006 0.1 006 0.1
Bo(1000) 793.86 0.9 125855 0.8 110748 09 117767 0.8
Bcur/Bmsy 162 0.2 171 0.2 168 0.2 161 0.3
Fcur/Fmsy 04 06 03 1.0 048 0.8 078 14

JAGS Rhat 1.02 1.31 1.00 NA 1.73
n.eff 150 13 2800 NA 5
K(1000) 249.41 0.22 15946 0.24 185.69 0.28 1448.36 0.88
r 0.06 0.12 0.06 0.12 0.06 0.12 0.06 0.12
Bo/K 0.81 0.20 099 0.17 0.98 0.20 1.12 0.13
Bcur/Bmsy 1.27 0.14 0.80 0.32 121 021 172 0.25
Fcur/Fmsy 0.88 0.28 256 0.46 1.31 0.30 31.18 6.78

STAN Rhat 1.00 1.00 1.00 1.01
n.eff 3441 1747 42533 526
K (1000) 177.09 010 149.14 0.14 16598 0.17 121941 1.02
r 0.07 0.12 0.06 0.12 0.06 0.12 0.06 0.12
Bo/K 0.78 0.20 1.00 0.20 0.96 0.20 1.02 0.20
Bcur/Bmsy 0.98 0.10 0.74 0.27 1.11 0.18 1.62 0.25

Fcur/HRmsy 1.39 0.16 2.80 043 150 0.21 0.66 1.67
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Table 3. Posterior means and CVs from LearnBayes SIR and MCMC algorithm applied to the same function.

Variable SIRmean SIRCV MCMC mean MCMC.CV

K (1000) 459.97 0.99 460.13 0.99
r 0.06 0.13 0.06 0.13
BO/K 0.79 0.17 0.79 0.17
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Mako shark catch (a) and CPUE (b) from the 2012 assessment.
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Figure 2. BSP1 models with an estimated error standard deviation (a-d), error standard deviation of one (e-h),
and a post-model pre-data run (i-k). The left column shows the prior (dashed line) and posterior (solid line) for
K, second column shows the prior and posterior for r, third column shows the trend in biomass ratio (blue) and
harvest rate ratio (red) with 80% credible intervals, and last column shows the biomass trend fitted to the CPUE

series.
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Figure 3. JAGS models with an estimated error standard deviation and process error of 0.001 (a-d), error
standard deviation of one and process error of 0.001 (e-h), error standard deviation estimated and process error
equal to 0.05 (i-l), and a post-model pre-data run (m-o0). The left column shows the prior (dashed line) and
posterior (solid line) for K, second column shows the prior and posterior for r, third column shows the trend in
biomass ratio (blue) and harvest rate ratio (red) with 95% credible intervals, and last column shows the biomass
trend fitted to the CPUE series.
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Figure 4. STAN models with an estimated error standard deviation and process error of 0.001 (a-d), error
standard deviation of one and process error of 0.001 (e-h), error standard deviation estimated and process error
equal to 0.05 (i-l), and a post-model pre-data run (m-p). The left column shows the prior (dashed line) and
posterior (solid line) for K, second column shows the prior and posterior for r, third column shows the trend in
biomass ratio (blue) and harvest rate ratio (red) with 95% credible intervals, and last column shows the biomass
trend fitted to the CPUE series.

1637



4e-06

2e-06

0e+00

0 500000 1000000 1500000 2000000 2500000 3000000

\m\)BO/K BO/K

Figure 5. Posteriors calculated from SIR and MCMC using the LearnBayes functions. Red is SIR, blue is
MCMC, and the dashed line is the prior. If only red is visible, the SIR and MCMC results are identical.
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