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Introduction 

The Commission has requested a review and update of the Management Strategy Evaluation (MSE) 
for the NAFO division 3LN redfish stock (SCS, 2021).To date, a thorough data review has been 
conducted (Perreault et al., 2022) and the data that will inform the MSE process have been 
finalized (Perreault and Rogers, 2023). This document presents a progress update on the 
preliminary development of operating models for 3LN redfish. Note that models described below 
are not yet finalized. 

Methods 

Surplus Production Models 

Surplus production models (SPMs) are a common approach when reliable age and size information 
are not available, and are the simplest stock assessment models that can produce a full suite of 
management advice (Haddon, 2010). Conceptually, SPMs pool all the effects of growth, mortality, 
and recruitment into a production function, and relate them to aggregate biomass and harvest 
rates. SPMs are composed of two parts: the process equations describing how the biomass changes 
over time, and the observation equations that relates the survey index to the biomass. Historically, 
due to computational restrictions only observation errors or process errors were estimated (e.g. 
Prager, 1992; Schnute, 1977). More recently, state-space SPMs that can account for both 
observation and process error have become computationally feasible and have been implemented 
in a wide variety of management settings (e.g. Pedersen and Berg, 2017; Winker et al., 2018). 

Two types of SPMs are considered for the 3LN redfish MSE: a state-space surplus production model 
in continuous time (SPiCT, Pedersen and Berg, 2017) and a bespoke state-space surplus 
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production model (SSSPM). Surplus production models were developed in order to compare to the 
approach used for the previous MSE process (e.g., Dauphin et al., 2014). Additionally, the state-
space setting of the selected SPMs allow for errors in the underlying population processes, which 
may better capture time-varying processes (e.g. sporadic recruitment) than the previous model 
formulations. 

Data inputs 

A suite of SPMs are in progress for 3LN redfish, however for simplicity, the results presented here 
are for one model formulation. Table 1 provides a summary of the models explored up to now 
(e.g. divisionally disaggregated). For the models discussed in the document, the data used are (see 
Perreault and Rogers, 2023 for details): 

• Landings (Kt; 1960-2022) 

• Converted stratified RV biomass estimates (Historic) for new index strata 

– 3L Canadian Fall Engel (1975-1982), Converted (1990-2020) 

– 3L Canadian Spring Yankee (1975-1982), Engel (1985-1991), Converted(1992-2019) 

– 3L EU-Spain Converted (2004-2019) 

– 3N Canadian Fall Converted (1993-2020) 

– 3N Canadian Spring Yankee (1977-1982), Engel (1984-1990), Converted (1991-2019) 

– 3N EU-Spain Converted (1996-2021). 

Note that the landings time series used in the models begin in 1960 and not 1959 since early model 
runs indicated that the model was sensitive to the first year of data (see Supplementary Materials 
Figs 23 & 24). Additionally, the data prior to 1960 were extracted from pdfs of the historic 
Statistical Bulletins and not from the STATLANT 21A database (see Perreault et al., 2022 for 
details), and we speculate that the uncertainty around the 1959 estimate may differ from the 
estimates from 1960 onward. Therefore, we use 1960 as the first year in our landings series. 

SPiCT 

The SPiCT model provides a flexible framework that treats biomass and fishing mortality rates as 
unobserved processes (i.e. process equations), and allows for observation errors in both the 
surveys and commercial catches (i.e. observation equations). The SPiCT model has been used in 
fisheries management worldwide (e.g. González Herraiz et al., 2023; Rigét et al., 2022) and can 
be easily implemented using the related Rpackage (spict, Pedersen and Berg, 2017). 

Parameters are estimated either in a Bayesian or frequentist setting, by minimizing the negative 
log-likelihood function in the former, or using informative priors which are multiplied by the 
likelihood function to extract the posterior distribution in the latter. For brevity, we do not discuss 
the model here in detail, but an overview is given in Appendix A. The SPiCT package can provide 
estimates of both deterministic and stochastic reference points (see Pedersen and Berg, 2017 for 
details). Our results are based on the stochastic reference points since these are recommended in 
practice. 

We fit preliminary SPiCT models for landing data from 1960-2021 and truncated landing data from 
1975-2021, the minimum year of our survey data, in order to assess the influence of extending the 
model to years where no survey data are available. The models presented here are for divisionally 
aggregated biomass estimates (3LN), although we also fit models separately by division (Table 1). 
For our preliminary model runs, we fixed n=2, which reduces the Pella-Tomlinson model to the 
classic Schaefer model. No priors were used in our model formulations. 
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Model fit was assessed using the checklist provided by ICES (ICES, 2017), and include ensuring that 
the model has converged, checking one-step-ahead (OSA) residuals and related assumptions (bias, 
autocorrelation and normality), examining retrospective plots, checking the shape of the 
production curve, assessing whether the assessment uncertainty was too high, and a jitter self-start 
test. Note that for ease of readability, all model diagnostic outputs are provided in the 
Supplementary Materials. 

SSSPM 

We also develop a bespoke state-space surplus production model (SSSPM) in order to have a 
flexible framework, should non-standard model formulations need to be investigated. As in the 
SPiCT model, we allow for errors in the underlying population processes, and in the observations 
(see Appendix B for model details). Parameters were estimated using the frequentist approach 
based on the marginal negative log likelihood, which was derived via the Laplace approximation in 
TMB (Kristensen et al., 2015). Fixed effect parameters were estimated using the optim function 
in R (R Core Team, 2022). 

We fit preliminary SSPMs for landing data from 1960-2021 and truncated landing data from 1975-
2021, the minimum year of our survey data. The models presented here are for divisionally 
aggregated biomass estimates (3LN), although we also fit models separately by division (Table 1) 
for unconverted and converted survey data. Due to issues getting the model to converge, the 
observation model standard deviation was fixed at 0.2. Sensitivity runs to this assumption will be 
conducted for the base OMs selected. All other parameters were freely estimated. 

Model fit was assessed simiarly to the SPiCT model, by ensuring that the model has converged, 
checking residuals and related assumptions (bias, autocorrelation and normality), checking the 
shape of the production curve, and assessing whether the assessment uncertainty was too high. Due 
to time constraints the jitter self-start and retrospective runs are in progress. 

Age structured catch at length model 

Surplus production models are known to perform poorly when there are time varying changes in a 
variety of population processes, including recruitment and growth (Punt and Szuwalski, 2012). 
Recruitment success is poorly understood for redfish therefore surplus production models may not 
adequately capture stock dynamics. As such, we consider an integrated state-space age-structured 
catch-at-length (ACL) model for 3LN redfish that utilizes the available information on fishery total 
catch-at-length and abundance indices-at-length, which have not been considered in previous 
assessment models. The ACL model is based on Cadigan et al., 2024, and can provide estimates of 
recruitment deviations and separate catchability parameters at length for each survey, and was 
therefore expected to better model stock dynamics and its related uncertainties. 

Data inputs 

As for the surplus production models, the results presented are for a subset of model formulations 
using the data detailed below (see Perreault and Rogers, 2023 for details). 

• Converted RV abundance at length for new index strata (Historic) 

– 3LN Canadian Fall Engel (1984-1989), Converted (1991-2020) 

– 3LN Canadian Spring Engel (1985-1990), Converted (1997-2019) 

– 3L EU-Spain Converted (2004-2019) 

– 3N EU-Spain Converted (1997-2019) 
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• Commercial catch at length 

– All (1975-2021) 

• Weight at length 

– Portuguese commercial sampling (3LN; 1990-2019), EU-Spain RV 3L (1997-2021) and 3N 
(2003-2019) 

The models presented here are for divisionally aggregated biomass estimates (3LN), although we 
also fit models separately by division (Table 1) for unconverted and converted survey data. Due to 
confounding between the 𝐿∞ and 𝑘 parameters in the von Bertalanffy equation, 𝐿∞ was fixed at 
42cm, which seemed reasonable for preliminary model explorations given the sply plots 
(Supplementary Materials Fig. 25) and previous analyses (Cadigan and Campana, 2017). The logit 
parameters for fishing mortality rates, i.e. 𝜙𝐹𝐴 , 𝜙𝐹𝑌  were fixed at 0.8 and 1.7, respectively, based on 

early model runs. This also ensured that the fishing mortality rates at age and year varied smoothly 
over time. 

Model fit was assessed by ensuring that the model has converged, checking residuals and related 
assumptions (bias, autocorrelation and normality) and assessing whether the assessment 
uncertainty was too high. Due to time constraints the jitter self-start and retrospective runs are in 
progress. 

Results and Discussion 

Surplus Production Models 

Overall, the surplus production models, no matter the baseline formulation (SPiCT or SSSPM) or 
starting year (1960 or 1975) fit the data well (Supplementary Materials Figs. 7, 14, 18 & 22) and 
provided similar estimates of population processes (Table 2). Both the SPiCT and SSSPM models 
were generally insensitive to starting the time series in 1960 or 1975 (Table 2), with the SPiCT 
model less sensitive than the SSSPM. Estimates of 𝑟 and 𝐾 were similar for both model 
formulations, although the 𝐾 predictions were larger and 𝑟 smaller for the SPiCT model than for the 
SSSPM. 

ACL Model 

The simple ACL mode fit the data well with no large patterns present in the residuals across lengths 
or years for the surveys or the commercial catch (Supplementary Materials Figs. 26 & 27). 
However, no matter the underlying model formulation explored (Table 3), the ACL model required 
large process error standard deviation, 𝜎𝑝𝑒 to fit the survey indices and landings (Table 3; much 

larger than what is typically seen in state-space stock assessment models). Smaller values of 𝜎𝑝𝑒 

resulted in a much worse fit to the data, which indicates that the reported catches and our 
assumptions about M have not described redfish population dynamics well, as indicated by the 
survey indices. This, combined with the the large 𝜎𝐼 estimates (Fig. 9) indicates that even with a 
large amount of process error, there is substantial lack of fit to the survey indices. 

Additionally, catchability estimates were strange (Fig. 10) and suggested that the surveys are not 
seeing larger fish, which is unexpected for a bottom-trawl survey. Sensitivity runs with q forced to 
be flat topped (Fig. 10) do not appear to address this issue, which may further indicate a lack of fit 
to the survey indices. 
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Summary and Future Directions 

Preliminary surplus production models fit the data well, although we do have some concerns about 
basing an MSE on a model that is known to perform poorly when there are potential time varying 
processes in population dynamics. As such, we will continue to investigate fitting models to the 
length composition data and a simpler SURBA model is currently in progress (e.g., Kumar et al., 
2020). Preliminary investigations have been promising, including early considerations of including 
environmental variables in the process equations to potentially better capture shifts in the 
underlying population that the current models cannot (e.g., Stock and Miller, 2021). 
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Figures 

 

Figure 1. SPiCT estimates from the full (green) and truncated (orange) time series for biomass 
(top) and average fishing mortality rates (bottom). 

 

Figure 2. SPiCT landings estimates from the full (green) and truncated (orange) time series. 
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Figure 3. SSSPM estimates from the full (green) and truncated (orange) time series for biomass 
(top) and average fishing mortality rates (bottom). 

 

Figure 4. SSSPM landings estimates from the full (green) and truncted (orange) time series. 
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Figure 5. Estimates from the SPiCT (green) and SSSPM (orange) time series for biomass (top) and 
average fishing mortality rates (bottom). 

 

Figure 6. Landings from the SPiCT (green) and SSSPM (orange) time series. 
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Figure 7. ACL model predictions of biomass (top left), recruitment (top right), natural mortality 
rate (bottom left) and harvest rates (bottom right). The blue shaded regions are the 
95% confidence intervals. 
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Figure 8. ACL model predictions of fishing mortality rates at age (top left), harvest rates (top 
right), catch at age (bottom left) and catch at length (bottom right). The blue shaded 
regions are the 95% confidence intervals. 
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Figure 9. Standard deviation estimates from the ACL model. 
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Figure 10. Catchability estimates from the ACL for model runs with the max catchability estimate 
fixed at 25 (q25; green), 35 (q35; blue) and 45 (base; orange) centimeters. 
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Figure 11. Comparison of ACL predicted populations processes from base model (pink), fixing the 
max catchability estimate at 25 (q25) and 35 (q35) centimeters. 
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Figure 12. Comparison of ACL model predictions from the ASPIC (solid) and ACL (dashed) models. 
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Tables 

Table 1. General summary of model formulations explored and/or for future consideration 

Assumption Variations 

Landings start 1960, 1975 

Data type Converted, Unconverted 

Divisions Aggregated (3LN), Disaggregated (3L,3N) Wider (3LNO) 

Depth Deep/shallow 
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Table 2. Summary of surplus production model runs and parameter estimates 

Model - SPiCT1 SPiCT2 SPiCT3 SSSPM1 SSSPM2 

Start Year(Landing)  1959 1960 1975 1960 1975 

Convergence  No Yes Yes Yes Yes 

Fixed parameters  n n n n n 

Dignostic Problems  OSA Residuals  No No   

 ACF  No No   

 SAMPLE Quantiles  Yes Yes   

Relative reference points B2021/Bmsy   1.362 1.369 1.369 1.377 1.438 

Biomass2021(000s)  54.188 255.911 269.404 234.892 276.079 

Relative reference points F2021/Fmsy   0.369 0.249 0.245 0.372 0.356 

Robustness to Initial    No Yes   

r  1.22 0.366 0.372 0.235 0.208 

K(000s)  117.897 448.32 484.578 341.124 384.084 

Sdb**  0.619 0.308 0.339 0.732*** 0.725*** 

AIC/nll  621.79 590.76 568.97 261.42 250.2 

q Converted _ 3N _ summer  1677.605 343.393 318.423 237.924 197.294 

q Converted _ 3L _ summer  1104.003 222.376 206.043 196.734 162.569 

q Converted _ 3L _ fall  1044.542 232.823 216.525 229.398 188.8 

q Converted _ 3N _ fall  2574.969 543.01 504.163 570.963 471.289 

q Engel _ 3L _ fall  1289.164 206.444 193.919 261.776 217 

q Converted _ 3L _ spring  946.349 195.71 181.719 355.089 292.608 

q Converted _ 3N _ spring  1220.068 259.369 240.819 172.35 149.232 

q Engel _ 3L _ spring  304.569 56.944 54.228 52.322 46.508 

q Engel _ 3N _ spring  101.349 19.413 18.146 18.41 16.062 

q Yankee _ 3L _ spring  775.088 54.819 40.533 52.633 36.281 

q Yankee _ 3N _ spring  251.774 15.699 12.177 15.334 10.934 

Catch_2022 (000s)  12.256 10.6719413 10.6388   

E(B_inf)****        54.363 259.354 249.389   

 
  **standard deviation of biomass process error  
  ***standard deviation of process error 
   ****equilibrium biomass under current conditions 
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Table 3. Summary of ACL model runs and parameter estimates 

Parameter Basefit q35 q25 

meanR 1,124.079 1,132.940 1,212.460 

meanR.1 1,058.049 1,058.304 982.508 

std_R 1.431 1.392 1.374 

std_3L_EUS_C 0.791 0.776 0.854 

std_3LN_Fall_C 0.733 0.707 0.733 

std_3LN_Fall_E 0.576 0.629 0.661 

std_3LN_Spr_C 0.774 0.776 0.804 

std_3LN_Spr_E 0.754 0.805 0.895 

std_3N_EUS_C 1.328 1.307 1.351 

logit_phi_resid 0.807 0.799 0.822 

std_catch 0.390 0.399 0.427 

logit_phi_catch 0.587 0.577 0.663 

qstd_3L_EUS_C 0.479 0.482 0.456 

qstd_3LN_Fall_C 0.479 0.480 0.452 

qstd_3LN_Fall_E 0.479 0.478 0.429 

qstd_3LN_Spr_C 0.478 0.477 0.444 

qstd_3LN_Spr_E 0.473 0.471 0.414 

qstd_3N_EUS_C 0.520 0.525 0.539 

std_pe 0.961 0.868 0.869 

logit_R 0.522 0.526 0.553 

vbk 0.109 0.107 0.107 

cv_len 0.092 0.091 0.091 

std_F 2.000 2.000 2.000 

F_main 0.094 0.093 0.084 

F_main.1 0.095 0.096 0.089 

  



18 

Northwest Atlantic Fisheries Organization   www.nafo.int 

References 

Cadigan, N. G., and Campana, S. E. (2017). Hierarchical model-based estimation of population 
growth curves for redfish (sebastes mentella and sebastes fasciatus) off the eastern coast of 
canada. ICES Journal of Marine Science, 74(3), 687–697. 

Cadigan, N. G., Duplisea, D. E., Senay, C., Parent, G. J., Winger, P. D., Linton, B., and Kristinsson, K. 
(2022). Northwest atlantic redfish science priorities for managing an enigmatic species 
complex. Canadian Journal of Fisheries and Aquatic Sciences, 79(9), 1572–1589. 

Cadigan, N. G., Perreault, A. M., Nguyen, H., Chen, J., Beita-Jimenez, A., Fuller, N., & Ransier, K. (2024). 
A state-space catch-at-length assessment model for redfish on the Eastern Grand Bank of 
Newfoundland reveals large uncertainties in data and stock dynamics. arXiv preprint 
arXiv:2407.04799. 

Dauphin, G., Morgan, M., and Shelton, P. (2014). Serial no. N6336 NAFO SCR doc. 14/040 
SCIENTIFIC COUNCIL MEETING–JUNE 2014. NAFO SCR Doc, 14, 040. 

González Herraiz, I., Vila, Y., Cardinale, M., Berg, C. W., Winker, H., Azevedo, M., Mildenberger, T. K., 
Kokkalis, A., Vázquez Vilamea, A. A., Morlán, R., et al. (2023). First maximum sustainable 
yield advice for the nephrops norvegicus stocks of the northwest iberian coast using 
stochastic surplus production model in continuous time (SPiCT). Frontiers in Marine Science, 
10, 484. 

Haddon, M. (2010). Modelling and quantitative methods in fisheries. CRC press. 

ICES. (2017). Report of the workshop on the development of the ICES approach to providing MSY 
advice for category 3 and 4 stocks (WKMSYCat34), 6-10 march 2017, copenhagen, denmark. 
ICES Document CM 2017/ACOM:, 47, 53. 

Kristensen, K., Nielsen, A., Berg, C. W., Skaug, H., and Bell, B. (2015). TMB: Automatic differentiation 
and laplace approximation. arXiv Preprint arXiv:1509.00660. 

Kumar, R., Cadigan, N. G., Zheng, N., Varkey, D. A., and Morgan, M. J. (2020). A state-space spatial 
survey-based stock assessment (SSURBA) model to inform spatial variation in relative stock 
trends. Canadian Journal of Fisheries and Aquatic Sciences, 77(10), 1638–1658. 

Lorenzen, K. (1996). The relationship between body weight and natural mortality in juvenile and 
adult fish: A comparison of natural ecosystems and aquaculture. Journal of Fish Biology, 
49(4), 627–642. 

Pedersen, M. W., and Berg, C. W. (2017). A stochastic surplus production model in continuous time. 
Fish and Fisheries, 18(2), 226–243. 

Perreault, A., Rogers, B., González-Troncoso, D., Rideout, R., and Simpson, D. K. and, M and. (2022). 
Data review for 3LN redfish in preparation for an updated management strategy evaluation. 
NAFO SCR Doc, 22(16). 

Perreault, A., and Rogers, V., B and. (2023). Data selection for 3LN redfish in preparation for an 
updated management strategy evaluation. NAFO SCR Doc, 12(01). 

Prager, M. (1992). ASPIC: A surplus-production model incorporating covariates. Coll. Vol. Sci. Pap., 
Int. Comm. Conserv. Atl. Tunas (ICCAT), 28, 218–229. 



19 

Northwest Atlantic Fisheries Organization   www.nafo.int 

Punt, A. E., and Szuwalski, C. (2012). How well can FMSY and BMSY be estimated using empirical 
measures of surplus production? Fisheries Research, 134, 113–124. 

R Core Team. (2022). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing. https://www.R-project.org/ 

Rigét, F., Burmeister, A., and T., B. (2022). Applying a stochastic surplus production model (SPiCT) 
to the east greenland stock of northern shrimp. NAFO SCR Doc, 22(051). 

Schaefer, M. B. (1954). Some aspects of the dynamics of populations important to the management of 
the commercial marine fisheries. 

Schnute, J. (1977). Improved estimates from the Schaefer production model: Theoretical 
considerations. Journal of the Fisheries Board of Canada, 34(5), 583–603. 

SCS. (2021). Report of the scientific council meeting 27 may -11 june 2021. NAFO SCS Doc, 21, 014. 

Stock, B. C., and Miller, T. J. (2021). The woods hole assessment model (WHAM): A general state-
space assessment framework that incorporates time-and age-varying processes via random 
effects and links to environmental covariates. Fisheries Research, 240, 105967. 

Winker, H., Carvalho, F., and Kapur, M. (2018). JABBA: Just another bayesian biomass assessment. 
Fisheries Research, 204, 275–288. 

  

https://www.r-project.org/


20 

Northwest Atlantic Fisheries Organization   www.nafo.int 

Appendix A: SPiCT model 

Process model 

The SPiCT model is based on the traditional Pella-Thomlinson biomass dynamics model that 
includes process error, 

𝑑𝐵𝑦 = (𝛾𝑚
𝐵𝑦

𝐾
− 𝛾𝑚 [

𝐵𝑦

𝐾
] − 𝐹𝑦𝐵𝑦)𝑑𝑦 + 𝜎𝐵𝐵𝑦𝑑𝑊𝑦 

where 𝐵𝑦 is the exploitable biomass at time 𝑦, 𝐾 is the carrying capacity, 𝑚 is the productivity 

parameter, and 𝛾 =
𝑛𝑛/(𝑛−1)

(𝑛−1)
. For our preliminary applications, and for comparative purposes to the 

SSSPM, we fix 𝑛 = 2, which reduces the Pella-Tomlinson model to the classic Schaefer model 
(Schaefer, 1954). Unlike most SPM approaches, the SPiCT model treats the fishing mortality rates 
𝐹𝑦 as an unobserved process, which allows estimation of 𝐹𝑦 at any time, even if catch observations 

are not available, i.e., 

𝐹𝑦 = 𝑆𝑦𝐺𝑦, 

where 𝑆𝑦 and 𝐺𝑦 are the seasonal and random components, respectively. For our application, we 

use annual catch data, so 𝑆𝑦 = 1. The random process is defined in terms of standard Brownian 

motion (see Pedersen and Berg, 2017 for details), 

𝑑log𝐺𝑦 = 𝜎𝐹𝑑𝑉𝑦, 

where 𝜎𝐹 is the standard deviation of the random noise term and 𝑑𝑉𝑡 is the defined Brownian 
motion. 

Observation model 

The observation equations are defined in terms of the commercial catch, which is reported as the 
cumulative catch 𝐶𝑦 over a time interval 𝛥𝑦, 

log(𝐶𝑦) = log(∫ 𝐹𝑠

𝑦+𝛥𝑦

𝑦

𝐵𝑠𝑑𝑠) + 𝜖𝑐,𝑦 

where 𝜖𝑦 ∼ 𝑁(0, 𝜎𝐶
2). The survey indices are treated as a snapshot in time, i.e., 

log(𝐼𝑖) = log(𝑞𝑖𝐵𝑦) + 𝜖𝑠,𝑦,𝑖 

where 𝜖𝑠,𝑦,𝑖 ∼ 𝑁(0, 𝜎𝐼
2) are the index observation errors, with catchability parameters 𝑞𝑖 estimated 

for each survey. 
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Appendix B: SSSPM 

Process model 

The bespoke SSSPM is based on the Schaefer surplus production model formulation, 

𝐵𝑦+1 = 𝐵𝑦 + 𝑟𝐵𝑦 (1 −
𝐵𝑦

𝐾
) − 𝐶𝑦, 

for biomass 𝐵𝑦, carrying capacity 𝐾, and catch 𝐶𝑦, which can be rewritten as 

𝑃𝑦+1 = 𝑃𝑦 + 𝑟𝑃𝑦(1 − 𝑃𝑦) − 𝐻𝑦𝑃𝑦, 

where 𝐵𝑦 = 𝐻𝑦𝑃𝑦𝐾, 𝑃𝑦 =
𝐵𝑦

𝐾
, and 𝐶𝑦 = 𝐻𝑦𝐵𝑦. In the state-space setting, the process equations are 

then 

𝑃𝑦 + 1 = (𝑃𝑦 + 𝑟𝑃𝑦(1 − 𝑃𝑦) − 𝐻𝑦𝑃𝑦)exp
𝜖𝑦 , 

𝐻𝑦+1 = 𝐻𝑦exp
𝛿𝑦 , 

where 𝜖𝑦 are the process errors, 𝜖𝑦 ∼ 𝐴𝑅(1) with parameters 𝜙𝜖 , 𝜎𝜖 to estimate. The harvest rate 

deviations, 𝛿𝑦, are assumed more similar closer together in time, i,e., 𝛿1, . . . , 𝛿𝑌 ∼ 𝑁(0, 𝜎𝛿
2) with 𝜎𝛿to 

estimate. 

Observation model 

The survey index observation equation relates the underlying population processes to the 
observations, 

𝐼𝑦 = 𝑞𝑠𝐵𝑦exp
𝜖𝑠𝑦 , 

with 𝜖𝑠𝑦 ∼ 𝑁(0, 𝜎𝑠
2). Similarly, the catch observation equation is given by 

𝐶𝑦 = 𝐻𝑦𝐾𝑃𝑦exp
𝜖𝑐𝑦 , 

with 𝜖𝑐𝑦 ∼ 𝑁(0, 𝜎𝑐
2). 
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Appendix C: Age Structured Catch-at-Length Model 

Process model 

The ACL model is based on the standard age-structured model, for years 𝑦 = 1975, . . . ,2021 and for 
ages 𝑎 = 1, . . . ,20 +, where 20 + represents the plus group. 

log(𝑁𝑦,𝑎) = log(𝑁𝑦−1,𝑎−1) − 𝑍𝑦−1,𝑎−1 + 𝛿𝑁𝑦−1,𝑎−1 ,

log(𝑁𝑦,𝐴+) = log[𝑁𝑦−1,𝐴+−1exp
−𝑍𝑦−1,𝐴+−1 +𝑁𝑦−1,𝐴+exp

−𝑍𝑦−1,𝐴+] + 𝛿𝑁𝑦−1,𝐴+
,
 

where the process errors are assumed independent 𝛿𝑁𝑦,𝑎 ∼ 𝑁(0, 𝜎𝑝𝑒), and 𝑍𝑦,𝑎 = 𝑀𝑦,𝑎 + 𝐹𝑦,𝑎 is the 

total mortality rate given by the sum of the natural mortality rate, 𝑀𝑦,𝑎, and the fishing mortality 

rate 𝐹𝑦,𝑎. Here, 𝑀𝑦,𝑎 were predicted as a function of body weight using the Lorenzen method, 

𝑀𝑎 = 𝑀𝑜
−0.305, 

where 𝑊𝑎 is the stock weight-at-age, 𝑀𝑜 is a scaling parameter and −0.305 is from Lorenzen 
(1996). Here, 𝑀𝑜 = 𝜇(𝑀𝑎/(min𝑀𝑎)), where 𝜇 = 0.125 is the median natural mortality rate from 

Cadigan et al. (2022). Weight-at-age was derived using a stock length-weight relationship and a 
length-age relationship, 

𝑊𝑎 = 𝛼𝐿𝑎
𝛽
, 

where 𝐿𝑎 are internally estimated using the von Bertalanffy growth model (detailed below). The 
length-weight parameters 𝛼 and 𝛽 were derived from length-weight estimates from the EU-Spain 
research vessel surveys. Recruitment, i.e., the numbers at the first ages 𝑁𝑦,1, are treated as random 

deviations from a fixed mean effect, 

log(𝑁𝑦,1) = 𝜇𝑅 + 𝛿𝑅𝑦 , 

where 𝜇𝑅 is the mean recruitment, split for years pre/post 2005 to account for the large cohort that 
appeared around that time. The deviations from the mean recruitment 𝛿𝑅𝑦 are assumed to follow a 

normal distribution with AR(1) correlation across years with the AR parameters 𝜎𝑅
2 and 𝜙𝑅 to be 

estimated. 

The ACL model does not have direct information about the initial age-distribution of the stock, 

therefore a prior based on the numbers in the first year is given by log (
𝑁𝑎,1

𝑁𝑎−1,1
) ∼

𝑖𝑖𝑑𝑁(−𝑍𝑎−1,1, 𝜎𝑁0
2 ), with 𝜎𝑁0

2  fixed at 0.2. Fixing 𝜎𝑁0
2  at 0.2 allows enough flexibility for the intial age 

distribution of the stock to deviate from the prior, but not enough to have wildly varying numbers 
in the first year. 

The fishing mortality rates are set to zero for ages 1-2, as it is assumed that the fishing gear does 
not target those smaller sizes, and for all ages greater than two, 

log(𝐹𝑦,𝑎) = 𝜇𝐹𝑦,𝑎 + 𝛿𝐹𝑦,𝑎 , 

where 𝜇𝐹𝑦,𝑎  is the mean fishing mortality rate and 𝛿𝐹𝑦,𝑎  is the deviation from the mean at each age 

and year. A separate 𝜇𝐹𝑦,𝑎 is estimated for for years 1998-2009 in order to account for the change in 
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fishing mortality rates during the moratorium. The 𝛿𝐹𝑦,𝑎 ’s are treated as random effects and are 

assumed to follow a normal distribution with parameters 𝜎𝐹
2, 𝜙𝐹𝐴 , 𝜙𝐹𝑌  to be estimated. 

Probability of length at age 

Consistent ageing data are not available for 3LN redfish, therefore, the numbers at age in the model 
need to be converted to numbers at length. Starting with the modified von Bertalanffy growth 
model from Cadigan and Campana (Cadigan and Campana, 2017), we define the mean lenght at 
age 𝐿𝑎 as 

𝐿𝑎 = 𝐿∞(1 − 𝑒−𝐾𝑎(1 − 𝜌𝑜)), 

where 𝐿∞ is the theoretical maximum average length, 𝑝0 =
𝐿0

𝐿∞
, 𝐿0 is the mean length at birth, and 𝐾 

is the growth rate parameter. The length information is given for one centimeter length bins, and 
we assume that there is a mid-point of the length bins. Therefore, a fish of length bin 𝑙 will have 
length 𝐿 ∈ (𝑙 − 0.5𝑐𝑚, 𝑙 + 0.5𝑐𝑚). The cumulative distribution fucntion is used to calculate the 
probability that a fish is in length bin 𝑙 given its age. As is often the case in fisheries applications, we 
assume that length-at-age is normally distributed with mean 𝐿𝑎, with standard deviation that 
increases with the mean, i.e., 𝐿𝑎 ∼ 𝑁(𝐿𝑎 , 𝜏𝐿𝑎). Then, the CDF for for the normal distribution give the 
probability that a fish is in length bin 𝑙 given its age, 

𝑃(𝐿𝑎 ∈ 𝑙) = 𝜙 (
𝑙 − 𝐿𝑎 + 0.5

𝜏𝐿𝑎
) − 𝜙 (

𝑙 − 𝐿𝑎 − 0.5

𝜏𝐿𝑎
) 

The number of fish in each length bin (𝑁𝑙𝑦) is then given by 

𝑁𝑙𝑦 =∑𝑁𝑎𝑦
𝑎

𝑃𝑙𝑎 

where 𝑃𝑙𝑎 is shorthand for 𝑃(𝐿𝑎 ∈ 𝑙). 

Observation model 

The Baranov catch equation relates the expected catch to the stock size, 

𝐶𝑦,𝑎 =
𝐹𝑦,𝑎

𝑍𝑦,𝑎
(1 − exp−𝑍𝑦,𝑎)𝑁𝑦,𝑎 . 

where we convert catch at age to catch at length using the approach described above, 

𝐶𝑙𝑦 =∑𝐶𝑎𝑦
𝑎

𝑃𝑐𝑙𝑎 , 

with 𝑃𝑐𝑙𝑎 representing the assumption that the catch are sampled in the middle of the year (i.e. we 
add 0.5 to the ages). To account for uncertainties in the observed catch, we add an observational 
error term to describe the relationship between the predicted and observed catch (𝐶𝑜𝑙𝑦), 

𝐶𝑜𝑙𝑦 = 𝐶𝑙𝑦𝑒
𝜖𝑐𝑙𝑦 

where 𝜖𝑐,𝑙1,...,𝑙𝐿,𝑦 ∼
𝑖𝑖𝑑 𝑀𝑉𝑁(0, 𝛴𝐶), i.e. observed catch are assumed correlated across lengths within 

years, but otherwise independent within years. Preliminary model exploration indicated that this 
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assumption is important. Similarly, the relationship between stock size and the timing of the survey 
is given by 

𝑁𝑠𝑎𝑦 = 𝑁𝑎𝑦𝑒
−𝑓𝑠𝑍𝑎𝑦 , 

where 𝑓𝑠 represents the fraction of the year that the survey takes places. The number of fish in each 
length bin is given by 

𝑁𝑠𝑙𝑦 =∑𝑁𝑠𝑎𝑦
𝑎

𝑃𝑠𝑙𝑎 , 

with 𝑃𝑠𝑙𝑎 representing the probability of length at age for each survey 𝑃𝑠𝑙𝑎 = 𝑝𝑙,(𝑎+𝑓𝑠). The expected 

survey index is then 

𝐸𝐼𝑠𝑙𝑦 = 𝑞𝑔𝑠𝑙𝑁𝑠𝑙𝑦, 

where 𝑞𝑔𝑠𝑙 represents a separate catchability at length estimate for each survey and gear. 

Catchability is assumed from a random walk, 

𝑞𝑠𝑙+1 = 𝑞𝑠𝑙𝑒
𝜖𝑞𝑙 

with 𝜖𝑞𝑙 ∼ 𝑁(0, 𝜎𝑞,𝑔,𝑠,𝑙). To avoid unrealistically fluctuating catchability estimates at the smallest 

sizes, 𝜎𝑞,𝑔,𝑠,𝑙  was fixed at 0.20 for lengths less than 16cm and greater than 31cm. Estimates of 𝑞𝑠𝑙 for 

lengths greater than 45cm were fixed at the estimate of 45cm. To avoid confounding between 𝑞𝑠𝑙 
and 𝑁𝑠𝑙𝑦, we added a medium prior on the Fall RV 𝑞𝑠𝑙, where we assumed that 𝑞𝑠𝑙 was 

approximately 1 for lengths 20, 22 and 24. 

To account for uncertainties in the observed indices, we add an observational error term to 
describe the relationship between the predicted and observed index 

𝐼𝑠𝑙𝑦 = 𝐸𝐼𝑠𝑙𝑦𝑒
𝜖𝑠𝑙𝑦 

The 𝜖𝑠𝑙𝑦 sampling errors were multivariate normal (MVN) with mean zero and lag-1 autoregressive 

correlation 𝜌𝐼 among length classes each year, and conditional standard deviations 𝜎𝑠𝐼 that were 
estimated separately for each survey s. For simplicity the autocorrelation was assumed to be the 
same for all surveys. 
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