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Abstract 
 
Here we updated a previously published state-space spatial survey-based stock assessment (SSURBA) model 
with data up to 2020 to inform spatial variation in relative stock trends of American plaice in NAFO Divisions 
3LNO. The model features estimation of survey gear catchability (q) that changes spatially and temporally 
following changes in fish growth and survey gears. Furthermore, the model assumes natural mortality (M) is 
size-dependent and therefore, similar to catchability, changes with years and divisions. The original version of 
the model fits annual spatial (i.e. three Divisions) stock number-at-age research vessel (RV) survey indices until 
2016. The purpose of this report is to present the stock trends with the addition of the most recent data for the 
years 2017-2020 while keeping the methods unchanged. The model suggests that the overall condition of the 
stock remains mostly lower than the long-term average, and average fishing mortality rates have reached levels 
higher than the long-term average in several years after 2010. 
 

Introduction 
 

This report presents the relative stock trends of American plaice in NAFO divisions 3LNO from the SSURBA 
model (Kumar et. al. 2020) that is updated with the recent 4 years of data.  
 

Methods 
Data 
 
The primary data used in the model are indices of abundance from the Canadian Research Vessel (RV) Spring 
and autumn surveys in NAFO Divisions 3LNO and EU-Spain surveys in the NAFO Regulatory Area (NRA) of 
Division 3N (Fig. 1). 
 
Model 
 
In the report, we provide only a brief description of the model. See Kumar et. al (2020) for the model details.  
 
Process model and components 
 
In the cohort model (Equation 1), N number of fish of age a at the start of year y in division d and the respective 
per-year instantaneous rate of total mortality Z, which is the sum of natural mortality rate M and fishing 
mortality rate F, calculates the population in the next year  

(1) 𝑁𝑁𝑎𝑎+1,𝑦𝑦+1,𝑑𝑑 = 𝑁𝑁𝑎𝑎,𝑦𝑦,𝑑𝑑 𝑒𝑒𝑒𝑒𝑒𝑒�−𝐹𝐹𝑎𝑎,𝑦𝑦,𝑑𝑑 −𝑀𝑀𝑎𝑎,𝑦𝑦,𝑑𝑑� ,𝑎𝑎 = 1, … ,𝐴𝐴 − 1;  𝑦𝑦 = 1, … ,𝑌𝑌;𝑑𝑑 = 1, … ,𝐷𝐷; 
𝑁𝑁15+,𝑦𝑦,𝑑𝑑 = �𝑁𝑁15+,𝑦𝑦−1,𝑑𝑑 𝑒𝑒𝑒𝑒𝑒𝑒�−𝑍𝑍15+,𝑦𝑦−1,𝑑𝑑� +𝑁𝑁14,𝑦𝑦−1,𝑑𝑑 𝑒𝑒𝑒𝑒𝑒𝑒�−𝑍𝑍14,𝑦𝑦−1,𝑑𝑑��. 
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Recruitment (R) 

The recruitment (𝑅𝑅𝑦𝑦,𝑑𝑑), which is 𝑁𝑁𝑎𝑎=1,𝑦𝑦,𝑑𝑑, is modelled by a stochastic process about a mean recruitment 𝜇𝜇𝑅𝑅,𝑑𝑑 
and a spatially correlated AR (1) deviations (Equation 2). 
 

(2) 𝑅𝑅𝑦𝑦,𝑑𝑑 = 𝜇𝜇𝑅𝑅,𝑑𝑑 𝑒𝑒𝑒𝑒𝑒𝑒�𝛿𝛿𝑦𝑦,𝑑𝑑� ;   𝛿𝛿𝑦𝑦,𝑑𝑑  ~ 𝐴𝐴𝐴𝐴(1) 
 
Fishing mortality rate (F)  
This model assumes no commercial catch for the ages 1 to 4, so we have fixed F to be zero for these younger 
ages. For older ages (age ≥ 5), the logarithm of 𝐹𝐹𝑎𝑎,𝑦𝑦,𝑑𝑑 in Equation (1) follows a mixed-effects model with mean 
log(𝜇𝜇𝑦𝑦,𝑑𝑑), within division age-year correlated random deviations ∆𝑎𝑎,𝑦𝑦,𝑑𝑑 and between divisions correlated 
spatiotemporal random deviations 𝜆𝜆𝑦𝑦,𝑑𝑑 (Equation 3). 
 

(3) 𝐹𝐹𝑎𝑎,𝑦𝑦,𝑑𝑑  =𝜇𝜇𝑦𝑦,𝑑𝑑 𝑒𝑒𝑒𝑒𝑒𝑒�∆𝑎𝑎,𝑦𝑦,𝑑𝑑 + 𝜆𝜆𝑦𝑦,𝑑𝑑� ,𝑎𝑎 = 5, … ,𝐴𝐴 
 

 
Natural mortality rate (M) 
In this work, we assume an empirical relationship between M and the weight (W) of fish based on Miller and 
Hyun (2017), ln(M) = b - 0.305ln(W). We model weight as a power function of length (L) and therefore 
reformulate the equation for M as 
 

(4) 𝑀𝑀𝑎𝑎,𝑦𝑦,𝑑𝑑 = exp(𝑏𝑏𝑑𝑑) �𝛼𝛼𝑑𝑑𝐿𝐿𝑎𝑎,𝑦𝑦,𝑑𝑑�
−𝛽𝛽𝑑𝑑×0.305, 

 
where b is a scaling component, 𝛼𝛼 and β are the parameters of the weight-at-length model fitted separately for 
each division, and the value -0.305 is an allometric scaling factor commonly used for the oceanic environments 
(Lorenzen 1996). The plots for the spatio-temporal changes in length-at-age (Zheng et. al 2020), length-weight 
relationship, and growth-based M are provided in the Appendices A-C. 
 
Observation model and components 

The model parameters are estimated by fitting the observed indices 𝐼𝐼𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑 , obtained from the Canadian spring 
and fall survey (s) in the NAFO Divisions 3LNO and EU-Spanish spring survey in NRA 3N, to the predicted 
indices 𝐼𝐼𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑 (Equations 4 and 5). 
 

(4) 𝐼𝐼𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑 = 𝐼𝐼𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑 ∗ exp�𝜖𝜖𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑� , 𝜖𝜖𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑~𝑁𝑁 �0, �
𝜎𝜎I1, 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 ≤ 5
𝜎𝜎I2, 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 > 5� 

 
(5) 

𝐼𝐼𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑 =
𝑞𝑞𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑 ∗ 𝑁𝑁𝑎𝑎,𝑦𝑦,𝑑𝑑 ∗ exp�−𝑍𝑍𝑎𝑎,𝑦𝑦,𝑑𝑑 ∗ 𝑓𝑓𝑠𝑠�

𝑆𝑆𝑆𝑆𝑆𝑆
, 𝑆𝑆𝑆𝑆𝑆𝑆 = �1.83,  𝑖𝑖𝑖𝑖 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡         

1.0, otherwise  

 
The 𝐼𝐼𝑎𝑎,𝑦𝑦,𝑠𝑠,𝑑𝑑  in Equation 4 is computed by using the survey-gear catchability (q), population abundance (N), 
additional accounting for Z from the beginning of the year to the time of survey (fs), and swept area ratio (SAR) 
of Engel to Campelen (Equation 5). Note that the EU-Spanish gear is modelled with independent catchability, 
and the SAR-based adjustment is only applied to the Canadian RV survey series. We model q of all the three 
sampling gears (g) separately as a logistic function of mean-length with logistic parameters L95 (length at 95% 
catchability) and L50 (length at 50% catchability) (Equation 6) 
 

(6) 𝑞𝑞g =
1

1 + exp� log(19)
𝐿𝐿95g − 𝐿𝐿50g

∗ �L50g − 𝐿𝐿𝑐𝑐,s,𝑑𝑑��
 

 
Here we only provide a very short description of the model and other components, and therefore we 
recommend reading Kumar et al (2020) for an in-depth model description. 
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Objective function 

We use the TMB package (Kristensen et al. 2016) in R (R Core Team 2019) for the implementation of the 
models. Parameters are estimated using the maximum likelihood approach (MLE), where the –log likelihood 
function (objective function) is minimized using the “nlminb” optimization function of R. Recruitment 
deviations 𝛿𝛿𝑦𝑦,𝑑𝑑 , separable AR deviations ∆𝑎𝑎,𝑦𝑦,𝑑𝑑 , and spatial year-effects 𝜆𝜆𝑦𝑦,𝑑𝑑 of F are estimated as random-effect 
parameters (Kumar et. al 2020). 
 

Results & Discussion 
Standardized residuals from all the surveys do not show any obvious systematic patterns (Fig. 2-4). In general, 
the model fits the data well for all the ages across all the divisions and surveys (Fig. 5-6) except for age 1, 
especially in the Canadian spring survey of 3L (Fig. 5). We believe that age 1 fish are very small in spring and 
the index perhaps represents only the faster growing age 1 fish. The model estimates spatio-temporal 
catchability as a function of changes in the survey gears, survey timing, and fish growth. There is a sharp 
increase in catchability with change from Engel to Campelen in the Canadian RV survey gear, especially for the 
younger ages (Fig. 7).  
 
We partially validate the model by comparing the relative trends of division-level and combined 3LNO reported 
catch with the model predictions of the same. In most of the years, the trends of the two time series are fairly 
similar (Fig. 8); however, the model suggests that catch (bycatch) has been higher than reported values for 
many years in the last decade, more prominently in Division 3N. A comparison of F-at-age patterns across the 
divisions shows that F was consistently high for several years in 3L before the moratorium (Fig. 9).  
 
Biomass and spawning stock biomass (SSB) trends show that the greatest declines have occurred in 3L, 
followed by 3O (Fig. 10). In Division 3N, biomass and SSB increased post-moratorium and reached levels close 
to or above average in 2005 to 2015, following which there has been a decline to below average levels. In all 
divisions, recruitment levels have declined from historical highs; post-moratorium some improvements have 
occurred in all divisions, but levels continue to be low in all divisions (Fig. 11). Stock-productivity trends are 
similar in 3L and 3O, but different in 3N (Fig. 12). The SSURBA model allows us to explore the contribution of 
each division to the total recruitment, abundance, biomass, and SSB (Fig. 13). Throughout the time series, 
recruitment and abundance have been relatively high in divisions 3L and 3O. However in the post-moratorium 
period, Division 3N has had relatively high contribution to biomass and SSB (Fig. 13). 
 
Retrospective patterns in spawning stock biomass estimates are small (Fig. 14). Retrospective patterns are 
more prominent in average F, especially for Division 3N. Note that for Division 3N, the model utilizes both the 
Canadian RV survey and EU-Spanish survey indices. The retrospective patterns in F are also possibly related to 
changes in M; this model assumes fluctuations in M that are related to fish size, however there are additional 
aspects of natural mortality (e.g. predation, environmental drivers) that may vary independent of fish size and 
are not reflected in the M assumption implemented here. Further, the retrospective patterns are more 
prominent in 2016 and 2017 runs likely because several surveys are missing during 2014-2017 (Rideout and 
Ings 2018) (Fig. 1). 
 

Conclusion 
 
The SSURBA provides spatial trends of relative abundance and absolute F in the NAFO Divisions 3L, 3N, and 
3O, the Grand Bank stock of American plaice. The model suggests that the overall condition of the stock remains 
mostly lower than the long-term average, and average fishing mortality rates have reached levels higher than 
the long-term average in several years post 2010. 
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Figure 1. Spatio-temporal coverage of the Canadian and EU-Spanish survey indices used in the model. 

 

 
Figure 2. Standardized residuals indices obtained from the EU-Spanish RV survey are plotted against year, 

cohort, age, and predicted log-index for the NRA 3N. 
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Figure 3. Standardized residuals indices obtained from the Canadian Spring RV survey are plotted against 

year, cohort, age, and predicted log-index for the three divisions. Residuals for Engel indices are 
shown in blue. 

 

 
Figure 4. Standardized residuals indices obtained from the Canadian Fall RV survey are plotted against year, 

cohort, age, and predicted log-index for the three divisions. Residuals for Engel indices are shown 
in blue. 
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Figure 5. Model fitting to the time-series of the Canadian spring indices for the three divisions across each 

age. 
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Figure 6. Model fitting to the time-series of the Canadian fall indices for the three divisions across each age. 
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Figure 7. Spatio-temporal changes in the Canadian RV survey gear catchability. 

 
Figure 8. Plot showing relative trends of model prediction of landings and reported catch in the Divisions 

3L, 3N, 3O and combined 3LNO. 
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Figure 9. Raster plot showing age-wise instantaneous rate of fishing mortality (F) in the three Divisions. 

 
Figure 10. Relative estimate of biomass and SSB in the three NAFO divisions with the shading of 95% 

confidence interval. 
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Figure 11. Relative recruitment of age 1 in the three NAFO divisions with the shading of 95% confidence 

interval. 

 

 
Figure 12. Log of Recruit-per Spawner (R/S) plot showing temporal variation in the productivity. 
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Figure 13. Temporal changes in the relative contribution of the three divisions in the total stock recruitment, 

abundance, biomass, and SSB. 

 

  

  
 

Figure 14. Spatial retrospective analysis shows the changes in relative SSB and F in Division 3L, 3N, 3O and 
combined 3LNO with each additional year of data used from 2016 to 2020. Circles mark the 
corresponding retrospective years. 
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Appendix A: Length-at-age 
Spatio-temporal changes in the mean length at age (age 1-15+) from Zheng et. al (2020). 

 
Appendix B: Length-weight relationship  
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Appendix C: Natural mortality M 
Estimation of M based on Lorenzen (1996) and Miller and Hyun (2017) formulation. 
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