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Supplementary Table 1. Key equations used in the operating model to generate age-structured 

population dynamics, indices of relative abundance, and age composition data.  

1. Life history schedules  
E1.1 𝑙𝑙𝑎𝑎 = 𝑙𝑙∞ × (1 − 𝑒𝑒(−𝐾𝐾(𝑎𝑎−𝑡𝑡0))  
E1.2 𝑤𝑤𝑎𝑎 = 𝜃𝜃1 × 𝑙𝑙𝑎𝑎

𝜃𝜃2/1000  
E1.3 𝑚𝑚𝑎𝑎 = 1

1+𝑒𝑒(−𝜃𝜃3(𝑎𝑎−𝑎𝑎50))  

2. Spawner–recruit relationships 
E2.1 ϕ0 = 𝑟𝑟1𝑚𝑚1𝑤𝑤1 + ∑ 𝑒𝑒−𝑀𝑀𝑎𝑎−1𝑟𝑟𝑎𝑎𝑚𝑚𝑎𝑎𝑤𝑤𝑎𝑎 + 𝑒𝑒𝑒𝑒𝑒𝑒−𝑀𝑀𝐴𝐴−1𝑟𝑟𝐴𝐴𝑚𝑚𝐴𝐴𝑤𝑤𝐴𝐴

1−𝑒𝑒−𝑀𝑀𝐴𝐴
𝐴𝐴−1
𝑎𝑎=2   

E2.2 𝑅𝑅𝑦𝑦+1 = 0.8×𝑅𝑅0×ℎ×𝑆𝑆𝑆𝑆𝑆𝑆𝑦𝑦
0.2×𝑅𝑅0×ϕ0×(1−ℎ)+𝑆𝑆𝑆𝑆𝑆𝑆𝑦𝑦×(ℎ−0.2)

  

3. Initial condition  
E3.1 𝑍𝑍𝑎𝑎,1 = 𝐹𝐹𝑚𝑚𝐹𝐹𝑙𝑙𝐹𝐹1𝑆𝑆𝐹𝐹𝑎𝑎+𝑀𝑀𝑎𝑎  
E3.2              1                          𝑎𝑎 = 1 
 Φ𝑎𝑎={  Φ𝑎𝑎−1𝑒𝑒−𝑍𝑍𝑎𝑎−1,1       1 < 𝑎𝑎 < 𝐴𝐴 
             Φ𝐴𝐴−1𝑒𝑒

−𝑍𝑍𝐴𝐴−1,1

1−𝑒𝑒−𝑍𝑍𝐴𝐴,1            𝑎𝑎 = 𝐴𝐴 
E3.3 ϕF = ∑ 𝛷𝛷𝑎𝑎𝑟𝑟𝑎𝑎𝑚𝑚𝑎𝑎𝑤𝑤𝑎𝑎𝐴𝐴

𝑎𝑎=1   
E3.4 𝑅𝑅𝑒𝑒𝑒𝑒 = 𝑅𝑅0(4ℎϕF−(1−ℎ)ϕ0)

(5ℎ−1)ϕF
  

E3.5 𝑁𝑁𝑎𝑎,1 = 𝑅𝑅𝑒𝑒𝑒𝑒ϕFa  
E3.6 𝑆𝑆𝑆𝑆𝑆𝑆1 = ∑ 𝑁𝑁𝑎𝑎,1𝑟𝑟𝑎𝑎𝑚𝑚𝑎𝑎𝑤𝑤𝑎𝑎𝐴𝐴

𝑎𝑎=1   
4. Basic abundance dynamics  
E4.1 𝑁𝑁1,𝑦𝑦 = 𝑅𝑅𝑦𝑦𝑒𝑒𝑅𝑅𝑅𝑅𝑒𝑒𝑅𝑅𝑦𝑦  
E4.2 𝑍𝑍𝑎𝑎,𝑦𝑦 = 𝐹𝐹𝑚𝑚𝐹𝐹𝑙𝑙𝐹𝐹𝑦𝑦𝑆𝑆𝐹𝐹𝑎𝑎 + 𝑀𝑀𝑎𝑎  
E4.3  𝑁𝑁𝑎𝑎+1,𝑦𝑦+1 = 𝑁𝑁𝑎𝑎,𝑦𝑦𝑒𝑒−𝑍𝑍𝑎𝑎,𝑦𝑦     𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒 𝑎𝑎 < 𝐴𝐴 − 1  
E4.4  𝑁𝑁𝐴𝐴,𝑦𝑦+1 = 𝑁𝑁𝐴𝐴−1,𝑦𝑦𝑒𝑒−𝑍𝑍𝐴𝐴−1,𝑦𝑦 + 𝑁𝑁𝐴𝐴,𝑦𝑦𝑒𝑒−𝑍𝑍𝐴𝐴,𝑦𝑦 
E4.5 𝑆𝑆𝑆𝑆𝑆𝑆𝑦𝑦 = ∑ 𝑁𝑁𝑎𝑎,𝑦𝑦𝑟𝑟𝑎𝑎𝑚𝑚𝑎𝑎𝑤𝑤𝑎𝑎𝐴𝐴

𝑎𝑎=1   
E4.6 𝐴𝐴𝑦𝑦 = ∑ 𝑁𝑁𝑎𝑎,𝑦𝑦

𝐴𝐴
𝑎𝑎=1   

E4.7 𝑆𝑆𝑦𝑦 = ∑ 𝑁𝑁𝑎𝑎,𝑦𝑦𝑤𝑤𝑎𝑎𝐴𝐴
𝑎𝑎=1   

5. One fleet  
E5.1 𝑆𝑆𝐹𝐹𝑎𝑎 = 1

1+𝑒𝑒−𝑥𝑥1(𝑎𝑎−𝑥𝑥2)  
E5.2 𝐿𝐿𝑎𝑎,𝑦𝑦 = 𝐹𝐹𝑚𝑚𝐹𝐹𝐹𝐹𝑡𝑡𝑦𝑦𝑆𝑆𝐹𝐹𝑎𝑎

𝑍𝑍𝑎𝑎,𝑦𝑦
𝑁𝑁𝑎𝑎,𝑦𝑦(1 − 𝑒𝑒−𝑍𝑍𝑎𝑎,𝑦𝑦)  

E5.3 𝐿𝐿𝑊𝑊𝑦𝑦 = ∑ 𝐿𝐿𝑎𝑎,𝑦𝑦𝑤𝑤𝑎𝑎𝐴𝐴
𝑎𝑎=1   

(Continued on next page) 
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Supplementary Table 1 (continued) 
6. One survey  
E6.1 𝑆𝑆𝐼𝐼𝑎𝑎 = 1

1+𝑒𝑒−𝑥𝑥3(𝑎𝑎−𝑥𝑥4)  
E6.2 𝑞𝑞 = 1

𝑚𝑚𝑒𝑒𝑎𝑎𝑚𝑚�∑ 𝑁𝑁𝑎𝑎,𝑦𝑦𝑆𝑆𝐼𝐼𝑎𝑎
𝐴𝐴
𝑎𝑎=1 �

  

E6.3 𝐼𝐼𝑎𝑎,𝑦𝑦 = 𝑁𝑁𝑎𝑎,𝑦𝑦𝑆𝑆𝐼𝐼𝑎𝑎  
E6.4 𝐼𝐼𝑦𝑦 = 𝑞𝑞 ∑ 𝐼𝐼𝑎𝑎,𝑦𝑦

𝐴𝐴
𝑎𝑎=1   

7. Time series of F  
E7.1 𝐹𝐹𝑚𝑚𝐹𝐹𝑙𝑙𝐹𝐹𝑦𝑦 = 𝑓𝑓𝑦𝑦𝑒𝑒𝑓𝑓𝑅𝑅𝑒𝑒𝑅𝑅𝑦𝑦  
8. Observed data  
E8.1 𝐿𝐿𝑊𝑊′ 𝑦𝑦 = 𝐿𝐿𝑊𝑊𝑦𝑦𝑒𝑒

𝜀𝜀1𝑦𝑦  
E8.2 𝑃𝑃𝐿𝐿𝑎𝑎,𝑦𝑦 = 𝐿𝐿𝑎𝑎,𝑦𝑦/∑ 𝐿𝐿𝑎𝑎,𝑦𝑦

𝐴𝐴
𝑎𝑎=1   

E8.3 𝐶𝐶𝐿𝐿𝑎𝑎,𝑦𝑦~𝑀𝑀𝐹𝐹𝑙𝑙𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚𝑀𝑀𝑎𝑎𝑙𝑙(𝜑𝜑𝐹𝐹 ,𝑃𝑃𝐿𝐿𝑎𝑎,𝑦𝑦)  
E8.4 𝐼𝐼𝑦𝑦′ = 𝐼𝐼𝑦𝑦𝑒𝑒

𝜀𝜀2𝑦𝑦  
E8.5 𝑃𝑃𝐼𝐼𝑎𝑎,𝑦𝑦 = 𝐼𝐼𝑎𝑎,𝑦𝑦/∑ 𝐼𝐼𝑎𝑎,𝑦𝑦

𝐴𝐴
𝑎𝑎=1   

E8.6 𝐶𝐶𝐼𝐼𝑎𝑎,𝑦𝑦~𝑀𝑀𝐹𝐹𝑙𝑙𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚𝑀𝑀𝑎𝑎𝑙𝑙(𝜑𝜑𝐼𝐼 ,𝑃𝑃𝐼𝐼𝑎𝑎,𝑦𝑦)  
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