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Foreward to the North Pacific Albacore Management Strategy Evaluation 

Report 

 

Management strategy evaluation (MSE) is a process used to evaluate the consequences of alternative 

harvest strategies against pre-defined fishery and conservation objectives for a stock, taking into account 

uncertainties in environmental, biological and management systems and the likelihood that harvest 

strategies are able to achieve the chosen objectives. MSE has the advantage of revealing the trade-offs 

among a range of possible management decisions to managers and stakeholders and delineate assessment 

challenges to scientists. Conducting an MSE requires more active participation by scientists, managers 

and stakeholders than in a standard stock assessment process.  

 

The Western and Central Pacific Fisheries Commission Northern Committee (WCPFC-NC) and the Inter-

American Tropical Tuna Commission (IATTC) endorsed an MSE process by the Albacore Working 

Group (ALBWG) of the International Scientific Committee for Tuna and Tuna-like Species in the North 

Pacific (ISC) to refine the interim harvest strategy currently in place for North Pacific Albacore tuna and 

adopt a target reference point (TRP). The MSE results for North Pacific Albacore Tuna presented in this 

report, coupled with the results of runs from previous iterations in this process, represent a substantial 

amount of information for WCPFC-NC and IATTC member countries and managers on which to base 

decisions concerning harvest strategy for this stock.  

 

The North Pacific Albacore Tuna MSE process was strongly supported by the United States, who 

provided a scientist to develop and run the operating models and produce the results. This support is 

greatly appreciated by the ISC.  However, the capacity available to conduct MSE processes is limited in 

most countries given the quantitative skills and simulation experience needed to be successful. Future 

iterations of this MSE are not planned by the ISC because the current results need to be fully assimilated 

by managers and stakeholders.   

 

March 2021 

John Holmes 

 

_________________________ 

John Holmes 

Chair, 

International Scientific Committee for Tuna and Tuna-like Species in the North Pacific Ocean 

 

Division Manager 

Stock Assessment and Research Division, Pacific Biological Station 

Fisheries and Oceans Canada / 3190 Hammond Bay Road, Nanaimo, BC, V9T 6N7, Canada 

John.Holmes@dfo-mpo.gc.ca / Phone: +1-250-756-7145; Cell: +1-250-667-1758 

  



FINAL  

 3  
 

Table of Contents 

1 Executive Summary 1 

2 Introduction 15 

3 Background 16 

3.1 Biology 16 

3.2 Fisheries 18 

3.3 Management 19 

3.4 Management Objectives and Performance Indicators 20 

3.5 Reference Points 20 

3.6 Candidate Harvest Control Rules 22 

3.7 Uncertainties Considered in MSE Process 23 

4 MSE Framework Description 24 

4.1 Operating Models 24 

4.1.1 Conditioning process 25 

4.1.1.1 Data used for conditioning 25 

4.1.1.2 Base Case Operating Model Structure 27 

4.1.1.2.1 Biological and Demographic Assumptions 28 

4.1.1.2.2 Maximum Age 28 

4.1.1.2.3 Growth 28 

4.1.1.2.4 Weight at length 28 

4.1.1.2.5 Natural Mortality 29 

4.1.1.2.6 Sex specificity 29 

4.1.1.2.7 Recruitment and reproduction 29 

4.1.1.3 Initial conditions 30 

4.1.1.3.1 Fishery Dynamics 30 

4.1.1.3.1.1 Selectivity 30 

4.1.1.3.1.2 Catchability 31 

4.1.1.3.1.3 Data Observation Models 32 

4.1.1.3.1.4 Data Weighting 32 

4.1.1.4 Model Structure of alternative Operating Models 32 

4.1.1.4.1 Natural Mortality 33 

4.1.1.4.2 Recruitment Steepness 33 

4.1.1.4.3 Growth 33 



FINAL  

 4  
 

4.1.1.5 Results of Conditioning Process and Final Set of Operating Models 34 

4.2 ñFutureò Process 34 

4.2.1 Data Generation 35 

4.2.2 Estimation Model and Simulated Assessment Error 35 

4.2.3 Management Module 36 

4.2.4 Calculation of probabilities of SSB being above the limit reference point 38 

4.2.5 Implementation Error 39 

4.2.6 Relationship between real-world effort measures and simulated effort for the surface fleets

 39 

5 Results 40 

5.1 Management Objective 1 41 

5.2 Management Objective 2 43 

5.3 Management Objective 3 43 

5.4 Management Objective 4 44 

5.5 Management Objective 5 46 

5.6 Management Objective 6 47 

5.7 Tradeoffs between Performance Metrics 47 

5.8 Unknown fleet robustness scenario 48 

6 Key Limitations and Meta-rules 50 

7 References 52 

8 Glossary 57 

9 Tables 59 

10 Figures 87 

11 Appendix Tables 140 

12 Appendix B 149 

13 Appendix C 156 

 

       



FINAL  

 1  
 

1 Executive Summary 

History and Goal of NPALB Management Strategy Evaluation 

Management strategy evaluation (MSE) is a process that, given management objectives 

conveyed by stakeholders and managers, uses computer simulations to assess the performance of 

candidate harvest strategies under uncertainty (Fig. ES1). The Western and Central Pacific 

Fisheries Commission (WCPFC) established a limit reference point (LRP) of 20%SSB0_d (SSB: 

Female Spawning Stock Biomass) for North Pacific albacore (NPALB). The LRP is based on 

dynamic unfished SSB (SSB0_d ) and fluctuates depending on changes in recruitment. In 

addition, the Inter American Tropical Tuna Commission (IATTC) and WCPFC also adopted 

measures in 2005 that restricted NPALB fishing effort to below ñcurrentò (current is undefined 

but assumed to be the average of 2002ï2004) levels. However, no formal harvest strategy or 

target reference point (TRP) has been established. The goal of this MSE was to examine the 

performance of alternative harvest control rules and associated reference points for NPALB. 

Performance was evaluated based on management objectives pre-agreed upon with managers 

and stakeholders. Management objectives and performance metrics were finalized in October 

2017, at the 3rd ISC NPALB MSE Workshop in Vancouver, Canada, where candidate reference 

points and harvest control rules for testing were also agreed upon (ISC 2017). The ALBWG then 

started developing the MSE framework and running the first simulations, but due to limited 

computing resources and long running times, it was not feasible to run all the proposed harvest 

control rules (HCRs) by the 4th ISC NPALB MSE Workshop in February 2019 in Yokohama, 

Japan (ISC 2019). Following presentation of the initial set of results from the first round of the 

NPALB MSE, managers and stakeholders at the 4th MSE Workshop recommended removing 

two candidate harvest strategies and TRPs from further consideration, and focusing on the 

assessment of the performance of additional candidate harvest control rules with the best 

performing TRPs, F40 and F50. Those are the simulations presented here. Managers and 

stakeholders also recommended changes to the MSE framework to improve the realism of the 

simulations. Those changes are described below. This latest round of simulations evaluated all 

the HCRs and associated reference points proposed at the 4th MSE Workshop and represents the 

final set of MSE analyses in support of the development of a harvest strategy for NPALB.  
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Figure ES1. Overview of the North Pacific albacore management strategy evaluation 

framework. Details of the MSE framework and models can be found in Section 4. 

 

Major changes from MSE Round 1 Report 

Following recommendations from the 4th ISC ALB MSE Workshop, five major changes to the 

MSE framework algorithm were undertaken for the 2nd Round of MSE.  

1. The 1st MSE framework put no limitations on the capacity of the NPALB fleets, with 

fishing intensity (F, 1-SPR) increasing to levels higher than what has historically been 

observed to meet the target fishing intensity reference point (TRP), when setting the Total 

Allowable Catch (TAC) or Total Allowable effort (TAE). This was considered unrealistic 

by managers and stakeholders, and was addressed in this MSE framework by, when SSB 

was greater than SSBthreshold, setting a TAC or TAE based on an F that was randomly 

sampled from the time series of historical (1997-2015) Fs, rather than setting the F equal 

to the TRP. This approach was used for uncertainty scenarios 1 and 3, which estimated Fs 

during the historical period as being on average lower than either of the candidate TRPs.  

2. A new management option of mixed control was implemented in the code. Managers and 

stakeholders suggested that it may be impractical to manage non-targeting longline fleets 

by TAE, but still wanted to explore the option for the albacore targeting surface fleets. 

Under mixed control, longline fleets are subject to a TAC, whereas surface fleets are 

managed with a TAE.  

3. The new MSE framework also generates bidirectional implementation errors (i.e., fleets 

can fish at, less or more than the TAE or TAC) rather than strictly positive ones as in the 

1st round of MSE.  

4. The MSE code was modified to enable use of stricter risk levels (80% for HCRs with an 

LRP of 20%SSB0_d; 90% for HCRs with an LRP of 14% SSB0_d or 7.7%SSB0_d) in 

evaluation of the risk of breaching candidate limit reference point (LRP) in the MSE 

management module. This risk was calculated using the NPALB future projection 

software developed for the 2017 NPALB stock assessment.  
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5. The MSE management module was modified to allow for examination of two additional 

levels of minimum TAC or TAE when the LRP is breached, in addition to closure of the 

fishery (i.e., TAC or TAE = 0). For HCRs with LRPs of 20% SSB0_d or 14% SSB0_d, 

these levels are 0.5 and 0.25 of the fishing intensity or catch at the LRP. For HCRs with 

an LRP of 7.7% SSB0_d these levels are 0.25 of the fishing intensity or catch at the LRP 

or a fishery closure.  

 

Management Objectives and Performance Indicators  

The management objectives for this MSE were: 1) maintain SSB above the limit reference point; 

2) maintain depletion of total biomass around historical average depletion; 3) maintain historical 

harvest ratios of each fishery; 4) maintain catches above average historical catch; 5) change in 

total allowable catch between years should be relatively gradual; and 6) maintain fishing 

intensity at the target value with reasonable variability. Note that management objectives were 

not ranked according to importance. It should also be noted that management objective #3 

(maintain historical 2006-2015 harvest ratios of each fishery) was not evaluated because there 

were no allocation rules specific to each fishery. Instead, harvest ratios of each fishery were 

assumed to be maintained at the average of 1999ï2015, according to the agreement at the 3rd ISC 

NPALB MSE Workshop. Thus, performance relative to management objective #3 does not vary 

between HCRs. The ALBWG represented these management objectives, except #3, as 

quantitative performance indicators (Table ES1). These performance indicators were used to 

quantitatively evaluate the performance of the harvest strategies tested relative to the 

management objectives. In addition, other general metrics like the mean and variability of SSB, 

depletion, and catch were also provided for reference (Appendix Tables). 

Table ES1. List of management objectives, performance indicators, and corresponding labels for figures 

and tables. Management objective #3 was not included because this management objective was not 

evaluated in this MSE. SSB refers to female spawning stock biomass, LRP to limit reference point, and 

SSB0 to unfished female spawning stock biomass. Unless specified as ñequilibrium SSB0ò, the SSB0 is 

dynamic (i.e., equal to SSB0_d) and fluctuates depending on changes in recruitment. Depletion refers to 

the ratio of current total biomass to unfished equilibrium total biomass and is a measure of relative 

biomass. For the performance indicator labeled ñOdds of no management changeò, management change 

refers to a reduction in fishing intensity from the fishing intensity associated with the target reference 

point (TRP). Management objectives are not ranked according to importance. 

Management Objective Label Performance Indicator 

1. Maintain SSB above the limit 

reference point 

Odds SSB > LRP Probability that SSB in any 

given year of the MSE forward 

simulation is above the LRP 

Odds SSB > 20%SSB0 Probability that SSB in any 

given year of the MSE forward 

simulation is above the 20% of 

dynamic unfished SSB. 

Odds SSB > 7.7%SSB0 Probability that SSB in any 

given year of the MSE forward 

simulation is above 7.7% of 
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dynamic unfished SSB. 

Odds SSB > equilibrium 

7.7%SSB0 

Probability that SSB in any 

given year of the MSE forward 

simulation is above the 7.7% of 

equilibrium unfished SSB. 

2. Maintain depletion of total 

biomass around historical 

average depletion 

Odds depletion > minimum 

historical 

Probability that depletion in any 

given year of the MSE forward 

simulation is above minimum 

historical (2006-2015) depletion. 

4. Maintain catches above 

average historical catch 

Odds catch >historical Probability that catch in any 

given year of the MSE forward 

simulation is above average 

historical (1981-2010) catch. 

Odds medium term catch > 

historical 

Probability that catch averaged 

over years 7-13 of the simulation 

is above average historical 

(1981-2010) catch. 

Odds long term catch > 

historical  

Probability that catch averaged 

over years 20-30 of the 

simulation is above average 

historical (1981-2010) catch. 

5. Change in total allowable 

catch between years should be 

relatively gradual 

Catch stability Probability that a decrease in 

TAC (or catch for mixed 

control) is <30% between 

consecutive assessment periods 

(once every 3 years), excluding 

years where TAC=0. 

Odds of no management change Probability of SSB > SSBthreshold 

6. Maintain fishing intensity (F) 

at the target value with 

reasonable variability 

Ftarget/F Ftarget/F 

 

 

Harvest Control Rules  

Each harvest control rule (HCR) specifies a management action to be taken (or not), based on the 

estimated condition of the simulated albacore population relative to reference points. The 

management action is implemented as either Total Allowable Catch (TAC) or Mixed Control. 

Figure ES2 depicts how fishing intensity (F; calculated in terms of spawning potential ratio) 

varies according to changes in spawning stock biomass (SSB) relative to unfished SSB for each 

of the 16 HCRs tested. For each HCR, if SSB is above SSBthreshold, then the level of fishing 

intensity is set to the TRP or is sampled from the historical time series of fishing intensities 
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(Fhistorical), if the TRP is greater than Fhistorical. If SSB is below SSBthreshold but above the limit 

reference point (LRP), the level of F is reduced to below the TRP. The reason for an HCR to 

initiate management action at SSBthreshold rather than the LRP is to reduce the chances of ever 

breaching the LRP and avoid severe management actions that could occur when the LRP is 

breached. If SSB falls below the LRP, the F is maintained at a low level until SSB is rebuilt 

above the LRP. This minimum F (Fmin) is a fraction of the F or catch associated with the LRP 

(TAEmin or TACmin). Note that Fmin is a function of the TRP, LRP, and SSBthreshold, and as such it 

varies between HCRs (Fig. ES2). We tested 16 harvest control rules with different combinations 

of TRPs, SSBthreshold, and LRPs (Fig. ES2). These are listed in Table ES2 and detailed in Table 2 

of the main report.  

 

Figure ES2. Harvest control rules (HCRs) tested in the second round of MSE for NPALB. Vertical 

dotted grey lines indicate the limit or threshold reference points listed in Table ES2. 

 

  

 

 

      

Table ES2. List of harvest control rules (HCRs). The TRP is an indicator of fishing intensity based on 

SPR. SPR is the female spawning stock biomass (SSB) per recruit that would result from the current 

yearôs pattern and intensity of fishing mortality relative to the unfished stock. A TRP of F50 would result 

in the SSB fluctuating around 50% of the unfished SSB. A TRP of F40 implies a higher fishing intensity 

(i.e., 1-SPR of 0.6) and would result in a SSB of around 40% of the unfished SSB. The threshold and 

limit reference points, SSBthreshold and LRP, are SSB-based and refer to the specified percentage of 

unfished SSB. The unfished SSB is dynamic and fluctuates depending on changes in recruitment. The 

fraction used to calculate TACmin or TAEmin refers to the fraction of the catch or F associated with 

the LRP. 
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HCR Target 

reference 

point (TRP) 

Threshold 

reference point 

(SSBthreshold) 

Limit 

reference 

point (LRP)  

Prob SSB > 

LRP 

Fraction used 

to calculate 

TACmin or 

TAEmin 

1 F50 30% 20% 0.8 0.25 

2 F50 30% 14% 0.9 0.25 

3 F50 30% 7.7% 0.9 0 

4 F50 20% 14% 0.9 0.25 

5 F50 20% 7.7% 0.9 0 

6 F40 20% 14% 0.9 0.25 

7 F40 20%  7.7% 0.9 0 

8 F40 14% 7.7% 0.9 0 

9 F50 30% 20% 0.8 0.5 

10 F50 30% 14% 0.9 0.5 

11 F50 30% 7.7% 0.9 0.25 

12 F50 20% 14% 0.9 0.5 

13 F50 20% 7.7% 0.9 0.25 

14 F40 20% 14% 0.9 0.5 

15 F40 20% 7.7% 0.9 0.25 

16 F40 14% 7.7% 0.9 0.25 

  

 

Uncertainties considered 

The MSE computer simulations allowed for testing candidate HCRs under different ñwhat if'' 

scenarios for stock productivity, recruitment variability, availability to the Eastern Pacific Ocean 

(EPO) fishery, observation error, assessment error, and management implementation error to 

make sure that the proposed harvest strategies could meet management goals in the real world. 

These ñwhat ifò scenarios were based on the ALBWGôs best estimate of the uncertainty or were 

specified by the managers and stakeholders. Four scenarios were developed to represent the 

range of uncertainty in stock productivity (Table ES3). These scenarios required different 

operating model (OM) structures in terms of the parameterization of biological factors such as 

growth or natural mortality. Other productivity scenarios were also evaluated during the first 

round of the MSE but were found to overlap with and produce similar results to the four 

scenarios included here. Therefore, this round of the MSE only included these four scenarios to 

save time and effort. NPALB recruitment can vary greatly between years due to unknown 

environmental factors, even when SSB remains the same. To account for uncertainty in 

recruitment, recruitment deviations in the OM were sampled from a distribution with ůR=0.5 and 

an autocorrelation of 0.42. The autocorrelation implies that a good recruitment year was more 

likely to be followed by another good recruitment event, giving rise to good and bad recruitment 

cycles. There is also uncertainty in the number of juveniles migrating to the EPO every year. To 

account for changes in the availability of specific age classes to the EPO fishery between years, 
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the age selectivity for the EPO fleet in the OM was made time-varying using additive random 

walk deviations for ages one to four. For each HCR/productivity scenario combination, 70 

iterations with different random trajectories in recruitment and EPO age selectivity were run. 

In addition to the four stock productivity scenarios, a potential future fishing effort scenario 

prioritized during the 4th ISC ALB MSE Workshop was developed and consisted of a shift of 

south Pacific fishing effort to the north Pacific modeled as a ramp in catch from a new entrant to 

the fishery with catch not known to the assessment and not under HCR control. 

Table ES3. List of the four operating models (OMs) representing different productivity scenarios and 

their parameter specifications. H refers to steepness, G to growth, and M to natural mortality. The OMs 

are ordered from the one simulating the most productive NPALB population to the least productive. 

Model fit during the OM conditioning phase is provided as the negative log-likelihood (NLL) of each 

model (i.e., lower is better). Biological plausibility of each OM is also provided, based on the expert 

opinion of the ALBWG.   

 

OM 

No. 
h G M 

Age 

selectivity 

Recruitment 

autocorrelation 

OM Model 

Fit  

(NLL)  

Biological 

Plausibility  

3 high low medium Time 

varying 

0.42 358.12 

 

Medium 

Base/1 medium medium medium Time 

varying 

0.42 348.11 

 

High 

4 high high medium Time 

varying 

0.42 363.05 

 

Medium 

6 high high Low Time 

varying 

0.42 364.25 

 

Low 

       

Results 

The results of the MSE analysis can be summarized in four main points: 

1. Under both TAC and mixed control, all harvest control rules (HCRs) were able to 

maintain the stock above the WCPFCôs limit reference point (20% SSB0_d), the IATTC 

limit reference point used for tropical tunas (7.7%SSB0), and the LRP specified by each 

HCR with high probability (>0.8), when simulation outcomes across all reference 

scenarios where considered.  

The NPALB stock is in good condition and even when considering the range of uncertainties in 

stock productivity, recruitment variability, availability to the EPO surface fleet, observation, 

assessment, and implementation error, all HCRs had highly likely odds (>0.8) of SSB being 

above the 20% SSB0_d LRP, the 7.7% SSB0_d LRP, and their respective LRP (Table ES4 and 

ES5) under both TAC and mixed control. 
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Table ES4. Performance of indicators for each harvest control rule under mixed control across 

all iterations and uncertainty scenarios. HCR refers to harvest control rule, LRP to limit reference 

point, SSBthreshold to the threshold reference point, SSB to female spawning biomass, SSB0 to 

unfished female spawning stock biomass. The LRP and SSBthreshold are SSB-based and refer to 

the specified fraction of SSB0. Unless specified as equilibrium SSB0, the unfished SSB is 

dynamic and fluctuates depending on changes in recruitment. See Table ES1 for a detailed 

definition of performance indicators. Colors represent risk categories and associated risk levels 

as defined in the legend. Some HCRs have Ftarget/F of >1 because on average, the Fs for those 

HCRs are below the Ftarget. 

 

 

Table ES5. Performance of indicators for each harvest control rule under TAC control across all 

iterations and uncertainty scenarios. HCR refers to harvest control rule, LRP to limit reference 

point, SSBthreshold to the threshold reference point, SSB to female spawning biomass, SSB0 to 

unfished female spawning stock biomass. The LRP and SSBthreshold are SSB-based and refer to 
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the specified fraction of SSB0. Unless specified as equilibrium SSB0, the unfished SSB is 

dynamic and fluctuates depending on changes in recruitment. See Table ES1 for a detailed 

definition of performance indicators. Colors represent risk categories as defined in the caption 

and legend for Table ES4. Some HCRs have Ftarget/F of >1 because on average, the Fs for those 

HCRs are below the Ftarget. 

 

2. Under mixed control, there was a tradeoff between the odds of biomass being above the 

20%SSB0_d LRP and catch metrics. 

Mixed control maintained higher and less variable stock biomass than TAC control as the 

catches of surface fleets under effort control responded quickly to changes in biomass and their 

catch levels were not impacted by assessment errors in biomass estimates. It was rare for SSB to 

fall below SSBthreshold and for a management action to be triggered. For scenarios 1 and 3, there 

was no difference in performance as F was largely the same across HCRs because SSB was 

largely above SSBthreshold and F was therefore sampled from historical F in that case. Thus, when 

simulation outcomes across all reference scenarios were considered, the tradeoff was less 

apparent than for the low productivity scenario (Fig. ES3 and ES4). Across reference scenarios, 

HCRs with a TRP of F40 maintained higher odds of catch being above average historical catch 

than F50 rules, and comparable catch stability and odds of relative biomass being above 

minimum historical (Fig. ES3). While the odds of SSB being above the 20%SSB0_d LRP were 

lower for F40 rules than for F50 rules, they remained above 0.8 (Fig. ES2). Under the low 



FINAL  

 10  
 

productivity scenario, there was more contrast in the performance of F50 and F40 with regards to 

both biomass and catch metrics (Fig. ES4). The odds of SSB being above the 20%SSB0_d LRP 

or the equilibrium 7.7%SSB0 LRP, and of relative biomass being above minimum historical 

were higher for F50 rules, but this came at the cost of a decrease in the odds of annual, medium 

term, or long term catch being above historical (Fig. ES4). 

Figure ES3 Cobweb plot depicting performance indicators for HCRs 1-8 (left) and HCRs 9-16 (right) 

under mixed control (top) and TAC control (bottom) for all runs across reference scenarios. Performance 

indicators are unweighted. 20%SSB0_d corresponds to 20% of the unfished dynamic SSB and 

corresponds to the current WCPFC limit reference point (LRP). 7.7%SSB0 refers to 7.7% of unfished 

equilibrium SSB and is the LRP used by IATTC for tropical tunas. Values close to the outer web signify a 

more positive outcome for that performance indicator. See Table ES1 for a definition of the performance 

indicators. See Table ES1 for a definition of the performance indicators. Detail of each HCR are provided 

for reference. In the table, TRP refers to target reference point, SSBthreshold to threshold reference point, 

and LRP to limit reference point. 
 

 

 
HCR TRP SSBthreshold LRP  Prob SSB 

> LRP 

TAC min or TAEmin 

Fraction  

1 F50 30% 20% 0.8 0.25 

2 F50 30% 14% 0.9 0.25 
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3 F50 30% 7.7% 0.9 0 

4 F50 20% 14% 0.9 0.25 

5 F50 20% 7.7% 0.9 0 

6 F40 20% 14% 0.9 0.25 

7 F40 20% 7.7% 0.9 0 

8 F40 14% 7.7% 0.9 0 

 
HCR TRP SSBthreshold LRP  Prob SSB 

> LRP 

TAC min or TAEmin 

Fraction  

9 F50 30% 20% 0.8 0.5 

10 F50 30% 14% 0.9 0.5 

11 F50 30% 7.7% 0.9 0.25 

12 F50 20% 14% 0.9 0.5 

13 F50 20% 7.7% 0.9 0.25 

14 F40 20% 14% 0.9 0.5 

15 F40 20% 7.7% 0.9 0.25 

16 F40 14% 7.7% 0.9 0.25 

 

3. Under TAC control, median catch is higher for F40 HCRs, but also more variable, than 

F50 HCRs. The tradeoff between catch and catch variability leads to the odds of catch 

being above historical being comparable between F50 and F40 HCRs. 

Across all reference scenarios, the largest difference in performance between HCRs under TAC 

control was for catch stability. F50 HCRs, particularly those with a SSBthreshold of 20% SSB0_d 

(HCR4, HCR5, HCR12, and HCR13) have higher odds of decreases in catch between assessment 

periods being less than 30% than F40 HCRs and comparable performance in terms of the odds of 

different catch metrics being above historical, the odds of SSB being above different LRP 

metrics, and of depletion (i.e., total biomass relative to unfished levels) being above historical 

(Fig. ES3). Across reference scenarios, both F40 and F50 HCRs achieved comparable results in 

terms of biomass and catch metrics but the process for achieving the results was different. The 

higher fishing intensity of F40 HCRs leads to higher catches but a faster reduction of biomass to 

a lower level, and a more variable TAC. In contrast, for the same SSBthreshold and LRP (e.g., 

compare HCR5 with HCR7 in Fig. ES3), an F50 TRP maintains biomass at a higher level and 

catches are lower but more consistent, leading to lower management intervention and 

comparable odds of catch being above historical. The same tradeoff between catch and catch 

variability is apparent for the low productivity scenario (Fig. ES4). Here the lower fishing 

intensity is also associated with a lower risk of breaching the 20% SSB0_d LRP and higher 

medium term catch (Fig. ES4), even if F was lower, because less drastic management 

intervention was required.  

4. HCRs with the LRP and SSBthreshold reference points closer to the SSB associated with 

Ftarget resulted in a higher frequency of management interventions. 

Among the F50 HCRs, the HCRs with the higher SSBthreshold of 30% SSB0_d (i.e., HCR1 to 

HCR3 and HCR9 to HCR11) had higher odds of management intervention (Fig. ES2 and ES3). 

Similarly, for F40 HCRs, the HCRs with the higher 20% SSB0_d SSBthreshold (i.e., HCR6, HCR7, 

HCR14, and HCR15) had higher odds of management intervention (Fig. ES2 and ES3). Higher 

odds of management intervention, however, were not associated with improved performance in 

biomass metrics either across reference scenarios or for the low productivity scenario (Fig. ES3 

and ES4). Variability in performance in both biomass and catch metrics was instead largely 

driven by the TRP.    
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Figure ES4 Cobweb plot depicting performance indicators for HCRs 1-8 (left) and HCRs 9-16 (right) 

under mixed control (top) and TAC control (bottom) for all runs for the low productivity scenario. 

Performance indicators are unweighted. 20%SSB0_d corresponds to 20% of the unfished dynamic SSB 

and corresponds to the current WCPFC limit reference point (LRP). 7.7%SSB0 refers to 7.7% of unfished 

equilibrium SSB and is the LRP used by IATTC for tropical tunas. Values close to the outer web signify a 

more positive outcome for that performance indicator. See Table ES1 for a definition of the performance 

indicators. See Table ES1 for a definition of the performance indicators. Detail of each HCR are provided 

for reference. In the table, TRP refers to target reference point, SSBthreshold to threshold reference point, 

and LRP to limit reference point. 
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HCR TRP SSBthreshold LRP  Prob SSB 

> LRP 

TAC min or TAEmin 

Fraction  

1 F50 30% 20% 0.8 0.25 

2 F50 30% 14% 0.9 0.25 

3 F50 30% 7.7% 0.9 0 

4 F50 20% 14% 0.9 0.25 

5 F50 20% 7.7% 0.9 0 

6 F40 20% 14% 0.9 0.25 

7 F40 20% 7.7% 0.9 0 

8 F40 14% 7.7% 0.9 0 

 

HCR TRP SSBthreshold LRP Prob SSB 

> LRP 

TAC min or TAEmin 

Fraction  

9 F50 30% 20% 0.8 0.5 

10 F50 30% 14% 0.9 0.5 

11 F50 30% 7.7% 0.9 0.25 

12 F50 20% 14% 0.9 0.5 

13 F50 20% 7.7% 0.9 0.25 

14 F40 20% 14% 0.9 0.5 

15 F40 20% 7.7% 0.9 0.25 

16 F40 14% 7.7% 0.9 0.25 

 

5. Both mixed and TAC control are able to maintain the stock above the WCPFCôs limit 

reference point (20% SSB0_d) and the IATTC limit reference point used for tropical 

tunas (7.7%SSB0) with high probability (>0.8), even with increasing catches from an 

unknown, unmanaged fleet. However, this comes at the expense of reduced catches for 

the managed fleets.  

Results from the robustness scenario, where catches of an unknown, unmanaged fleet increase 

overtime up to 50,000 mt, demonstrate that the current NPALB stock would be resilient to an 

increase in unreported catches if under mixed or TAC control and if the TRP is at or below F40. 

Indeed, the odds of SSB being above the LRP or other conservation limits are highly likely (> 

0.8) (Table ES6 and ES7). This is because the estimation model (i.e., simulated stock 

assessment) correctly detects the decrease in biomass from the abundance indices and 

composition data despite observation error. As the TAC and TAE of the managed fleets are 

dependent on stock biomass, they are reduced over time and catches of the managed fleets 

diminish. Thus, maintenance of stock biomass comes at the cost of decreased catches for the 

managed fleets (Table ES6 and ES7).  
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Table ES6. Performance of indicators for each harvest control rule under mixed control for the 

unknown fleet robustness scenario. Larger values indicate better performance. HCR refers to 

harvest control rule, LRP to limit reference point, SSB to female spawning biomass, SSB0 to 

unfished female spawning stock biomass. Unless specified as equilibrium SSB0, the SSB0 is 

dynamic (i.e., SSB0_d) and fluctuates depending on changes in recruitment. See table ES1 for a 

detailed definition of performance indicators. Colors represent risk categories as defined in the 

caption and legend for Table ES4. 

 

Table ES7. Performance of indicators for each harvest control rule under TAC control for the 

unknown fleet robustness scenario with no restrictions on the fleet capacity (i.e., F of managed 

fleets could increase up to the TRP). Larger values indicate better performance. HCR refers to 

harvest control rule, LRP to limit reference point, SSB to female spawning biomass, SSB0 to 

unfished female spawning stock biomass. Unless specified as equilibrium SSB0, the SSB0 is 

dynamic (i.e., SSB0_d) and fluctuates depending on changes in recruitment. See table ES1 for a 

detailed definition of performance indicators. Colors represent risk categories as defined in the 

caption and legend for Table ES4. 
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Key Limitations  

 

The ALBWG examined the MSE models in detail and identified the following key limitations. 

 

ǒ The uncertainty in the relationship between the measure of effort in the MSE (i.e., 

exploitation rate that generates the F specified by the HCR) and real-world effort in 

number of fishing days for the EPO surface fleet increases at smaller effort levels. 

Therefore, at very low annual exploitation rates, implementation error for the EPO fleet 

under mixed control may be greater in the real world than the implementation error 

assumed in the MSE simulation. However, impact of this underestimation of 

implementation error for the EPO on MSE results is likely low as such low values 

comprised only 5% of all the simulated exploitation rates.  

 

ǒ It is assumed that catch control is implemented equally effectively across all fisheries, 

including both NPALB targeting and non-targeting (e.g., surface fleets vs. longline). This 

may not be true in the real world but there is no prior experience or information on 

implementation error of catch control between albacore targeting and non-targeting 

fisheries. 

 

ǒ It is assumed that the fleets are able to meet, with some implementation error, the total 

allowable catch (TAC) or total allowable effort (TAE) set by the HCR. However, other 

unmodelled factors affecting fleet dynamics, such as market forces or availability of 

albacore relative to other target tuna species like bigeye, may affect the ability of the 

fleets to reach the TAC or TAE in the real world. However, since the fleets have never 

been under TAC or mixed control, there is lack of data to inform fleet behavior and its 

drivers under such control types. 

 

ǒ Allocation is assumed to be constant at the average of 1999-2015 levels throughout the 

simulation. This formulation prevents an assessment of management objective 3, 

maintain harvest ratios by fishery, as the harvest ratios are kept constant by design. 

Testing of different allocation schemes would require input from managers as to what 

those allocation rules might be. 

   

ǒ NPALB is a highly migratory species whose movement rates to given areas in the North 

Pacific are highly variable. This affects availability to the fisheries operating in those 

areas. However, the simulations do not explicitly model these movement processes and 

instead only approximate the availability to various fleets. Further work could include the 

development of area specific operating models to better capture uncertainty in migration 

rates, and their relationship to availability.   

   

ǒ The simulations are conditioned on data from 1993 onwards, although available data 

dates back to 1966. Therefore, the simulations may not include the full range of 

uncertainty in the population dynamics of NPALB. Thus, the MSE results are most 

applicable to recent conditions. Nevertheless, inclusion of the lowest productivity 

scenario (Scenario 6) was an attempt to accommodate some of this uncertainty.
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2 Introduction 

Management strategy evaluation (MSE) is a process that uses closed, feedback-loop computer 

simulations to assess how effective a candidate harvest strategy is at achieving management 

objectives put forward by managers and stakeholders, under a range of uncertainties. It serves as 

a tool for managers and stakeholders to test the performance of and select between a set of 

candidate harvest strategies, given specific management objectives. 

 

Two Regional Fisheries Management Organizations (RFMOs) are tasked with managing the 

North Pacific albacore tuna (NPALB) stock: the Northern Committee of the Western and Central 

Pacific Fisheries Commission (WCPFC NC), and the Inter American Tropical Tuna Commission 

(IATTC). To refine the interim harvest strategy currently in place for NPALB and adopt a target 

reference point (TRP), the WCPFC NC and IATTC endorsed development of an MSE by the 

Albacore Working Group (ALBWG) of the International Scientific Committee for Tuna and 

Tuna-like Species in the North Pacific (ISC) (WCPFC 2017). The goal of the MSE work was to 

examine the performance of candidate harvest strategies and associated reference points for 

NPALB under uncertainty. Performance was evaluated based on management objectives pre-

agreed upon with managers and stakeholders. 

 

Engagement with managers and stakeholders for this MSE process started in April 2015 during 

the 1st ISC NPALB MSE Workshop in Yokohama, Japan. Fishery managers, industry 

representatives, NGOs, and scientists were introduced to the concept of MSE and discussed the 

objectives, benefits, and requirements of a potential MSE (ISC 2015). The 2nd ISC NPALB MSE 

Workshop was held in May 2016 in Yokohama, Japan. Stakeholders and scientists identified 

management objectives and performance metrics to be evaluated in the MSE (ISC 2016). In 

October 2017, the 3rd ISC MSE Workshop was held in Vancouver, Canada. Management 

objectives and performance metrics were finalized and candidate reference points and harvest 

control rules for testing were agreed upon (ISC 2017). In April 2017, the main MSE analyst for 

this work was hired and started developing the MSE framework. Following initial runs, it 

became clear that, given the long run times required for the MSE analysis and limited computing 

resources, not all the harvest control rules and uncertainty scenarios proposed at the Vancouver 

workshop could be completed in time for the 4th ISC NPALB MSE Workshop planned for 

February 2019. Thus, at the ISC ALBWG Meeting in May 2018 in La Jolla, USA, a reduced set 

of harvest control rules and uncertainty scenarios for a first MSE round of analysis was agreed 

upon. 

 

Three harvest strategies (HS1, HS2, and HS3) were evaluated in the first round of the NPALB 

MSE. Within each harvest strategy, different levels of harvest were set by a harvest control rule 

(HCR) that specifies a management action to be taken (or not), based on the condition of the 

simulated albacore population relative to reference points. The management action was 

implemented as either Total Allowable Catch (TAC) or Total Allowable Effort (TAE). Results 

from this first MSE analysis for NPALB, which compared performance of the 39 

HS/HCRs/management control combinations under different uncertainty scenarios, were 

presented to managers and stakeholders at the 4th ISC NPALB MSE Workshop. It was suggested 
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that the two worst performing harvest strategies, HS1 and HS2, as well as the worst performing 

reference points be removed from further consideration. Managers and stakeholders also 

recommended further analysis of the performance of an additional set of HS3 HCRs focused on 

candidate TRPs F40 and F50 and listed in Table ES2. Furthermore, they suggested that an 

evaluation of HCRs under a mixed control management setting, where surface fisheries (i.e., 

Japan pole-and-line and EPO surface) are managed by TAE and all other fisheries are managed 

by TAC, be carried out. Managers and stakeholders also recommended that a stricter risk level of 

90% be used when evaluating the risk of breaching the candidate LRPs of 7.7% SSB0_d and 

14% SSB0_d (i.e., the LRP is breached if the probability of SSB being above the limit reference 

point drops below 90%), and of 80% for the 20% SSB0_d LRP, and that this risk level be 

calculated by using the future projection software over a period of 10 years as is currently done 

during the stock assessment. Finally, it was suggested that the levels of fishing intensity should 

be limited by the historical (1997ï2015) levels achieved by the NPALB fisheries. All 

recommendations from the 4th ISC NPALB MSE Workshop and how they were addressed are 

listed in Table 1.  

 

This report provides a detailed overview of the NPALB MSE framework, including changes 

undertaken to meet recommendations of the 4th ISC NPALB MSE Workshop (Section 3), and 

assesses performance of the HCRs listed in Table ES2 with respect to the NPALB management 

objectives (Section 4). This latest round of simulations evaluated all the HCRs and associated 

reference points proposed at the 4th MSE Workshop and represents the final set of MSE analyses 

in support of development of a harvest strategy for NPALB.  Section 2 contains background 

information on the biology, fisheries, and management of NPALB, as well as management 

objectives and performance indicators, reference points, and candidate harvest control rules, and 

uncertainties considered in this new set of MSE simulations. Preliminary results from this latest 

round of NPALB MSE simulations were also presented to managers and stakeholders via three 

virtual workshops held in Japan (March 17-18 2021), the USA and Canada (March 22-25 2021), 

and Taiwan (April 7-8 2021). These workshops were organized to help managers and 

stakeholders understand the MSE results and to solicit feedback from them on the presentation of 

MSE results. Feedback from these workshops and the ALBWG response to that feedback is 

attached to this report as Appendix B. The non-technical summary of MSE results for managers 

and stakeholders is also provided as Appendix C. 

3 Background   

3.1 Biology 

   

Albacore tuna in the Pacific Ocean consist of the north Pacific stock (focus of this MSE) and the 

south Pacific stock. The discreteness of these stocks is supported by fishery data [lower catch 

rates in equatorial regions; Suzuki et al. (1977)], tagging data [there are no south Pacific Ocean 

recoveries of fish tagged in the north Pacific Ocean; Ramon and Bailey (1996)], ecological data 

[albacore larvae are rare in samples from equatorial waters; Ueyanagi (1969)], and genetic data 

[showing differentiation between north and south Pacific albacore; Takagi et al. (2001)]. Thus, 
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north Pacific albacore is assumed to be a discrete, reproductively isolated stock, with no internal 

sub-group structure within the stock. 

Albacore are batch spawners, shedding hydrated oocytes, in separate spawning events, directly 

into the sea where fertilization occurs. Spawning frequency is estimated to be 1.7 d in the 

western Pacific Ocean (Chen et al. 2010), and batch fecundity ranges between 0.17 and 2.6 

million eggs (Ueyanagi 1957, Otsu and Uchida 1959, Chen et al. 2010). Female albacore mature 

at lengths ranging from 83 cm fork length (FL) in the western Pacific Ocean (Chen et al. 2010) 

to 90 cm FL in the central Pacific Ocean (Ueyanagi 1957), and 93 cm FL north of Hawaii (Otsu 

and Uchida 1959). 

Spawning occurs in tropical and sub-tropical waters between Hawaii (155°W) and the east coast 

of Taiwan and the Philippines (120°E) and between 10 and 25°N latitudes at depths exceeding 

90 m (Ueyanagi 1957, 1969, Otsu and Uchida 1959, Yoshida 1966, Chen et al. 2010). Although 

spawning probably occurs over an extended period from March through September in the 

western and central Pacific Oceans, recent evidence based on a histological assessments of 

gonadal status and maturity (Chen et al. 2010) shows that spawning peaks in the March-April 

period in the western Pacific Ocean, which is consistent with evidence from larval sampling 

surveys in the same region (Nishikawa et al. 1985). In contrast, studies of albacore reproductive 

biology in the central Pacific Ocean have concluded that there was a probable peak spawning 

period between June and August (Ueyanagi 1957, Otsu and Uchida 1959), but these studies are 

based on indirect observation methods, are more than 50 years old, and have not been updated 

using modern histological techniques (e.g., see Chen et al. 2010). 

Growth of albacore tuna is commonly modeled by a von Bertalanffy growth function, with rapid 

growth in immature fish followed by a slowing of growth rates at maturity and through the adult 

period. Growth in the first year of life is uncertain since these young fish are rarely captured in 

any of the active fisheries in the North Pacific Ocean. However, juvenile albacore recruit into 

intensive surface fisheries in both the eastern and western Pacific Oceans at age-2 and as a result, 

much better size-at-age and growth information is available. Early growth models combined both 

sexes because sex-specific fishery data were not collected, although it was known that adult 

males attained a larger size than females (Otsu and Uchida 1959, Yoshida 1966, Otsu and 

Sumida 1968). Chen et al. (2012) provided clear evidence of sexually dimorphic growth 

functions for males and females after they reach sexual maturity and reported that males attained 

a larger size and older age than females (114 cm FL and 14 years vs. 103.5 cm FL and 10 years, 

respectively). 

A re-examination of the age and growth data compiled by Wells et al. (2013), some of which 

were used as conditional age-at-length data in the 2011 assessment, showed that for those 

individuals in which sex was recorded, there was clear evidence of sexually dimorphic growth 

between males and females (Xu et al. 2014). Given the clear evidence of sexual dimorphism in 

the growth and longevity of north Pacific albacore, the ALBWG used sex-specific male and 

female von Bertalanffy growth functions, as in the 2017 assessment. 

North Pacific albacore are highly migratory, and these movements are influenced by oceanic 

conditions (e.g., Polovina et al. 2001, Zainuddin et al. 2006, 2008). The majority of the migrating 

population is believed to be composed of juvenile fish (i.e., immature animals that are less than 5 
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years old and 85 cm FL), which generally inhabit surface waters (0-50 m) in the Pacific Ocean. 

Some juvenile albacore undertake trans-Pacific movements from west to the east and display 

seasonal movements between the eastern or western and central Pacific Ocean (Ichinokawa et al. 

2008, Childers et al. 2011). The trans-Pacific movements track the position of the transition zone 

chlorophyll front (Polovina et al. 2001, Zainuddin et al. 2006, 2008) and increase when large 

meanders in the Kuroshio current occur, increasing albacore prey availability in the transition 

zone (Kimura et al. 1997, Watanabe et al. 2004). Westward movements of juveniles tend to be 

more frequent than eastward movements (Ichinokawa et al. 2008), corresponding to the 

recruitment of juvenile fish into fisheries in the western and eastern Pacific Ocean and are 

followed by a gradual movement of older juveniles and mature fish to low latitude spawning 

grounds in the western and central Pacific Ocean. This pattern may be complicated by sex-

specific movements of large adult fish, which may be predominately male, to areas south of 

20°N. The significance of sex-related movements on the population dynamics of this stock is 

uncertain at present. 

3.2 Fisheries 

Albacore tuna is a valuable species with a long history of exploitation in the North Pacific Ocean 

(e.g., Clemens 1961). The total reported catch of north Pacific albacore for all nations combined 

peaked at a 126,175 metric tons (t) in 1976 and then declined to a lowest observed catch in the 

time series (37,274 t) in 1991. Following this low point, total catch recovered to a second peak of 

119,297 t by 1999. Total catch declined through the 2000s to a low of 63,654 t in 2005 and has 

recovered slightly, fluctuating between 69,000 and 93,000 t in recent years (2010-2015). 

Average catch over the operating model conditioning period (1993-2015) was 82,724 t. Over 

2011-2015, Japanese fisheries accounted for 61.9% of the annual total harvest on average, 

followed by fisheries from the United States (16.9%), Canada (5.4%), China (4.3%), Chinese-

Taipei (3.9%), Korea (0.1%), and Mexico (<0.1%). During the same five year period, non-ISC 

countries, primarily Vanuatu, harvested an average of 7.3% of the total annual catch. 

The main gears deployed to harvest albacore in the North Pacific Ocean are longline, and troll 

and pole-and-line. Surface fisheries capture smaller, juvenile fish, and include the USA and 

Canada troll and pole-and-line fisheries and Japanese pole-and-line fisheries. Over the operating 

model conditioning period (1993 ï 2015), surface fisheries have harvested approximately 53.6% 

of the north Pacific albacore catch. The surface fleets generally target albacore, but some 

Japanese pole-and-line vessels operating off the east coast of Japan switch targets between 

skipjack (Katsuwonus pelamis) and albacore (Kiyofuji and Uosaki 2010). Longline fisheries, 

which fish deeper in the water column and tend to capture larger, mature albacore, were 

responsible for harvesting about 41.7% of the albacore during the same period, with major fleets 

from Japan, USA, Chinese-Taipei, and recently China and Vanuatu. Most Japanese longline 

vessels operate offshore, target bigeye and catch larger, adult albacore. However, there exists a 

Japanese longline coastal fleet that seasonally targets juvenile albacore near southern coastal 

Japan (Ijima and Satoh 2014). By contrast, no longline vessel from the USA targets albacore 

directly. The USA shallow-set longline operates in the northern central/eastern Pacific and 

targets swordfish, but also catches juvenile and subadult albacore (Teo 2017). The USA deep-set 

longline vessels target bigeye, and at times also catch adult albacore (Teo 2017). Chinese-Taipei 
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longline operations initially targeted albacore and were focused in subtropical waters (Chen and 

Cheng 2016). Operations then expanded to tropical waters starting in 2000 and catches of 

albacore decreased as yellowfin and bigeye became target species (Chen and Cheng 2016). High 

gillnet catches of albacore in the 1980s reflect data from high seas driftnet fisheries, which began 

in 1978 and ceased operating in 1993 as a result of United Nations General Assembly Resolution 

44/225, which put in place a moratorium on the use of high seas driftnets (Uosaki et al. 2011). 

3.3 Management 

Two RFMOs (WCPFC and IATTC) are tasked with managing the NPALB stock. While there is 

no formal harvest control rule or target reference point for NPALB, the WCPFC adopted an 

Interim Harvest Strategy for North Pacific Albacore in December 2017, as recommended by the 

WCPFC NC (WCPFC 2017). The Interim Harvest Strategy specifies a broad, interim 

management objective for the fishery, a limit reference point (LRP), and a decision rule when the 

LRP is breached (WCPFC 2017). The interim management objective is ñto maintain the 

biomass, with reasonable variability, around its current level in order to allow recent 

exploitation levels to continue and with a low risk of breaching the LRPò (WCPFC 2017). The 

LRP is established at 20% SSB0_d (SSB0_d: dynamic unfished SSB) (WCPFC 2017). The 

decision rule states that ñin the event that, based on information from ISC, the spawning stock 

size decreases below the LRP at any time, NC will, at its next regular session or intersessionally 

if warranted, adopt a reasonable timeline, but no longer than 10 years, for rebuilding the 

spawning stock to at least the LRP and recommend a Conservation and Management Measure 

(CMM) that can be expected to achieve such rebuilding within that timelineò (WCPFC 2017). 

In addition to the Interim Harvest Strategy, the IATTC and WCPFC also adopted conservation 

and management measures in 2005 that restricted NPALB fishing effort to below ñcurrentò 

(current is undefined but assumed to be the average of 2002 ï 2004) levels (WCPFC 2005 

WCPFC CMM 2005-03, IATTC RESOLUTION C-05-02). Each nation is required to ñtake 

necessary measures to ensure that the level of fishing effort for NPALB is not increased beyond 

current levelsò, but no specific management actions are specified. 

The IATTC adopted an interim harvest control rule for tropical tunas in 2016 (Resolution C16-

02), which although not applicable for NPALB, was taken into account when choosing potential 

candidate HCRs and performance metrics in this MSE. 

According to the 2020 NPALB stock assessment (ALBWG 2020), the NPALB stock is not likely 

in an overfished condition relative to the LRP (20%SSB0_d) adopted by the WCPFC NC, with 

current SSB estimated to be at approximately 46% of SSB0_d. Although no F-based reference 

points have been adopted by the RFMOs, current fishing intensity (2015-2017), calculated as 1-

SPR, was 0.50. This is the same fishing intensity as for the candidate TRP of F50 and lower than 

the 0.60 fishing intensity associated with the candidate F40 TRP, the 2002-2004 fishing 

intensity, or Fmsy. The F2002-2004 is a fishing intensity of 0.58 according to the base case NPALB 

MSE operating model, while Fmsy is 0.86.   
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3.4 Management Objectives and Performance Indicators    

The overarching objective for NPALB management is to maintain the viability and sustainability 

of the current NPALB stock and fisheries. However, more specific management objectives were 

identified and agreed upon by managers and stakeholders in a series of MSE workshops 

organized by ISC (see Introduction) and used to evaluate the performance of the different 

candidate harvest control rules. The management objectives are outlined in Table ES1 and 

summarized here: 1) maintain historical spawning biomass; 2) maintain historical total biomass; 

3) maintain historical harvest ratios of each fishery; 4) maintain catches above historical average; 

5) minimize changes in management over time; and 6) maintain fishing impact around the target 

value. Several objectives aim to maintain a quantity of interest, such as depletion or catch, at an 

historical level. The historical period over which to average the management quantity of interest 

was agreed upon during the workshops with managers and stakeholders. For objectives 2 and 3 

the historical period was the last 10 years of the 2017 NPALB assessment (2006-2015), whereas 

for objective 4 the period was 1981-2010. It should be noted that it was agreed at the 3rd ISC 

NPALB MSE Workshop that harvest ratios of each fishery be maintained at the average of 1999-

2015 in the MSE simulation and to not have allocation rules specific to each fishery. Thus, 

management objective 3 (maintain historical harvest ratios of each fishery) did not differ among 

the candidate HCRs and could not be evaluated. The objectives were not ranked in order of 

importance during the MSE workshops. 

To quantitatively evaluate the performance of the harvest strategies tested relative to the 

management objectives, the ALBWG represented these management objectives into quantitative 

performance metrics. The final list of performance metrics associated with each objective agreed 

upon by the ALBWG are presented in Table ES1. Most of the figures and results are based on 

this set.    

3.5 Reference Points   

Reference points are benchmarks with which estimates of biomass or fishing intensity are 

compared to. Reference points are generally associated with a harvest control rule (HCR), which 

specifies a management action given the state of the stock relative to the reference point. 

Reference points are defined in this MSE as either target reference points (TRPs), limit reference 

points (LRPs), or threshold reference points. 

A TRP refers to a desired state that management wants to achieve. The TRPs for all the HCRs 

evaluated in this MSE are based on fishing intensity (F). Fishing intensity is defined as 1-SPR, 

where SPR is the spawning potential ratio, or the SSB per recruit relative to the unfished 

population. The TRPs are labeled as Fx, where x refers to an SPR value. For instance, F40 

represents an F that leads to a SSB per recruit that fluctuates around 40% of the unfished (i.e., 

removing about 60% of the SSB). In contrast, a TRP of F50 leads to a SSB that is around 50% of 

unfished SSB per recruit (i.e., a fishing intensity of 0.5 removing about 50% of the SSB). A TRP 

of F40 means fishing harder than F50, so the average level of SSB desired is lower. 

The TRPs used in this last round of MSE simulations were F40 and F50, as recommended by 

managers and stakeholders at the 4th MSE Workshop in Yokohama, Japan, following results 
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from the first round of NPALB MSE, which tested a wider range of TRPs (ISC 2019). According 

to the 2017 stock assessment, the current F (2012-2014) was 0.51, while the current F (2015-

2017) from the 2020 stock assessment was 0.50. This is close to the average F over the 

conditioning period of 1993-2015 from the base case OM, which was 0.51 (Fig. 1). In the base 

case MSE operating model, fishing intensity has only exceeded F40 in 1999 and 2002 (Fig. 1). 

However, note that the estimates of SPR and associated fishing intensity (defined as 1-SPR) 

change depending on the operating model (OM) used. For the same level of catch, a model 

assuming a less productive stock would estimate a higher fishing intensity. Therefore, different 

operating models have different estimates of historical fishing intensity levels. For example, 

OM4 and OM6, which simulated less productive populations, had average historical fishing 

intensities greater than either candidate TRP, at 0.63 and 0.69, respectively (Fig. 1). By contrast, 

OM3, which simulated a more productive population had an average historical fishing intensity 

lower than the base case model at 0.44 (Fig. 1).  

LRPs are biomass or fishing intensity levels to be avoided. Generally, LRPs refer to a biomass or 

fishing intensity leading to a biomass level below which recruitment would be endangered. 

Therefore, if biomass falls below an LRP, a harvest control rule would require drastic reductions 

in harvest. Since steepness of NPALB is not well known, WCPFC treats NPALB as a Level 2 

stock, which requires the LRP be based on an x% of the unfished spawning stock biomass (SSB). 

To be consistent with the Annex II of the UN Fish Stocks Agreement (UNFSA) and recent 

WCPFC decisions on LRPs for the three tropical tuna species and South Pacific albacore, the 

LRP for NPALB was established in 2017 as 20% of the dynamic unfished SSB (20% SSB0_d, 

WCPFC 2017). Dynamic unfished SSB fluctuates depending on changes in recruitment. For 

Level 1 stocks with a reliable estimate of steepness, WCPFC considers BMSY as the LRP. For 

NPALB, BMSY would correspond to approximately 14% of unfished SSB. By contrast, IATTC 

defines the LRP of tropical tunas as SSB0.5r0 or F0.5r0. This is the SSB or F corresponding to a 

biomass that leads to a 50% reduction in the unfished recruitment level given a conservative 

steepness value of 0.75. This corresponds to an SSB that is approximately 7.7% of the unfished 

equilibrium biomass. In the HCRs under consideration three LRPs of 20%SSB0_d, 14%SSB0_d, 

and 7.7%SSB0_d were examined. For all LRPs, the percentage refers to the percentage of 

dynamic unfished SSB (SSB0_d). However, in terms of performance metrics we compare the 

odds of SSB being greater than 7.7% of both dynamic SSB0 (7.7%SSB0_d) and equilibrium 

SSB0 (7.7%SSB0). 

In addition to TRPs and LRPs, HCRs use a threshold reference point (Section 2.6). This 

reference point is based on SSB as a fraction of unfished dynamic SSB and will be referred to as 

SSBthreshold throughout the report. SSBthreshold acts as the control point below which fishing 

intensity starts to be reduced. The reason for an HCR to initiate management action at SSBthreshold 

rather than the LRP is to reduce the chances of ever reaching the LRP and to avoid the severe 

management actions that could occur when the LRP is breached. The HCRs considered three 

different SSBthreshold levels: 30%SSB0_d, 20%SSB0_d, and 14%SSB0_d. 
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3.6 Candidate Harvest Control Rules 

Candidate harvest control rules (HCRs) were suggested by managers and stakeholders during the 

4th ISC NPALB MSE Workshop. The MSE for NPALB is model-based, meaning that the inputs 

to the HCR (i.e. current SSB and reference points) are derived from a stock assessment, which is 

the same as in the current NPALB management system. In the MSE, the stock assessment is 

represented by an estimation model (EM). The HCR then translates the EM (i.e., assessment) 

output into a management action. As is happening under the current management framework, a 

stock assessment is conducted every three years in this MSE to estimate the status of the stock. 

The HCR then specifies a management action to be taken (or not) based on the condition of the 

albacore population as estimated by the EM (i.e., assessment) relative to reference points. The 

management action is implemented as either mixed control or Total Allowable Catch (TAC). 

Under mixed control, surface fisheries (EPO troll and pole-and-line, and Japanese pole-and-line) 

are managed via effort control while longline fisheries are managed via a TAC.    

Figure ES2 depicts, for each of the HCRs under consideration, the management actions (i.e. 

changes fishing intensity) associated with a specific estimate of stock status (SSB relative to 

unfished SSB). Specific equations detailing how TAC and TAE change in relation to changes in 

SSB are provided in Table 2, but we provide a synopsis here. If current SSB (SSBlatest) is at or 

above the SSBthreshold, the level of fishing intensity is set to the TRP with implementation error or 

is sampled from the historical time series of fishing intensities (Fhistorical) if the TRP is greater 

than Fhistorical. The MSE management module (Section 4.2.3) then uses Stock Synthesis 

benchmark calculations to find the exploitation rate (Htarget, total catch as fraction of total 

biomass at the beginning of the year) that would produce a fishing intensity (1-SPR) equal to the 

TRP or Fhistorical. The exploitation rate is the TAE in the MSE simulation. If SSBcurrent is below 

SSBthreshold with a 0.5 probability, but above the LRP with a probability of 0.9 for 7.7%SSB0_d 

and 14%SSB0_d, and a probability of 0.8 for 20%SSB0_d, the F (or H) is reduced to below the 

TRP (or Htarget). In this case, the F (or H) is reduced proportionally based on the following 

fraction: (SSBcurrent-LRP)/(SSBthreshold -LRP). If SSB falls below the LRP, the F is drastically 

reduced and maintained constant at a low level until SSB is rebuilt above the LRP. This 

minimum F (Fmin) is a fraction (Tmin) of the F associated with the LRP as defined in Table 2. 

Note that Fmin is a function of the TRP, LRP, and SSBthreshold, and as such it varies between HCRs 

(Fig. ES1). In the MSE framework, the Fmin is translated to a Hmin by using Htarget, rather than the 

TRP, in the computation of Fmin. We tested 16 harvest control rules with different combinations 

of TRP, SSBthreshold, LRP, and Tmin, as described in Table ES2. 

For TAC control, the TAC associated with the specified fishing intensity is found by multiplying 

the exploitation rate H by the current total biomass. Thus, while the exploitation rate and fishing 

intensity stay constant when SSB is above SSBthreshold or below the LRP, the TAC changes with 

the biomass, eventually decreasing to 0 when the biomass is 0 (Fig. 2). We use Fig. 2 to 

exemplify the relationship between stock status and TAC as well as the different rate of change 

in TAC between F40 and F50 HCRs, when SSB is above SSBthreshold. The F40 HCRs show a 

steeper change in TAC as biomass changes, but a higher TAC for the same SSB/SSB0. We note, 

however, that the TAC levels are approximate. In the MSE simulation, the algorithm considers 

the current age structure of the population (defined by selectivities and the relative impact of 

different fleets) to find the current total stock biomass and define a TAC. For generating the 
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figure, total biomass at each SSB/SSB0 was obtained by multiplying the SSB/SSB0 ratio by the 

unfished total biomass (B0), assuming that the population has a constant age structure that is the 

same as that under unfished conditions. B0 was that of the base case OM over the conditioning 

period.   

3.7 Uncertainties Considered in MSE Process 

MSE allows for testing the harvest strategies and HCRs under different ñwhat ifò scenarios in 

terms of biology, fishery dynamics, assessment error, observation error, or implementation error. 

This is done to test the ability of each harvest strategy and HCR under consideration to meet 

management objectives given uncertainty. 

At the 3rd ISC MSE WS in October 2017, the ALBWG put forward and prioritized a list of 

uncertainties deemed most influential to NPALB. Given the long run time to complete a single 

MSE simulation and the limited time to complete the work, this MSE considered uncertainties in 

the factors agreed to be of highest priority by the ALBWG: 

1) Recruitment - autocorrelation and various values of steepness parameter, 

2) Natural mortality - various values of natural mortality parameters, 

3) Growth-various values of growth parameters, and 

4) Juvenile movement (via time-varying age selectivity), which was a medium priority. 

Uncertainty in steepness, natural mortality and growth reflect uncertainty in stock productivity 

and are referred to as parameter uncertainty. Implementation of these uncertainties in the MSE 

framework required use of different operating model (OM) structures in terms of the 

parametrization of the specified biological factors (See section 4.1). 

NPALB recruitment can vary greatly between years due to unknown environmental factors, even 

when SSB remains the same. To account for uncertainty in future recruitment, recruitment 

deviations in the forward projection of the OM were sampled from a distribution with ůR=0.5, 

which was consistent with the historical recruitments estimated in the 2017 assessment. The 

ALBWG also determined that recruitment deviations in the OM should be autocorrelated. The 

autocorrelation implies that a good recruitment year was more likely to be followed by another 

good recruitment event, giving rise to good and bad recruitment cycles. To select the amount of 

autocorrelation, the autocorrelation of recruitment deviates from the 2017 stock assessment 

model starting in 1993 and the sensitivity run starting in 1966 from the 2017 stock assessment 

was examined. 

Recruitment estimates from 1993 were not significantly autocorrelated at any lag (Fig. 3). By 

contrast, estimates of recruitment deviations from 1966 showed a significant autocorrelation of 

0.42 at lag 1 (Fig. 4). It is interesting that interannual variability appears to be higher, and hence 

autocorrelation lower, in recent years. As the reason for including autocorrelated recruitment 

errors in the OM was to ensure that the proposed harvest control rules (HCRs) are robust to the 

unknown effect of multiyear environmental trends on recruitment, future recruitment deviations 

in the OM were generated assuming an autocorrelation of 0.42 as in the model that starts in 

1966. 
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Albacore movement and, in particular, juvenile migration rates to the eastern Pacific Ocean 

(EPO) vary between years. To represent uncertainties in the availability of specific age classes to 

the EPO fishery between years, the OM has a time varying selectivity for the EPO surface fleet, 

which targets juveniles. As in the stock assessment, age selectivity for the three juvenile 

targeting surface fisheries F16, F17, and F27 was set as a free parameter from ages 1-5. In 

addition, the age-selectivity of the EPO fleet was made time varying in the OM using additive 

random walk deviations for ages 1-4 (Table 3). 

Uncertainty in recruitment variability and time-varying age selectivity for the EPO fleet are 

measures of process uncertainty. For each HCR/productivity scenario combination, 70 iterations 

with different random trajectories in recruitment and EPO age selectivity were run. An analysis, 

presented at the August 2020 ALBWG meeting (ISC 2020), was conducted to assess the impact 

of the number of iterations on the rank order of HCRs for each performance metric (PM) and the 

value of each PM. It was found that 45 iterations were adequate to distinguish the broad patterns 

of HCR performance highlighted in the report for the first round of MSE. Small differences in 

the value of performance indicators (<0.001) were apparent and these could lead to different PM 

rankings, but with >55 iterations even rankings are consistent. The ALBWG therefore agreed 

that 70 iterations were adequate (ISC 2020). 

In addition to parameter and process uncertainty, a potential future fishing effort scenario 

prioritized during the 4th ISC ALB MSE Workshop was developed, where an unmanaged new 

fishery is removing an increasing amount of unreported catch. It consisted of a shift of fishing 

effort from the south Pacific to the north Pacific, and was modeled as a ramp in catch from an 

unmanaged new entrant to the fishery with catch not known to the assessment and not under 

HCR control. To implement this scenario, the South Pacific albacore (SPALB) catch by country 

based on WCPFC Yearbook 2016 was examined. Since 2001, nine countries, namely Japan, 

Chinese Taipei, China, French Polynesia, Fiji, Korea, New Zealand, United States, and Vanuatu 

have fished SPALB. Average catch from 2001 to 2016 was approximately 72,000 mt. For the 

future effort scenario, the NPALB catch is gradually increased every year by 2,500 mt until a 

maximum catch of 50,000 mt per year is reached for the unknown óghostô fleet. The new catch is 

associated with a new longline fishery operating in area 4, whose selectivity is mirrored to that of 

the F25 longline fleet. While the OM (i.e., true state of nature) accounted for these catches, the 

EM (i.e. assessment model) that informed management did not. 

4 MSE Framework Description 

4.1 Operating Models 

In an MSE, the operating model (OM) is a mathematical representation of the ñtrueò dynamics of 

the stock and the fisheries operating on it. However, it is difficult to select one ñtrueò OM model 

because of uncertainty in our understanding of biological processes, the effects of environmental 

variability on stock productivity and distribution, and their interplay with fisheries dynamics. 

Therefore, to capture the range of uncertainty in the system (see Section 3.7), a set of OMs 

representing potential versions of the ñtrueò stock and the fisheries operating on it are developed. 
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All the OMs consist of a population dynamics model of NPALB with a fishery model component 

relating the modeled dynamics to catch, CPUE, and size composition data. Like the stock 

assessment, the OMs are developed using the Stock Synthesis modelling platform (Methot and 

Wetzel 2013). 

4.1.1 Conditioning process 

To determine if the OMs are realistic representations of the stock, these models are 

ñconditionedò on historical data. During the ñconditioningò process, model parameters are 

estimated given observed fishery-specific catches, size composition, and abundance indices and 

it is determined if the OMs can reasonably represent past trends in catch, catch per unit effort 

(CPUE), and size composition data. If an OM cannot reasonably represent these historical data, 

the OM is discarded and not used for the MSE. The conditioning phase also allows the OM to 

have estimated model parameters that are consistent with historical observations, given the OM 

structure. All OMs in this MSE were found to be able to represent historical observations of 

catch, CPUE, and size composition. However, the OMs had different levels of biological 

plausibility and model fit to the data (Table ES3).     

 

During the forward simulation in the ñFuture Processò phase OM model parameters are fixed to 

the values estimated during the conditioning process, and trends in the population under a range 

of different management models (i.e., different harvest control rules) are assessed. This closed-

loop forward simulation is described in section 4.2.  

The conditioning process was carried out during the first round of MSE (ISC 2020) and was not 

repeated for this latest round of simulations. However, the overview of the conditioning data and 

process and specifications of the base case model and the final set of operating models from the 

first round of MSE report is provided also here for context. 

4.1.1.1 Data used for conditioning 

As in the 2017 NPALB stock assessment, three types of data were used in the conditioning of the 

OMs: fishery-specific catches, size composition, and abundance indices. These data were 

compiled from 1993 through 2015. Catch and size composition data were compiled into quarters 

(JanīMar, AprīJun, JulīSep, OctīDec) and a quarterly time step was used for the OMs. 

The geographic area of the OMs is the Pacific Ocean from 0° to 55°N, and from 120°E to 100°W 

(Fig. 5). This area includes all of the known catches of north Pacific albacore from 1993 through 

2015. The base case model is not spatially explicit, but fisheries were defined using multiple 

criteria, including fishing area, and therefore implicitly included spatial inferences (Table 3). 

Analyses of fishing operations and size composition data from Japanese and US longline vessels 

in the north Pacific showed that there were five areas with relatively consistent size distributions 

of albacore (Ochi et al. 2016, Teo 2016) (Fig 5). These five fishing areas were used to define 

fisheries in OMs. 

Fishery definitions were the same as in the 2017 stock assessment. Twenty-nine (29) fisheries 

were defined on the basis of gear, fishing area, season, and unit of catch (numbers or weight), 
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and all catch and effort data were allocated to these fisheries (Table 3). The aim was to define 

relatively homogeneous fisheries with greater differences in selectivity and catchability between 

fisheries than temporal changes in these parameters within fisheries. This approach allowed the 

ALBWG to use differences in selectivity between fisheries as proxies for movement between 

fishing areas (Hurtado-Ferro et al. 2014, Waterhouse et al. 2014) since movement information is 

not available. These fisheries consisted primarily of 23 longline fisheries from Japan (F1 ï F15), 

USA (F19 & F20), Chinese-Taipei (F21 & F22), Korea (F23), China (F24 & F25), and Vanuatu 

(F26) (Table 3). There were also three pole-and-line fisheries from Japan (F16 ï F18), and the 

surface gears (primarily troll and pole-and-line) from Canada, Mexico, and the USA, which were 

combined into a single surface gear fishery (F27). In addition, drift net catches from Japan, 

Korea, and Chinese-Taipei were combined into a single fishery (F28), which was important in 

the past but less so during the modeling period; and catch from all other miscellaneous gears 

(e.g., purse-seine) from Japan and Chinese-Taipei were combined into a single miscellaneous 

fishery (F29). Estimates of total catch in each fishery were compiled by calendar quarter for 

1993-2015. Catch was reported and compiled in original units consisting of weight in mt or 

1000s of fish (Table 3). 

For the conditioning of the OM, the abundance index from the Japanese longline fishery in Area 

2 and Quarter 1 (S1; 1996 - 2015) was used as the index of adult albacore abundance (Ochi et al. 

2017), as in the 2017 stock assessment. This index is an appropriate index for adult albacore in 

the north Pacific because the majority of the adult albacore population in the north Pacific Ocean 

is thought be in the western Pacific, especially Area 2. In addition, the S1 index had good 

contrast and ASPM analysis run for the 2017 stock assessment showed that an ASPM was able 

to fit well to the index, which the ALBWG interpreted as an indication that the S1 index was 

informative on both population trend and scale. The OMs were also conditioned to a new CPUE-

based juvenile index not yet ready for the 2017 assessment. It was made available by Dr. D. Ochi 

in February 2018 and was based on the Japanese longline fishery that operates in Areas 1 and 3 

in quarter 1, targeting juvenile/sub adult albacore (S2; 1996 - 2015). Before inclusion in the OM, 

the consistency of the new index with the original assessment was evaluated by comparing the fit 

to the adult CPUE index and size composition data of a model with and without the new juvenile 

CPUE index. The fit to the adult index was actually slightly improved, showing an RMSE of 

0.158 with the juvenile index and of 0.164 without. The fit to the size composition was only 

slightly degraded with the minimum negative log-likelihood increasing to 412.4 with the juvenile 

index from 408.9 without. This suggested that the new juvenile index was consistent with the 

adult one, and it was therefore used in the conditioning process. Standardized annual values and 

input coefficients of variation (CVs) for the S1 and S2 indices used for conditioning are shown in 

Table 4. 

Quarterly length composition data from 1993 through 2015 were used in the conditioning 

process. Length data for 15 of the 29 fisheries in the base case model were compiled into 2-cm 

size bins, ranging from 26 to 142 cm fork length. The length frequency observations were the 

estimated catch-at-size (i.e., size compositions were raised to the catch) for the 15 fisheries with 

size composition data and these size composition data were fitted during the conditioning 

process. The majority of albacore length composition data were collected through port sampling 

or on-board sampling by vessel crews or observers. Length data for the Japanese longline (F1 ï 
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F4; F9 ï F10; F13; & F15) and pole-and-line fisheries (F16 ï F18) were measured to the nearest 

cm at the landing ports or onboard fishing vessels from which catch-at-size data were derived 

(Ijima et al. 2017). Fork lengths of albacore in the EPO surface fishery (F27) were compiled 

from port samples of the USA troll and pole-and-line fisheries (Teo 2017b). Although length 

composition data were available for the Canadian component of this fishery (2008-present), 

these data were not used because the USA and Canada components of the fishery overlap greatly 

in their fishing areas and size composition plots of both fisheries are very similar so the data 

from the USA component were thus considered representative of the entire fishery. Length 

compositions for the US longline fishery were collected by observers (Teo 2017c). Albacore 

lengths for the Taiwanese longline fishery (F21) were measured onboard fishing vessels and 

compiled for 1995 to 2015 by the Overseas Fisheries Development Council (OFDC) of Chinese-

Taipei (Chen and Cheng 2017). Length composition data prior to 2003 were not considered 

representative of catches by this fishery because they were sampled from a restricted geographic 

area and a shorter annual period than the spatial and temporal scope at which the fishery was 

operating (ALBWG 2014). Thus, only the 2003-2015 length data were considered representative 

of the catch and used in the conditioning process. 

Conditional age-at-length data were available from the growth studies of Chen et al. (2012) and 

Wells et al. (2013), for a total of 759 samples. All data for the Chen et al. (2012) study were sex-

specific and sampled from the catches of Chinese-Taipei longline vessels (F21 and F22) 

operating in the Western and Central Pacific over 2001-2006 and Japanese pole-and-line vessels 

(F17) operating in the Western and Central Pacific over 2006-2008. Samples from the Wells et 

al. (2013) study were from Japanese longline vessels operating in the Western Pacific (F1) over 

1997-2012, US longline vessels operating in the Central Pacific (F20) over 1990-2011, and the 

US surface fleet operating in the Eastern Pacific Ocean (F27) over 2007-2010. Only 26% of the 

Wells et al. data were sex-specific. Conditional age-at-length data were not fitted during the final 

conditioning of the OMs but were used during the estimation of the growth parameters. 

4.1.1.2 Base Case Operating Model Structure 

The base case OM structure was similar to the 2017 stock assessment model (SAM) for NPALB 

and uses the Stock Synthesis software version 3.24ab (Methot and Wetzel 2013). Differences 

consisted in the addition of a new S2 juvenile index (section 3.1.11), methods for estimation of 

growth parameters (section 3.1.1.2.1.2), autocorrelation in recruitment deviations (section 2.7), 

and time varying age selectivity for the EPO surface fleet (F27) (section2.7). 

The following model structural features are common to both the 2017 NPALB SAM, the base 

case OM, and the alternative OMs: 

ǒ One area model 

ǒ 29 fisheries 

ǒ Spawning season is quarter 2 

ǒ Spawner-recruit relationship is Beverton-Holt 

ǒ Model  start year is 1993 

ǒ Length composition data from the Japanese longline Area 2 fisheries, the  Japanese 

longline area 4 fisheries, and the US longline fishery are down weighted by multiplying 

the likelihood of these data by 0.1. 
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Key parameters for the base case OM are outlined in Table 5. 

4.1.1.2.1 Biological and Demographic Assumptions  

Growth parameters are the only fixed life-history parameters that vary in the base case OM as 

compared to the 2017 stock assessment model (Table 5). 

4.1.1.2.2 Maximum Age    

The maximum age bin in the model was 15 years based on the maximum observed age (Wells et 

al. 2013). This bin served as the accumulator for all older ages. To avoid potential biases 

associated with the approximation of dynamics in the accumulator age, the maximum longevity 

was set at an age sufficient to result in near zero fish in this age bin (å 1 percent of an unfished 

cohort). 

4.1.1.2.3 Growth     

As with the 2017 stock assessment, growth in the base case OM follows the von Bertalanffy 

growth function and growth curves are sex-specific. However, the specific growth parameters 

differed between the base case OM and the 2017 assessment. The assessment fixed the growth 

parameters to values obtained by Xu et al. (2014). Xu et al. (2014) collated age at length data 

from the Chen at al. 2012 and Wells et al. 2013 studies, and growth parameter estimates were 

computed by assuming that each length observation was a random sample for a given age. 

However, given gear selectivity and fish movement, this may not have been the case. Hence, for 

the OM, growth parameters were first estimated within the stock assessment model by fitting to 

age-length data in addition to length composition data from the catch. Note that while the model 

estimates growth parameters for females, the model estimates exponential offset parameters for 

males. For instance, the asymptotic length, Linf, for males is calculated as: female Linf*exp(Linf 

offset parameter). During estimation of the growth parameters, a range of different likelihood 

weights for the age-length data were tested, and a 0.6 weight was chosen as the best trade-off 

between a good fit to the CPUE index, as compared to the SAM, and information from the age-

length data. 

However, fitting to age-at length data not only informs growth parameter estimates but also stock 

status estimates. Therefore, during the final conditioning of the base case OM, the growth 

parameters were fixed at those estimated when fitting to the age at length data, and the model 

was not fit to the age at length data. To summarize, growth parameters were estimated following 

these steps: 

1. Estimate growth data given the age at length data with a weight of 0.6   

   

2. Run the OM model with no age at length data and with the growth  parameters fixed at 

what was estimated in step 1. 

4.1.1.2.4 Weight at length 

Non sex-specific weight-length relationships are used to convert catch-at-length to weight-at-

length data. A previous study (Watanabe et al. 2006) reported that there were seasonal 
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differences in the relationship between weight (kg) and fork length (cm) of north Pacific 

albacore. As in the 2017 stock assessment, these non sex-specific seasonal weight-at-length 

relationships were used in the OMs. 

4.1.1.2.5 Natural Mortality 

Following the 2017 stock assessment and best-available biological knowledge for this stock, the 

OMs have an age-specific natural mortality (M) for ages 0 to 2, and a sex-specific, constant M 

for ages 3+. The base case OM set M to the median of the M distribution derived from the meta-

analyses of empirical relationships between adult M and life history parameters described in Teo 

(2017a) and Kinney and Teo (2016), as was done for the 2017 stock assessment. See Table 5 for 

actual natural mortality values. 

4.1.1.2.6 Sex specificity     

A sex-specific (two sex) model was used for the OMs because of known differences in growth 

(Chen et al. 2012, Xu et al. 2014) and natural mortality (Kinney and Teo 2016, Teo 2017a) of 

female and male albacore. In addition, males predominate in longline catches of large, mature 

albacore sampled scientifically, while juveniles <85 cm generally have a sex ratio of 1:1 (Ashida 

et al. 2016). However, there are currently no data on the sex of individual fish caught by 

commercial fisheries. As described above, sex-specific growth curves and natural mortality were 

used in the base case model. However, the OMs did not include sex-specific selectivity, and sex 

ratio at birth was assumed to be 1:1. 

4.1.1.2.7 Recruitment and reproduction 

As in the 2017 stock assessments, spawning and recruitment was assumed in all OMs to occur in 

the second quarter of the year (Q2) based on recent histological assessments of gonadal status 

and maturity from the western Pacific Ocean (Chen et al. 2010, Ashida et al. 2016). Although 

historical circumstantial evidence supported spawning in the central Pacific Ocean near Hawaii 

through the third quarter of the year (e.g., Otsu and Uchida 1959), there is no recent confirmation 

of this spawning segment, and so the ALBWG did not consider spawning season as a high 

priority uncertainty to be tested at this stage. Ashida et al. (2016) also recently estimated the 

length at 50% maturity for female north Pacific albacore at 86 cm, which was approximately the 

expected length at age-5. Based on this finding, the ALBWG assumed that 50% of the albacore 

at age-5 were mature and that all fish age-6+ were mature. This maturity ogive has been used in 

NPALB assessments since 2006. 

A standard Beverton-Holt stock recruitment relationship was used in the OMs. The expected 

annual recruitment was a function of spawning biomass with steepness (h), virgin recruitment 

(R0), and unfished equilibrium spawning biomass (SSB0) corresponding to R0, and was assumed 

to follow a lognormal distribution with standard deviation ůR (Methot 2000, Methot and Wetzel 

2013). Annual recruitment deviations were estimated based on the information available in the 

data and the central tendency that penalizes the log (recruitment) deviations. A log-bias 

adjustment factor was used to assure that the estimated log-normally distributed recruitments 

were mean unbiased (Methot and Taylor 2011). 
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Recruitment variability (ůR) was fixed to approximate the expected variability of 0.5. The log of 

R0, ln(R0), annual recruitment deviates, and the offset for the initial recruitment relative to virgin 

recruitment, R1, were estimated during the conditioning phase. During the forward simulation 

ln(R0) and R1 in the OMs were fixed to the values estimated during the conditioning process, 

while future recruitment deviates (d) were sampled from a normal distribution with mean 0 and 

standard deviation of ůR and an autocorrelation, ɟR, of 0.42 (Section 3.7) according to: 

dy = ɟR*dy-1 + sqrt(1- ɟR
2)*Ůy , where Ůy = N(0, ůR2) 

Steepness of the stock-recruitment relationship (h) was defined as the fraction of recruitment 

from a virgin population (R0), when the spawning stock biomass is 20% of its unfished level 

(SSB0). For the base case OM, the ALBWG assumed a steepness value of 0.9, which is 

intermediate between the range of values reported by two independent estimates of steepness for 

north Pacific albacore (Brodziak et al. 2011, Iwata et al. 2011), based on the life history approach 

of Mangel et al. (2010). 

4.1.1.3 Initial conditions 

The operating model must assume something about the period prior to the start of the 

conditioning period. Initial conditions were estimated (where possible) assuming equilibrium 

catch. The equilibrium catch is the catch taken from a fish stock when it is in equilibrium with 

fishery removals and natural mortality balanced by stable recruitment and growth. The initial 

fishing mortality rates in the operating model that remove these equilibrium catches were 

estimated to allow the model to start at an appropriate depletion level. Initial fishing mortality 

rates were estimated for the F21 (Taiwanese longline in Areas 3 & 5) because it captures a wide 

size range of albacore, but the initial fishing mortality rates were not fitted to historical catches 

prior to 1993. This approach allowed the model to start in 1993 at a depletion level that was 

consistent with the adult abundance index and size composition data without being overly 

constrained. In addition, the model included estimation of 10 recruitment deviations prior to 

1993 to develop a non-equilibrium age structure at the start of the model time frame. 

4.1.1.3.1 Fishery Dynamics 

4.1.1.3.1.1 Selectivity 

Selectivity curves were fishery-specific and assumed to be a function of only size for all but 

three fisheries. Preliminary model runs for the 2017 stock assessment indicated that size 

composition data of the Japanese pole-and-line fisheries in Area 3 (F16 and F17) and the EPO 

surface fishery (F27) had very strong modes corresponding to juvenile age classes and could not 

be adequately fit using only size selectivity curves. Therefore, the selectivity curves of F16, F17, 

and F27 were assumed to be a product of size and age. The age-based selectivity was applied to 

surface fisheries operating north of 30°N and is intended to capture differences in the availability 

of juvenile fish to the fishing gear based on movement patterns which may vary between seasons 

and years. 

Selectivity curves were estimated for all fisheries with representative size composition data while 

selectivity curves for fisheries without representative size composition data were assumed to be 

the same as fisheries with similar operating characteristics (season, area, gear) and estimated 
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selectivity curves. If specific fisheries had changes in fishery operations or exhibited changes in 

size composition data consistent with changes in movement patterns, then selectivity was 

allowed to vary with time to account for these changes. Highlights of the parameterization of the 

selectivity curves are briefly described below but more details can be found in Table 6. 

Like in the 2017 stock assessment, selectivity curves for longline fisheries and the Japanese pole-

and-line fishery in Area 2 (F18) were assumed to be dome-shaped and were modeled using either 

double-normal functions (F2, F4, F9, F10, F15, F18, F19, F20, and F21) or spline functions (F1, 

F3, and F13) (Table 6). The double-normal selectivity functions were configured to use four 

parameters: 1) peak, which is the initial length at which albacore were fully selected; 2) width of 

the plateau at the top; 3) width of the ascending limb of the curve; and 4) width of the 

descending limb of the curve. If the estimated width of the plateau at the top was negligible and 

tended to hit the lower bounds, then that parameter was fixed at a small value. The spline 

selectivity functions were configured to be three knot splines. The first and third knots were 

generally located near the edges of the respective size compositions, while the second knot was 

typically located near the midpoint between the first and third knot. The values of two of the 

three knots were estimated relative to the value of the third knot, which was fixed at an arbitrary 

value. The gradients before the first knot and after the third knot were also estimated. 

Selectivity curves of the Japanese pole-and-line fisheries in Area 3 (F16 and F17) and the EPO 

surface fishery (F27) were assumed to be a product of size and age because the 2017 stock 

assessment found that their size composition data exhibited very strong modes corresponding to 

juvenile age classes. Indeed, in the 2017 stock assessment, the interactions between the age and 

size selectivity resulted in substantially improved fits to their size composition data. The size 

selectivity curves for these fisheries were assumed to be dome-shaped and were modeled using 

double normal functions, which were configured as described above. The age selectivity of the 

juvenile age-classes (age-1 through age-5) of these three fisheries were estimated as free 

parameters. Albacore movement and, in particular, juvenile migration rates to the eastern Pacific 

Ocean (EPO) vary between years. To represent uncertainties in juvenile migration rates over 

time and variability in the availability to the EPO fishery between years, the OMs have a time 

varying selectivity for the EPO surface fleet, which targets juveniles. The age-selectivity of the 

EPO fleet was made time varying in the OM using additive random walk deviations for ages 1-4 

(Table 5). 

The selectivity curves for fisheries lacking representative size composition data (F5, F6, F7, F8, 

F11, F12, F14, F22, F23, F24, F25, F26, F28, and F29) were assumed to be the same as (i.e., 

mirrored to) closely related fisheries or fisheries operating in the same area (Table 6). For 

example, the selectivity of F5 was assumed to be the same as F1 because F5 was identical to F1 

except for their catch units. 

Selectivity curves for relative abundance indices were assumed to be the same as the fishery 

from which each respective index was derived. Size selectivity for the S1 index was assumed to 

be the same as the F9 longline fishery. Selectivity for the juvenile S2 index was similarly 

assumed to be the same as the F1 longline fishery. 

4.1.1.3.1.2 Catchability    

Catchability, q, was assumed to be constant over time for each index. It was estimated (solved 

analytically) during the conditioning process, assuming the abundance index was proportional to 
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vulnerable biomass with a scaling factor of q. It was then kept constant at the value estimated 

during conditioning for the forward simulation. 

4.1.1.3.1.3 Data Observation Models 

During conditioning, the OMs fitted three data components: 1) total catch, 2) relative abundance 

indices, and 3) size composition data. The observed total catches were assumed to be unbiased 

and relatively precise and were fitted assuming a lognormal error distribution with standard error 

(SE) of 0.05. An unacceptably poor fit to catch occurred if a model removed <99% of the 

observed total catch from any fishery. 

The relative abundance indices were assumed to have lognormally distributed errors with SE in 

log space, which is approximately equivalent to CV (SE/estimate) in natural space. The 

estimated CVs of each index are in Table 5. However, the reported CVs for the abundance 

indices only capture observation errors within the standardization model and do not reflect 

process errors that are inherent in the link between the unobserved vulnerable population and 

observed abundance indices. Similar to the stock assessment, the ALBWG initially assumed 

during the conditioning process that the minimum average CV for any index was 0.2 and indices 

with average CV <0.2 were scaled to CV=0.2 by adding a constant while indices with CV >0.2 

were left unmodified. Therefore, a constant of 0.101854 was added to the CVs of the S1 index in 

the base case model, and 0.075 to the CV of the juvenile S2 index. 

The size composition data were assumed to have multinomial error distributions with the error 

variance determined by the effective sample size (effN). 

4.1.1.3.1.4 Data Weighting 

Statistical stock assessment models used as OMs fit a variety of data components, including 

abundance indices and size composition data. The results of these models can depend 

substantially on the relative weighting between different data components (Francis 2011). In the 

OMs, different components were weighted in the same way as the 2017 stock assessment. 

Relative abundance indices were prioritized on the principle that relative abundance indices 

should be fitted well and that other data components such as size composition data should not 

induce poor fits to the abundance indices because abundance indices are a direct measure of 

population trends and scale (Francis 2011). Preliminary models for the 2017 stock assessment 

indicated that the size composition data from several of the longline fisheries (F9, F10, F13, F19 

and F20) degraded the fit of the S1 abundance index. The weightings to the size composition 

data from these five fisheries were down-weighted by multiplying the likelihoods of these data 

by 0.1 (i.e., lambda = 0.1). 

4.1.1.4 Model Structure of alternative Operating Models 

Alternative OM structures were developed to consider uncertainties in natural mortality, 

steepness, and growth (Section 2.7). As the base case OM, alternative OMs have autocorrelated 

recruitment deviations and time varying age selectivity for the EPO fishery. The only differences 

in model structure from the base case OM are in the values of natural mortality, steepness, and 

growth. We provide below a description of how these alternative parameter values were selected. 
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4.1.1.4.1 Natural Mortality  

Similar to the base case, the alternative OMs have an age-specific natural mortality (M) for ages 

0 to 2, and a sex-specific, constant M for ages 3+. The assessment model and base case OM set 

M to the median of the M distribution derived from the meta-analyses of empirical relationships 

between adult M and life history parameters described in Teo (2017a) and Kinney and Teo 

(2016). To capture the uncertainty in M, the 25th percentile and 75th percentile of that same 

distribution were taken as alternative values of age 3+ M: 0.29 and 0.53 for males, and 0.36 to 

0.66 for females. Following Teo (2017a) and Kinney and Teo (2016), the 25th and 75th 

percentiles for M for ages 0 to 2 were calculated by assuming M for younger ages to be size 

dependent and using the Lorenzen method to calculate age-specifc M for ages 0 to 2 from the 

25th or 75th percentiles of the male age 3+ M distribution. 

4.1.1.4.2 Recruitment Steepness  

The base case uses a steepness of 0.90. Alternative values of steepness were derived from 

Brodziak et al. (2011), which used Mangelôs simulation method (Mangel et al. 2010) to estimate 

probable values of steepness given information on growth, maturity, weight at age, natural 

mortality, and reproductive ecology. Alternative values of steepness that were considered were 

the 5th percentile of the lowest Brodziak et al. (2011) estimate of mean steepness, 0.70, and the 

95th of the highest estimate, 0.97. 

4.1.1.4.3 Growth 

The combination of three different steepness values and three different sets of M parameters, 

produces nine potential OMs, including the base case model. Similar to the base case, growth 

parameters for each of these alternative OMs were estimated using age at length data. 

The asymptotic length, Linf, was considered the most uncertain growth parameter by the 

ALBWG. Therefore, to consider uncertainty in growth, 18 additional OMs were developed that 

used the 5th or 95th percentiles of the female Linf parameter estimated for each of the nine 

potential OMs. In these additional 18 OMs, the other growth parameters were estimated while 

keeping the female Linf parameter fixed at the 5th or 95th percentiles values. The modelling 

workflow to estimate the growth parameters of the alternative OMs is outlined in more detail 

below: 

1. Estimate growth data given the age at length data with a weight of 0.6 for  each steepness 

and mortality combination 

   

2. Run the model with no age at length data and with the growth parameters fixed at what 

was estimated in step 1. These are the g1 values used in the base case. 

   

3. Compute the 5th or 95th percentile of the female Linf given the standard deviation of the 

Linf parameter estimated in step 1 
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4. Run the model again with the female Linf fixed at the value in step 3 to estimate the other 

growth parameters using the age at length data 

   

5. Run the model with no age at length data and with the growth parameters  fixed at what 

was estimated in step 4. These are the g2 (5th percentile) or g3 (95th percentile) cases. 

 

4.1.1.5 Results of Conditioning Process and Final Set of Operating Models 

27 OMs were conditioned on observations from 1993-2015 by fitting the simulated historical 

data to observed catch, CPUE, and length composition data using maximum likelihood. Nine out 

of the 27 OMs failed to converge and were therefore not considered further. Others produced 

unrealistic spawning biomass (SSB) estimates and were also excluded from the final set of OMs. 

Finally, given the long run times and time constraints on MSE development, the ALBWG 

decided in May 2018 to refine the set of OMs further by discarding OMs that produced similar 

trends in spawning potential ratio (SPR), SSB, and depletion. This resulted in a final, reference 

set of 4 OMs, referred to as uncertainty scenarios 1 (Base case), 3 (OM3), 4 (OM4), and 6 

(OM6) (Fig. 1, Table ES3, Table 7) that was used in this latest round of simulations. These final 

scenarios do not include the full set of growth, natural mortality, and steepness combinations but 

do reflect the range of uncertainty in stock productivity. To assess HCR performance across a 

broad range of uncertainties, results (Section 4) are generally presented across the four reference 

scenarios. However, to highlight differences in performance of the HCRs, results are also 

highlighted separately for the low productivity scenario (OM6), which had more instances of 

SSB breaching the reference points. Results from the robustness fishing effort scenario (Section 

5.8) are also examined separately.  

4.2 ñFutureò Process 

Once the ñconditioningò process was completed, the OMs were projected forward in time in a 

closed loop simulation with feedback between the population dynamics and management actions. 

For each candidate HCR, each of the four OMs was projected forward in time from 2016 to 2045 

(i.e., 30 years, which corresponds to 2 lifespans of NPALB), for 70 different iterations to account 

for process uncertainty in recruitment and the EPO fleet age selectivity (Section 3.7). 

An MSE aims to simulate a realistic management process, which includes data collection, an 

estimation of stock status given the observed data using a stock assessment, and a management 

decision given the stock status estimate. At each time step of the 30-year simulation, the 

operating model (OM) simulated the ñtrueò population dynamics of the NPALB and the fisheries 

operating on it given the catch or effort set by a candidate HCR. Catch, CPUE, and size 

composition data with error are sampled from the OM every three years (based on the current 3-

year stock assessment frequency, Section 4.2.1) and input into a simulated stock assessment 

model (i.e., the estimation model or EM, Section 4.2.2) (Fig. ES4). As in the real world, the 

stock assessment model estimates the current population levels and fishing intensity as well as 

reference points. Estimates of stock status and reference points are then supplied to a 

management module, which is comprised of a HCR with specific reference points (Table ES2). 
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Fleet-specific catches derived from a total allowable catch (TAC) or total allowable effort (TAE) 

are set in the management module (Section 4.2.3) and input into the OM with some 

implementation error (Section 4.2.4) for simulation of population dynamics in the next time step. 

We describe below in more detail, components of the forward closed loop simulation. 

4.2.1 Data Generation 

Catch, CPUE, and size composition data are generated using the Stock Synthesis data generation 

routine (Methot and Wetzel 2013). First, the new catch data given the TAC or TAE is added to 

the operating model data files and dummy data is put in for the two CPUE indices and the size 

composition data. The data generation routine then creates a new data set of random observations 

using the same variance properties (standard error of fleet specific catch, standard error of the 

CPUE indices, and effective sample size of the size composition data), error structure (lognormal 

for catch and CPUE, multinomial for the size composition data) assumed during the conditioning 

phase and the expected value for each datum. The new data with observation error is then 

inputted into the EM, while data without error is added to the OM data file. Figures 6, 7, and 8 

show examples of CPUE time series and size composition data generated for a model run. 

4.2.2 Estimation Model and Simulated Assessment Error 

The estimation model has the same model structure of the 2017 stock assessment model; it does 

not assume recruitment deviations are autocorrelated and does not employ time varying age 

selectivity for the EPO fishery. However, as the base case OM, it employs the new juvenile 

abundance index and the growth parameters are the same as the base case OM. Estimates of 

terminal year female SSB (SSBlatest) and reference points are produced by the EM and input into 

the HCR being evaluated to set a TAC or TAE (Section 4.2.3). The biomass based SSBthreshold 

and LRP reference points are based on dynamic unfished SSB (SSB0_d), while the TRP is based 

on fishing intensity defined as 1-SPR.  

Integration of the complete stock assessment model into the MSE framework allows the MSE to 

test a harvest strategy that closely mimics the management system that is currently in place, 

which relies on stock assessment output. It also enables for an estimation of the full assessment 

error given errors in the input data, potential misspecification in the assessment model, and 

complex feedback between the state of the stock and the assessment error (Wiedenmann et al. 

2015). However, as the stock assessment has to estimate 80+ parameters at each assessment time 

step, including the full assessment significantly increases the run times of the MSE simulation. 

Table 8 shows the median and standard deviation of the relative error between the OM and EM 

estimates of the quantities informing the HCR across all the runs for TAC control. Relative error 

was computed as: 

(ValueOM-ValueEM)/ValueOM 

The relative error was computed on the log-transformed values for SSBlatest and SSB0_d. A 

negative value implies that the EM is overestimating the quantity of interest. The median relative 
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error is a reflection of the bias in the errors, while the standard deviation reflects the error 

variability. We examine assessment error for each of the reference scenarios and between HCRs. 

For all scenarios, errors in SSB0_d and TRP were the most precise and least biased (Table 8). 

Given the SSBlatest log-transformation, F, for all scenarios, consistently had the largest and most 

variable relative error. Scenario 1 had a relative mean error for all management inputs that was 

less than 10%, the lowest of all scenarios. There was no bias in TRP or SSB0_d. Errors in 

SSBlatest, SSB0_d, and the TRP were consistent across HCRs, while errors in F were the most 

variable with the EM estimating a 2-6% lower terminal F than the OM on average depending on 

the HCR (Table 8). SSBlatest was overestimated by 1% on the log-scale. By contrast, scenario 3 

underestimated SSBlatest by 1% and overestimated F by 9-13% (Table 8). There was no bias in 

SSB0_d, but the TRP was underestimated by 6%. Like scenario 1, scenario 4 overestimated 

SSBlatest, which was 4% higher than the OM. Under scenario 4, the EM underestimated F by 12-

19%. Both SSB0_d and the TRP were overestimated, by 1 and 5% respectively. Scenario 6 had 

the largest relative errors, with F being underestimated by 22-31% depending on the HCR. 

SSBlatest and the TRP were overestimated by 5%, while SSB0_d was underestimated by 2% 

(Table 8). 

Assessment error varied by scenario, but in some cases also by HCR. Clearly there were 

feedbacks between the HCRs, status of the stock, data quality, and the assessment error of 

various quantities important to management. Therefore, the WG considered it necessary to 

integrate the full stock assessment into the MSE to account for this pattern and ensure candidate 

HCRs would be robust to assessment error. 

4.2.3 Management Module 

The management module consists of the HCR, which defines the management action to be taken 

given current SSB (SSBlatest) estimates from the EM, relative to the SSBthreshold and LRP 

reference points. Reference points are also estimated by the EM. The management module 

algorithm follows the following steps: 

1. The TRP, based on F (1-SPR), is determined by the HCR.  

2. For scenarios 1 and 3, which estimate historical Fs lower than the TRP, a Fhistorical is 

sampled at random from the time series of historical Fs. 

3. The Stock Synthesis benchmark calculations are used to find the exploitation rate (H, 

total catch per year /biomass at the beginning of the year) that would produce Ftarget and 

Fhistorical (i.e., Htarget and Hhistorical). 

4. Assess if SSBlatest is above SSBthreshold with a probability of 0.50 by comparing SSB 

current to the mean estimate of SSBthreshold. Both are input from the EM. 

5. If SSB is greater than SSBthreshold, F is set to Fhistorical (scenarios 1 and 3) or Ftarget 

(scenarios 4 and 6), and H to Hhistorical (scenarios 1 and 3) or Htarget (scenarios 4 and 6). 

6. If SSB is less than SSBthreshold but higher than the LRP with a probability of >0.8 (for 

20%SSB0_d) or >0.9 (14%SSB0_d, 7.7%SSB0_d), where probabilities are calculated 

with the projection software (Section 4.2.4), the F and H are reduced relative to Ftarget and 

Htarget according to equations in Table 2.  

7. If SSB is less than the LRP, the Fmin and Hmin are calculated from the reference points 

according to Table 2. 



FINAL  

 37  
 

8. Under TAC control, the TAC is calculated from multiplying the exploitation rate H with 

the total biomass estimated from the EM. 

9. The TAC is split across fleets using the allocation (mean 1999-2015 catch ratios) agreed 

upon by managers and stakeholders during the 3rd MSE workshop. The fleet specific 

TAC is kept constant for three years until the next simulated assessment. 

10. Under TAE control, the exploitation rate H is split among the fleets using the pre-agreed 

upon allocation (mean 1999-2015 catch ratios). Catch is derived from multiplying the 

exploitation rate H with the total biomass estimated from the OM. The fleet specific TAE 

is kept constant for three years until the next simulated assessment.  

11. Under mixed control, the fleet-specific TAC of longline fleets is kept constant for three 

years, while for the surface fleets, the H remains constant between assessment periods. 

Therefore, unlike for the longline fleets, the catch of the surface fleets varies between 

years depending on the biomass from the OM. 

 

To exemplify how the MSE management module works, we contrast two runs for HCR7 under 

mixed control in Fig. 9 and Fig. 10. HCR7 is characterized by a TRP of F40, a SSBthreshold of 

20%SSB0_d and a LRP of 7.7%SSB0_d. The two runs share the same iteration (#60), so they 

experience the same recruitment variability (Fig. 11). However, they are taken from two different 

potential óstates of natureô. Fig. 9 shows trends in indicators of interest for the 30-year MSE 

simulation under scenario 1 (base case), while Fig. 10 shows the same under scenario 4, a less 

productive albacore population. Trends in both the ótrueô SSB from the OM and the óestimatedô 

SSB from the EM (i.e., what a manager would see as estimated by the simulated assessment) are 

shown. As explained above (Section 4.2.2), the óestimatedô SSB from the EM may be quite 

different from the ótrueô SSB due to assessment error, especially when the assumed productivity 

parameters in the assessment are incorrect (Fig. 9 & 10). The exploitation rate and fishing 

intensity shown are also from the EM. The fishing intensity and ratio of SSB to dynamic 

unfished SSB from each run are plotted over the HCR to exemplify any required change in 

management (Fig. 9 and 10).  

 

Under scenario 1, when SSB is above SSBthreshold, during every assessment time step, F is 

sampled at random from historical fishing intensities and translated into an exploitation rate 

since average Fhistorical is 0.51, lower than the 0.60 fishing intensity set by the F40 TRP. During 

the simulation, fishing intensity remains below the F40 target and SSB remains above the 

reference points (Fig. 9) despite the large drop in recruitment (Fig. 11). Thus, no management 

change from the F associated with the TRP was required (i.e., all dots on the bottom right panel 

of Fig. 9 are above SSBthreshold). Stock assessment error was small for scenario 1 and thus trends 

in estimated SSB closely match those from the OM (Fig. 9, top panels).  

 

Under scenario 4, the population is less productive and starts off at a lower biomass (compare 

top-left panel in Fig. 9 and Fig. 10). However, the SSB is overestimated by the EM because of 

assessment error, and managers assume that the population is in a better condition than the ótrueô 

population from the OM (Fig. 10). Also, under scenario 4, Fhistorical averages at 0.63, which is 

higher than the 0.60 fishing intensity associated with the F40 TRP, so when SSB is greater than 

SSBthreshold, F is set at Ftarget, rather than Fhistorical and fishing intensity fluctuates around F40 (Fig. 

10) rather than Fhistorical as under scenario 1 (Fig. 9). During the simulation, following the decline 

in recruitment, SSB from the EM is estimated to fall below SSBthreshold (Fig.10). Therefore, a 
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management change from the F associated with the TRP is triggered as determined by the HCR, 

resulting in a decline in exploitation rate, catch, and fishing intensity (Fig. 10). SSB recovers 

quickly following management intervention. Also note that SSB does not decline as early as 

catches. This is because catch of the surface fleets, which target juvenile albacore, respond first 

to drops in recruitment than SSB, which only includes biomass of mature fish (age 5+).  

 

4.2.4 Calculation of probabilities of SSB being above the limit reference point 

The updated MSE framework used in this latest round of analyses integrates the NPALB 

projection software (Ijima et al. 2016) within the MSE framework to calculate the probability of 

SSB being greater than the LRP. In the first round of MSE, this probability was assessed using 

the asymptotic uncertainty estimate of terminal year SSB. However, since the projection 

software is used in NPALB assessments to provide conservation information, at the 4th NPALB 

MSE workshop managers and stakeholders recommended the use of the NPALB projection 

software (ISC 2019).  

 

The projection software projects the simulation forward in time over a 10 year period after the 

terminal year of assessment under random recruitment variability and a constant fishing 

mortality corresponding to the average fishing mortality over the three years prior to the terminal 

year of the assessment. For an assessment ending in 2015, the constant F used in the projection 

would be the average fishing mortality from 2012 to 2014. The projection uses terminal year 

biology and selectivities. The version of the projection software used in the MSE is that used in 

the 2017 NPALB stock assessment (Ijima et al. 2016). 

 

In the MSE framework, at each assessment time step, the algorithm runs the projection software 

as part of the management module immediately after the estimation model (i.e, the simulated 

assessment model) to calculate the probability of SSB being greater than the LRP. The projection 

software first generates 500 potential initial populations by multiplying the estimated proportions 

at age and sex from the EM with a range of 500 potential total biomass sampled from the 

estimated distribution of total biomass from the EM. This accounts for uncertainty in initial 

population size in the projection. Each of these 500 initial populations are subsequently projected 

forward in time 1000 different times under different random recruitment deviations. Thus, the 

projection also takes into consideration uncertainty in future recruitment. A total of 500x1000 = 

500,000 projections are therefore run at each assessment time step within the MSE framework.  

 

The projection software was updated for the 2020 NPALB assessment and is expected to evolve 

over time. Therefore, it was of interest to assess if the results of the MSE are robust to the 

changes in projection software as well as projection method (asymptotic uncertainty estimate vs. 

projection software). To do so, we took an example HCR and scenario combination and, for a 

total of 550 events (55 iterations and 10 assessment times in each simulation), the probability of 

SSB being greater than the LRP was calculated using: 1) the asymptotic uncertainty estimate of 

terminal year SSB from the EM as in the first round of MSE, 2) the projection software used 

with the 2017 assessment as is currently done in the MSE, and 3) the projection software used 

with the 2020 assessment. For the latter method, the 2020 version of the projection software had 

to be modified to read in SS3.24 input files rather than the SS3.30 files it was developed for. The 

2020 projection software version, unlike the 2017 version, calculates uncertainty in initial 



FINAL  

 39  
 

numbers at age not from the uncertainty in the terminal year total biomass estimate, but using a 

multivariate normal distribution consistent with the estimated terminal year N-at-age and its 

variance-covariance matrix (Ijima et al. 2020). Therefore, for each of these 550 EM had to be re-

run with a new SS control file that specified that variance estimates for numbers at age needed to 

be generated.  

 

Output showed that the MSE results were relatively robust to using either version of the 

projection software or the asymptotic uncertainty estimates from the EM. The 2017 and 2020 

projection software detected a similar number of events when SSB was lower than the LRP with 

a 10% probability, 32 and 36, respectively. All the 17 events when SSB was less than the LRP 

with 10% probability detected by the asymptotic uncertainty method were also detected by the 

projection methods. The projection methods likely detected additional events when the LRP was 

breached compared to asymptotic uncertainty method because the projection software considers 

uncertainty in both initial abundance and recruitment. The asymptotic uncertainty method only 

considers uncertainty in terminal SSB. It is also important to stress that output from the 

projection and asymptotic uncertainty method assess different metrics, and would therefore be 

expected to differ somewhat. The first assesses future stock status (i.e., probability of future SSB 

being above the LRP) given current fishing intensity, while the latter assesses current stock 

status (i.e., probability of current SSB being above the LRP).  

4.2.5 Implementation Error 

Before the catch determined by the HCR is introduced into the OM, each fishery-specific catch is 

modified by a bidirectional implementation error. The catch set by the HCR is multiplied by a 

random implementation error ranging from 5% to 20% and set to 1.05 + N(0, ů =0.05). 

The implementation error accounts for errors in reporting, problems with compliance, errors in 

management (e.g., deviation of actual management regulation from HCR recommendation), or 

unforeseen changes in fisher behavior. Errors and uncertainties in translating the model-based 

effort metric to real-world effort metrics (Section 4.2.6), such as number of fishing days, would 

also be accounted for in the implementation error.  

4.2.6 Relationship between real-world effort measures and simulated effort for the 

surface fleets 

TAE in the MSE simulation was modeled as the exploitation rate (H) for the overall NPALB 

fleet derived from the SPR-based fishing intensity (F) specified by each HCR. Under mixed 

control, TAE for the surface fleets (EPO troll and pole-and-line and Japanese pole-and-line) was 

derived from this overall TAE using the agreed-upon allocation based on average historical 

(1999-2015) catch ratios. In the real-world TAE would be enforced by regulating the number of 

vessels or number of fishing days specific to each country and gear-type. Realism of the 

effectiveness of the simulated effort control relies on an ability to scale a specified decline in 

TAE to a decline in effort in terms, for instance, of fishing days. To aid managers and 

stakeholders in interpreting results of the mixed control simulations, we derive a statistical 

relationship between annual exploitation rate over the OM conditioning period (1993-2015) and 

annual effort in number of fishing days for the surface fleets. This analysis serves a dual purpose. 

It is used to: 1) determine the error associated with translating TAE to an actual effort measure 

that would be regulated to assess if the implementation error in the MSE is adequate to account 
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for this uncertainty, and 2) showcase a potential method for translating the model-based TAE to 

real-world effort. We note, however, that this methodology could be refined further outside the 

MSE process in collaboration with managers.  

 

According to the Cobb-Douglas equation, C=aEbBc where C is catch, E is effort, and B is 

biomass. If we assume that b and c are equal to 1 and set the exploitation rate H=C/B, H=aE or 

E=1/aH. This relationship can be linearized to logE=log1/a+logH. For the EPO fleet, a linear 

model of annually averaged log-transformed effort with log-transformed H from 1993-2015 was 

developed. As in the MSE management module, H was calculated as the overall H (total catch 

per year/total biomass at the beginning of the year) multiplied by the EPO catch ratio. As this 

was an historical analysis, instead of using the agreed-upon allocation as the catch ratio, the year-

specific observed catch ratio was used. Changes in H were able to account for some of the 

variability in effort, and the model had an R2 of 0.52. However, model residuals were not 

homogenous and decreased with fitted values (Fig. 12). Therefore, a second generalized linear 

model was developed (Fig. 13) that allowed for a decrease in residual spread with log-

transformed H by setting var(ʁi)=ˋ2e2ɻ logHi where i is year. Spread of standardized residuals was 

less heterogeneous and AIC decreased from 39.7 to 9.8. Error around the fit averaged 12% of 

fitted values and ranged from 10 to 29%. The 29% error was associated with the lowest fitted 

value. In Figure 14, we exemplify how this method could be used to relate the exploitation rate 

from the estimation model to a measure of real-world effort data for the EPO fleet using the 

same HCR.  

 

The same model was fit to the JPPL annual effort and H over 1993-2015. However, for the JPPL 

fleet, which switches targets between skipjack and albacore tuna, overall effort was scaled by the 

proportion of albacore in the catch (ratio of albacore to skipjack and albacore catches) prior to 

analysis to generate a measure of óalbacoreô only effort. The JPPL model had an R2 of 0.76 and 

showed no pattern in residuals against the fitted values (Fig. 15 and Fig. 16). Standard errors 

around the fitted value ranged from 5 to 13% with a mean of 7%. 

This analysis demonstrates that effort scales with exploitation rate for the surface fleets and 

suggests that an implementation error between 5 and 20% is a reasonable approximation. 

Implementation error for the EPO fleet might be higher (~30%) at very low TAE values (< 

0.015, Fig. 13), but those were rarely simulated, accounting for only 5% of all the simulated H 

for the EPO. It also should be noted that while error for the JPPL fleet was relatively small, the 

actual precision of TAE control for the JPPL fleet would depend on the variability of target 

switching and the ability of managers to determine the proportion of albacore in the catch.  

 

5 Results 

Results were voluminous, and some synopsis was required to convey the important findings 

clearly. Results for each performance metric were summarized across the 70 iterations and the 

four reference scenarios under mixed and TAC control. Results for the low productivity scenario, 

OM6, are also highlighted here to further underscore differences in performance among HCRs. 

However, results for all performance metrics by scenario can be found in the Appendix Tables. 

Tommasi and Teo (2020) assessed the relationship between the fishing mortality for each fleet 

and effort as the number of hooks (longline fleets) or number of fishing days (surface fleet). The 
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analysis found no strong correlation between NPALB fishing mortality and effort for most of the 

longline fleets. Thus, MSE runs where all fleets are under TAE control would show overly 

optimistic results as the MSE assumes that fishing mortality can be effectively managed by 

changes in effort. This assumption does not appear realistic for most of the longline fleets, likely 

as albacore is not their main target species. In light of these results, results for TAE control are 

not highlighted here, but can be found in the Appendix Tables (Table A7). Note that the EM did 

not converge for some iterations, and the simulation could not be completed for those iterations 

(Table 9). In those cases, to ensure HCRs were compared across the same recruitment patterns, 

performance was assessed over the same set of converged iterations. 

The changes to the MSE framework recommended by the 4th ISC NPALB MSE workshop and 

carried out for this last round of simulations to simulate a more realistic fishery, namely ensuring 

that fishing intensity is not set over historical levels achieved by the NPALB fisheries and TAE 

control for the surface fleets, resulted in reduced contrast between HCRs as compared to results 

from the first round of MSE. This is because, for all HCRs irrespective of their TRP, fishing 

intensity was set equal to Fhistorical for scenarios 1 and 3 when SSB was greater than SSBthreshold, 

which was the most common state for all runs. Also, mixed control maintains a higher biomass 

than TAC control as catch of the surface fleets responds quickly to changes in available biomass 

and is not impacted by assessment errors in biomass and this further reduces the need for 

management intervention.  

It should also be noted that in the MSE the fleets are assumed to fish, with some implementation 

error, to the TAC or the level of effort set by the HCR. However, other unmodelled factors 

affecting fleet dynamics, such as market forces or availability of albacore relative to other target 

tuna species like bigeye, may play a bigger role in determining actual catches than the HCRs. 

However, since the fleets have never been under TAC or mixed control, there is lack of data on 

fleet behavior under such control types. Differences in performance between TAC and mixed 

control, in particular with respect to catches, should be considered ñpotentialò differences 

conditional on the assumptions made in the MSE about fleet responses to TAC or mixed control. 

Due to limited knowledge on some aspects of albacore ecology, like migration patterns or fleet 

behavior, some discrepancies between the ñrealò world and the MSE simulation are expected. 

However, the range of scenarios and process errors tested here provide valuable insights about 

the relative performance of the different HCRs with respect to the management objectives of 

interest under a range of key uncertainties for the NPALB stock. 

Al l the performance metrics are based on output of the OM. While the EM is used in the 

simulation to inform management action, performance is based on the effects of such 

management on the ñtrueò population and fisheries simulated in the OM. Results for each 

performance metric separately are highlighted first. Then, tradeoffs across performance metrics 

and HCRs are illustrated. 

5.1 Management Objective 1 

Performance of the different HCRs with respect to management objective 1, maintain spawning 

biomass above the limit reference point (Table ES1), was measured using four performance 

metrics. All these metrics are based on the ratio of SSB for each projected year over a LRP and 

compute the probability that SSB in any given year of the MSE forward simulation is above the 

specified LRP. The LRP used in the comparison differs with each performance metric. PM1a, 
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the odds of SSB > LRP, uses the LRP specific to the HCR under consideration and thus its LRP 

varies by HCR according to Table ES2. PM1a is a measure of the probability of drastic 

management intervention. By contrast, all other metrics use a LRP that remains consistent across 

HCRs notwithstanding the actual LRP associated with each specific rule. PM1b is defined as the 

probability that SSB in any given year of the MSE forward simulation is above the LRP adopted 

by the WCPFC, 20%SSB0_d.  PM1c compares SSB to IATTCôs LRP used for tropical tunas, 

7.7% of equilibrium unfished SSB (7.7%SSB0), while PM1d uses 7.7% of dynamic SSB0 

(7.7%SSB0_d).  For PM1a, changes in performance between HCRs are dependent on both the 

value of SSB as well as the LRP, but for the other measures variability across HCRs is largely 

dependent on changes in SSB. We first provide an overview of changes in SSB across HCRs and 

management control types and then compare changes in the performance metrics themselves.  

When looking at the individual trajectories in SSB across the 30-year simulation (i.e., individual 

lines in Fig. 17), we see a lot of variability in SSB over time between trajectories due to 

recruitment variability, and between different reference scenarios due to different assumptions 

about the productivity of the population and associated initial conditions. Under mixed control, 

only a few lines, largely associated with the low productivity scenario, fall below the 

20%SSB0_d LRP (Fig. 17). HCRs with the higher TRP fishing intensity of F40 (HCR6 to HCR8 

and HCR14 to HCR16) have relatively more lines below this threshold (Fig. 17). Indeed, the 

proportion of years with SSB below the 20%SSB0_d LRP was higher for the F40 HCRs (Fig. 

18). For TAC control, there was also a pattern of a higher proportion of years with SSB below 

the 20% SSB0_d LRP for F40 TRPs (Fig. 19), and a higher number of runs below the 

20%SSB0_d LRP than mixed control (Fig. 18 and 19). For both control types, HCRs with F40 

TRPs (HCR6 to HCR8 and HCR14 to HCR16) resulted in lower and more variable SSB than 

HCRs with F50 TRPs (Fig. 21). A TRP of F40 aims to produce, on average and over the long 

term, SSB levels that are 40% of unfished SSB (SSB0), while F50 is associated with a long term 

average of 50% SSB0. Indeed, trends in the mean and 5th and 95th quantiles of SSB over time 

across all the runs and scenarios demonstrate that F50 rules built SSB to a higher level than F40 

rules and had lower variability (Fig. 22 and 23). This was associated with higher odds of SSB > 

20%SSB0_d and 7.7%SSB0 LRPs (Fig. 24). This pattern was consistent across control types, but 

TAC control built SSB to a target level more slowly than mixed control (Fig.22 and 23) and had 

overall lower PM1b and PM1c performance metrics (Fig. 24).  

The MSE simulation started in 2016 following the 2015 initial conditions defined by the end of 

the conditioning period. When averaged across all reference scenarios, SSB at the start of the 

simulation was 36% of SSB0. Given these initial conditions, on average, all HCRs were able to 

maintain a high enough biomass so that, even with high recruitment variability, all HCRs showed 

at least highly likely (probability >0.80) odds of SSB > 20%SSB0_d, 7.7%SSB0, 7.7%SSB0_d, 

or their specified LRP in any given year of the simulation (Fig. 24 to 25). It was particularly rare 

for SSB to breach the 7.7%SSB0_d LRP and differences in performance between HCRs were 

less pronounced for PM1d (Fig. 25).  

Differences in performance of PM1a, odds of SSB > LRP specified in each HCR, were largely 

due to differences in the TRP, but were also influenced by the LRP. For the same LRP, PM1a 

was lower for F40 rules (Fig. 25). While for the same TRP, HCRs with the highest LRP had 

relatively poorer performance for PM1a (Fig. 25). Nevertheless, odds of SSB being greater than 

the LRP were almost certain (>0.9) for all HCRs and control types (Fig. 25). Examination of the 

proportion of years below the LRP specific to each HCR (Fig. 26 and 27) also demonstrates that 
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HCRs were largely effective at maintaining biomass above their respective LRP. For both 

control types, HCR1 and HCR9, which had the highest LRP (20%SSB0_d), also had the highest 

proportion of years below the LRP, followed by HCR6 and HCR14, which had the highest LRP, 

14%SSB0_d, of the F40 rules.  

Results for the low productivity scenario (OM6), which starts at a lower initial biomass and 

simulates a less productive population, can be used to further contrast the effectiveness of 

different HCRs in meeting Management Objective 1. All HCRs were able to increase biomass 

from the low initial conditions. However, the biomass increase was to a lower level under F40 

rules given the higher fishing intensity of this TRP, and the biomass increase was slower for 

TAC control (Fig. 28 and 29). Also note that, the ótrueô SSB (i.e., from the OM) builds to a lower 

level than across the set of reference scenarios because the EM in the low productivity scenario 

has larger assessment errors and tends to overestimate the SSB (compare Fig. 28 and Fig. 22). 

This in turn leads to higher TACs and TAEs being set than should be the case and increases the 

odds of SSB being below LRPs across all HCRs. Under the low productivity scenario, HCRs 

with F40 TRPs have poorer performances for PM1b (i.e., odds of SSB > 20%SSB0_d LRP are 

lower) and PM1c (i.e., odds of SSB > 7.7%SSB0 LRP are lower) compared with the HCRs with 

F50 TRPs (Fig. 30). Nevertheless, under mixed control, HCRs were able to maintain high odds 

(>0.8) of SSB > LRP even under the low productivity scenario (Fig. 31). Under the low 

productivity scenario and TAC control, the best performing HCRs for PM1a were those with a 

F50 TRP and the lowest LRP (i.e., HCR4, HCR5, HCR12, and HCR13). 

5.2 Management Objective 2 

Management objective 2, maintain total biomass, with reasonable variability, around the 

historical average depletion of total biomass, was measured by PM2, the odds of depletion in 

any given year of the MSE forward simulation being above minimum historical (2006-2015) 

depletion (Table ES1). Depletion is defined as the total biomass as a fraction of unfished total 

biomass. Therefore, a higher depletion implies a higher relative total biomass. The level of 

minimum historical depletion varied by OM. It was 0.59 for OM1, 0.63 for OM3, 0.55 for OM4, 

and 0.40 for OM6. 

As with variability in SSB, the largest differences in total depletion were due to variation in the 

TRP.  HCRs with the highest target fishing intensity, TRP F40, show lower depletion relative to 

the minimum historical (Fig. 32). This pattern was consistent for both mixed and TAC control, 

but as with SSB, depletion was on average lower under TAC control (Fig. 32). All HCRs 

reached a median depletion level higher than minimum historical under both control types (Fig. 

32). The odds of depletion being above the historical minimum (i.e., PM2) were better than even 

(odds >60%) under TAC control, and likely (odds >70%) under mixed control (Fig. 33). The 

pattern of HCRs with the F50 TRP being associated with a higher PM2, was also evident in the 

results for the low productivity scenario (Table 10 and Table 11).  

5.3 Management Objective 3 

This MSE was not designed to test different allocation schemes for the fleets involved. Instead, it 

was decided at the Vancouver MSE Workshop (ISC 2017) to maintain the fleet allocation for the 

entire simulation at a constant level set at the average historical allocation for 1999-2015. 
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Differences in management objective 3, maintain harvest ratio by fishery (Table ES1), across 

harvest strategies and HCRs were therefore minimal because the same average allocation is 

maintained throughout the 30-year simulation. Rather, the value of Performance Metric 3 (PM3), 

measured as the average harvest ratio over the 30 years simulation over the mean historical 

(2006-2015) harvest ratio, was a reflection of the difference in harvest ratio from the 1999-2015 

value used to set the allocation in the simulation versus the 2006-2015 level used in defining 

PM3 (Fig. 34). For fleets whose average harvest ratios were higher in 2006-2015 compared to 

1999-2015, like the EPO surface fleet, the PM3 was smaller (Figure 34, Table 12). In contrast, 

the fleets that saw a decrease in their share of total catches, like the US longline fleet, the PM3 

was larger (Table 12). Also note that under mixed control, the catch of the TAE controlled fleets 

(i.e., surface fleets) are dependent on the ótrueô biomass but the catch of the TAC controlled 

fleets (i.e., longline) are dependent on the óestimatedô biomass from the EM (i.e., assessment 

model). Therefore, under mixed control, when the EM overestimates the óestimatedô biomass for 

scenarios 1, 4, and 6, the harvest ratios of surface fleets are lower than that of longline fleets. 

This results in the PM3 being lower for surface fleets under mixed control relative to TAC 

control, whereas the reverse is true for longline fleets.  (Table 12).  

5.4 Management Objective 4 

Management objective 4 was to maintain catches above average historical catch (Table ES1). 

Three performance metrics were developed to assess management objective 4. Performance 

Metric 4a (PM4a), was defined as the odds that catch in any given year of the MSE forward 

simulation was above average historical (1981-2010) catch. Average historical catch for 1981-

2010 was 72,050 mt, which includes the period of low catch in the late 1980ôs-early 1990ôs (Fig. 

35). Average catch over the conditioning period of 1993-2015 was actually higher at 83,067 mt. 

PM4b was the odds that medium term catch (catch averaged over years 7-13 of each simulation 

run) was over average historical catch, while PM4c was the odds that long term catch (catch 

averaged over the last 10 years of each simulation run) was higher than average historical 

catch. 

Unlike SSB or depletion, median catch was highest for HCRs with TRPs of F40 under both TAC 

and mixed control (Fig. 36). In the MSE simulation, initial catches were set at 95,000 mt, which 

is greater than the historical average, and catches decreased initially as the simulation started for 

both control types but built up over the course of the simulation (Fig. 37 and 38). Therefore, for 

both control types, catch was highest over the long term (Fig. 37 and 38) and long term catch 

(i.e., PM4c) had the highest odds of being above the historical average. Catch was higher, but 

more variable under TAC control (Fig. 36). 

While median catch of F40 rules was higher on average than F50 rules, the catch of F40 HCRs 

was more variable than F50 rules with the same SSBthreshold and LRP (e.g., compare HCR4 vs. 

HCR6, HCR5 vs HCR7, HCR12 vs. HCR14, HCR13 vs. HCR15) (Fig. 36). Overall, catch 

variability was highest for F50 rules with the highest SSBthreshold (HCR 1 to HCR3, and HCR9 to 

HCR11) and for F40 rules (Fig. 36). Indeed, individual trajectories of catch over time show a 

larger number of steep drops in catch for HCR1 to HCR3 and HCR9 to HCR11 and F40 HCRs 

(HCR6 to HCR8 and HCR14 to HCR16) (Fig. 39 and 40). Amongst these HCRs, catch with a 

higher TACmin had lower catch variability (e.g., compare HCR6 vs. HCR14, Fig. 39 and 40). 

Thus, unlike for biomass based metrics, TACmin had an impact on catch variability, with a higher 
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TACmin resulting in a lower catch variability as the change in TRP, and hence catch, required by 

a drop in biomass was more gradual than for the same rules with a lower TACmin (Fig. 1). For 

F50 rules, SSBthreshold also had an impact on catch variability, with a higher SSBthreshold being 

associated with higher catch variability (e.g., compare HCR3 vs. HCR5, Fig. 39 and 40) because 

of more frequent management intervention.  

The performance of a candidate HCR with respect to the catch performance metrics (PM4a to 

PM4c) was dependent on both median catch and catch variability. A higher median catch leads 

to a higher probability of catch being above historical, but higher variability in catch can 

decrease the odds of catch being above historical. Under mixed control, odds of SSB falling 

below the SSBthreshold or LRP were low across reference scenarios (Table ES4) and hence, the 

probability of management action was low. The largest differences in catch performance metrics 

(PM4a to PM4c) were due to differences in median catch, which were largely due to differences 

in the TRP. Therefore, under mixed control, HCRs with the lower TRP of F50 had lower catch 

metrics compared to the HCRs with F40 as the TRP (PM4c) (Fig. 41).  

Under TAC control, however, differences in PM4a and PM4b across were comparable across 

HCRs and reference scenarios (Fig. 41). The higher variability in catch of the F40 rules offset 

their higher average catch and led to relatively comparable odds of catch being above historical 

in any given year of the simulation (PM4a) (Fig. 41) or over the medium term (PM4b) (Fig. 41). 

Initial catch was reduced more gradually under F40 rules and given recruitment variability, more 

drastic reductions in catch were required over the medium term to bring SSB above reference 

points (Fig. 38). Thus, for TAC control, improved performance of F40 rules over F50 rules for 

catch metrics was only evident when looking at long term catch (Fig. 41). 

Similarly, under the low productivity scenario and TAC control, there was no evidence of 

improved PM4a and PM4b performance for HCRs with a F40 TRP. For TAC rules, median 

catch was higher with a TRP of F40 relative to F50 (Fig. 42). However, this was not enough to 

offset the increase in catch variability, leading to F50 HCRs having better performance for PM4b 

than F40 HCRs (Fig. 43). Changes in median catch over time for the low productivity scenario 

show that catches under F50 HCRs were gradually reduced over time to meet the TRP (Fig. 44). 

In contrast, median catches for F40 rules initially increased only before starting to decline later 

into the simulation, and the rate of reduction was much steeper than for F50 rules (Fig. 44). 

Thus, under the low productivity scenario, the odds of catch being higher than average historical 

over the medium term were actually higher for F50 rules (Fig. 42). Nevertheless, the odds of 

long term catch being above the average historical catch (PM4c) remained higher for F40 rules 

(Fig. 43). Thus, for TAC rules, catches were higher on average, but this came at the cost of 

higher catch variability, and a steeper reduction in catch over the medium term. Under mixed 

control, biomass rebuilt faster (Fig. 28 and 29) as catches of the surface fleets varied in between 

assessments, responding to changes in available biomass and were not subject to assessment 

errors. Thus, even for F40 rules, no drastic management action was required midway through the 

simulation (Fig. 45), leading to the odds of catch in any year of the simulation (PM4a), over the 

medium term (PM4b), and over the long term (PM4c) being higher than average historical 

catches (Table 11).  
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5.5 Management Objective 5 

Management objective 5, change in total allowable catch between years should be relatively 

gradual was assessed using performance metric 5a (PM5a), catch stability. To compute PM5a, 

the percentage change in TAC between consecutive assessment periods (once every 3 years), 

excluding years where TAC=0 was first assessed. PM5a was then calculated as the probability of 

a decrease in TAC being <30% between consecutive assessment periods (once every 3 years), 

excluding years where TAC=0. Note that for mixed control, the catch was used rather than the 

TAC. Here, we focus the results on the decreases in TAC (or catch) between years as a drop in 

TAC is more concerning to stakeholders.  

PM5a levels depend on both the frequency of management intervention as well as the degree of 

change in fishing intensity from the TRP, and hence TAC or catch, required when SSB falls 

below SSB reference points. Importantly, we also measured the frequency of management 

intervention with PM5b, the odds of no management change, which was calculated as the 

probability of biomass falling below the SSBthreshold. For this performance indicator, management 

change reflects a reduction in fishing intensity triggered by the HCR relative to the fishing 

intensity associated with the TRP. Odds of no management change were higher for mixed 

control rules. However, for both control types, performance of PM5b was lowest for those HCRs 

with the highest SSBthreshold (30%), HCR1 to HCR3 and HCR9 to HCR11. The highest PM5b 

performance differed for different TRPs, with HCR4, HCR5, HCR12, and HCR13 performing 

best for F50 rules, while HCR8 and HCR16 performed best for F40 rules (Fig. 46). Although 

some F40 rules (HCR6, HCR7, HCR14 and HCR15) had the same SSBthreshold and LRP as the 

best performing F50 HCRS, their PM5b performance was only intermediate because their lower 

TRP led to lower average biomass and increased odds of falling below the SSBthreshold (Fig. 46).  

Under TAC control, the F50 HCRs with the best performing PM5b (HCR4, HCR5, HCR12, and 

HCR13) also had the lowest median decrease in TAC (Fig. 47) and higher TAC stability (Fig. 

48). However, the relative performance in catch and TAC stability of the other HCRs was 

reversed as compared to PM5b performance, with all F40 HCRs performing poorer in terms of 

catch stability than F50 HCRs (Fig. 48). F40 rules had the highest median decrease in TAC 

between assessments (Fig. 47) and the most variable decreases in TAC (see interquartile range in 

Fig. 47). Thus, while management was more frequent under rules with a SSB threshold of 30%, 

the TRP level had a stronger effect on determining catch stability. Under a F50 TRP, the change 

in TAC was more gradual, resulting in higher catch stability. The same pattern of lower 

performance in terms of catch stability for F40 rules was apparent for the low productivity 

scenario (Table 11). 

Under mixed control, biomass was maintained at a higher level and PM5b performance was 

better than for TAC control (Fig. 46). Median decrease in catch between assessments was 

comparable across HCRs and TRPs (Fig. 46), albeit HCR4, HCR5, HCR12, and HCR13 showed 

the lowest variability in decreases in catch (see interquartile range in Fig. 46). All HCRs showed 

almost certain (>90%) odds of a decrease in catch between assessment periods being less than 

30% (Fig. 47), even under the low productivity scenario (Table 10 and 11). Differences among 

HCRs start to become more evident when considering the odds of a decrease in catch being less 

than 20%, with HCR4, HCR5, HCR12, and HCR13 performing best, which were the same best 

performing HCRs under TAC control (Fig. 49). 
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5.6 Management Objective 6 

Management objective 6 was to maintain F at the target value with reasonable variability. 

Performance Metric 6 (PM6) was used to measure the performance of HCRs with respect to this 

management objective and was calculated as the ratio of the TRP to the F in each year of the 

simulation, where the F and TRP are based on 1-SPR. SPR is the SSB per recruit that would 

result from the current yearôs pattern and intensity of fishing mortality relative to the unfished 

stock. Trends in PM6 are due to a combination of implementation and estimation (i.e. 

assessment) error. A PM6 less than 1 implies that the F was higher than the TRP (i.e. a higher 

fishing intensity than that set by the TRP). 

Across all reference scenarios and for both control types, PM6 was highest for F40 rules (Fig. 

50). For scenarios 1 and 3 most runs had SSB greater than SSBthreshold and the fishing intensity 

was therefore randomly selected from the historical fishing intensity which averaged 0.51 for 

scenario 1 and 0.44 for scenario 3. These fishing intensities were smaller than the fishing 

intensity of 0.60 associated with an F40 target, leading to a Ftarget/F greater than 1. This is 

exemplified by Fig. 51 showing individual run trajectories of F over time for scenario 1 under 

mixed control being clustered around the historical Ftarget of 0.51 for all HCRs irrespective of 

Ftarget.  

For both control types, PM6 for F40 rules was higher than for F50 rules even under the low 

productivity scenario (Table 11). While F was higher on average for F40 rules, F40 HCRs had 

more drastic management interventions, as shown for TAC control in Fig. 52 by the large drops 

in F apparent for F40 HCRs (HCR6 to HCR8 and HCR14 to HCR 16). These drastic reductions 

in F led to PM6 being higher for F40 rules, even if F was higher on average.  With mixed 

control, reductions in F were less frequent and less drastic than under TAC control, but F40 

HCRs showed more instances of reductions in F away from the average as compared to F50 rules 

(Fig. 53). 

5.7 Tradeoffs between Performance Metrics 

Under mixed control, there was no single best-performing HCR for all management objectives. 

Trade-offs were evident between performance metrics. Fig. ES2 shows performance of all HCRs 

across all reference scenarios for all metrics under mixed control. Lines closer to the outer 

margin (value of 1) indicate better performance. HCRs with a TRP of F40 performed better in 

terms of catch metrics (PM4a to PM4c) but poorer in terms of biomass metrics (PM2, PM1b, 

PM1c). Nevertheless, odds of not breaching the 20%SSB0_d or 7.7%SSB0 LRPs remained 

highly likely (>80%) even for F40 HCRs. While the odds of no management change were lowest 

(i.e. poorest PM5b performance) for F40 and F50 rules with their respective highest SSBthreshold 

(20%SSB0_d, for F40 rules; 30%SSB0_d, for F50 rules), the odds of SSB > LRP (PM1a) or 

catch stability (PM5a) were comparable among HCRs.  

The same tradeoffs between catch and biomass metrics were evident for the low productivity 

scenario under mixed control (Fig. ES3). However, differences in performance between HCRs 

with regards to the odds of SSB > LRP became more distinct. HCR1 and HCR9, the only ones 

with a 20%SSB0_d LRP, and HCR6 and HCR14, the only F40 HCRs with a 14% SSB0_d LRP, 

showed lower odds of SSB > LRPs and therefore resulted in more occurrences of drastic 

management interventions (i.e. poorer performance in PM1a) (Fig. ES3). The increase in 
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management intervention, however, was not associated with improvement in biomass metrics 

relative to other HCRs that had the same TRP (Fig. ES3). 

By contrast, under TAC control, the tradeoff between lower TRP (F50), higher biomass and 

lower catch metrics was not as evident. F50 HCRs performed better in terms of the odds of SSB 

> 20%SSB0_d and had a comparable performance to the F40 HCRs for two out of the three 

catch metrics (Fig.ES). F50 HCRs also had higher catch stability. Under TAC control, the higher 

catch variability of F40 rules led to the odds in annual catch (PM4a) or medium term catch 

(PM4b) being comparable to F50 rules despite the higher fishing intensity. Among F50 rules, 

HCR1 and HCR9 had lower odds of SSB > LRP (poorer PM1a), lower odds of no management 

change (poorer PM5b), and also lower catch stability (poorer PM5a). HCR2, HCR3, HCR10, and 

HCR11 showed lower odds of no management change (poorer PM5b) and lower catch stability 

(poorer PM5a) than other F50 HCRs. F50 HCRs with a 20%SSB0_d threshold (HCR4, HCR5, 

HCR12, and HCR13) performed best among the F50 HCRs under TAC control by having 

comparable biomass metrics (PM1a-d, PM2), higher catch stability (better PM5a), and higher 

catch (better PM4a-c). The same HCRs were also the best performing F50 HCRs in the low 

productivity scenario (Fig. ES3). Due to their higher catch stability, they also performed as well 

as F40 HCRs in terms of the odds of catch in any year of the simulation (PM4a) and medium-

term catch (PM4b) being above historical, despite better performance in terms of biomass 

metrics (PM1a-d, PM2) (Fig. ES2, Table 11). 

5.8 Unknown fleet robustness scenario 

Results from this robustness scenario demonstrate that given current biomass estimates and 

fishing intensities as estimated by the base case reference scenario, the NPALB stock is quite 

resilient to a gradual increase in catches up to 50,000 mt over a period of 20 years from an 

unknown fleet that is not subject to management. Under mixed control, catches of the unknown 

fleet increase until 2035 when the 50,000 mt are reached (Fig. 54). By contrast, catches of the 

managed fleets remain relatively constant on average until 2035 when they start decreasing (Fig. 

55). Trends in total median fishing intensity peak in 2035, just below a fishing intensity of 0.70, 

and then start decreasing as the catches of the managed fleets start to decline (Fig. 56). The latter 

ten years of the simulation are characterized by increased management intervention as illustrated 

by the increased variability in catches during that period, particularly for the F50 HCRs, HCR9 

to HCR13 (larger quantile spread in Fig. 55). By contrast, median SSB declines earlier in the 

simulation with the unchecked increase in catches and then stabilizes around 2035 at a lower 

level than for the reference scenarios (compare Fig. 57 and Fig. 22). Note that this robustness 

scenario was run on the base case, scenario 1, and therefore, if SSB was above SSBthreshold, 

fishing intensity was sampled from the historical fishing intensity, which averaged at 0.51. 

Because of the relatively high status of the NPALB population and the assumption of no 

increases in the fleet capacity/effort of the managed fleet (i.e., F is sampled from historical), the 

increase in unknown fleet catch is not enough to bring the population below management 

thresholds, even SSBthreshold, and differences in performance between F50 and F40 rules are not 

apparent (Table ES1). Biomass and catch metrics are comparable between HCRs, and 

differences in performance in terms of catch stability and the odds of no management change can 

be ascribed to the higher SSBthreshold (30%SSB0_d) of HCR9 to HCR11 rather than differences in 

the TRP. Improved performance of F40 rules in terms of PM6, Ftarget/F is due to F being set at 

Fhistorical over most of the simulations, even for F40 rules, leading to a higher Ftarget/F ratio than 
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F50 HCRs. Both the odds of depletion being above historical and the odds of various catch 

metrics being above historical were lower than for the reference scenarios, with the largest 

change for the catch metrics (Table 13). The drop in performance relative to the catch metrics 

under the robustness scenario as compared to the reference scenarios is largely due to a drop in 

catches associated with the decline in biomass, and, in the latter years of the simulation, 

management intervention.  

The EM (i.e., simulated stock assessment), even without data from the unmanaged fleet, was 

able to correctly detect the decrease in biomass despite observation error. However, in the 

absence of increases in reported catches, it ascribed the change to a drop in recruitment, with 

mean recruitment across all runs being 1.99x105 for the OM (ñtrue recruitmentò) but 1.67x105 

for the EM (ñestimatedò recruitment from the simulated assessment). Thus, catch declined over 

time for both longline and surface fleets. Longline catches declined because their catches were 

subject to a TAC which declined as the estimated biomass from the simulated assessment. The 

catches of the surface fleets declined because their catches were a function of TAE and declining 

available ñtrueò biomass. These results appear to suggest that, assuming that there are no 

increases in fleet capacity or effort of the managed fleets (i.e., F of managed fleets does not 

increase over historical levels) and no hyperstability of the abundance indices, management via 

mixed control using any of the HCRs here considered would aid in reducing the impact of the 

increased fishing pressure on the stock. This is in contrast to an unmanaged situation where fleets 

might maintain their current catch levels (e.g., by increasing effort), despite decreasing biomass 

as they are not subject to a TAC or TAE. 

To better assess the impact of the different TRPs, some additional runs were carried for the 

robustness scenario for some HCRs (HCR9, HCR12, HCR14, HCR16) under TAC control, with 

no restrictions on the fleet capacity (i.e., F of managed fleets could increase up to the TRP) and a 

faster increase in the catches of the unknown fleet (50,000 mt in 10 years). In this simulation the 

fisheries are able to meet the F40 TRP if SSB is greater than SSBthreshold.  Having TAC control 

implies that between assessment periods, surface fleets are also assumed to meet their TAC 

notwithstanding changes in available biomass. This is different from mixed control where the 

catch of surface fleets is dependent on the available biomass (i.e., biomass from the OM). In this 

scenario, the catch of the unknown fleet increases sharply until ~2027 (Fig. 58). Median catch of 

the managed fleets decreases sharply over the same period and then stabilizes at a lower level 

(Fig. 59). Median SSB for this robustness scenario declines initially with increased unreported 

catches and then stabilizes to a lower level than for the reference scenarios (Fig. 60 vs. Fig. 23). 

Note that catches for the F50 rules (HCR9 and HCR12) start off at a lower level because of their 

lower fishing intensity and thus biomass decline more moderately (Fig. 60) and there is no 

drastic decline in catch later in the simulation (Fig. 59). HCR9 and HCR14 have the highest 

catch variability (interquartile spread in Fig. 59) as management action is required in some runs 

once biomass declines. Indeed, the odds of no management action are lowest for HCR9 and 

HCR14 (Table 14). HCR9 has the highest SSBthreshold at 30%SSB0_d and thus management 

change is triggered more often. The higher rate of management intervention for HCR9, however, 

does not lead to better performance as compared to HCR12, which has the same TRP but a lower 

SSBthreshold of 20%SSB0_d. Biomass metrics perform similarly but catch over the medium term 

and catch stability are lower for HCR9 because of increased management intervention (Table 

14). Similarly, the two F40 HCRs, HCR14 and HCR16, perform similarly to each other in terms 

of biomass and most catch metrics, despite the higher management intervention of HCR14, 

which leads to lower catch stability and lower medium term catch (Table 14). The largest 
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differences in performance are associated with the TRP. The lower fishing intensity TRP, F50, 

leads to higher odds of depletion (i.e., relative total biomass) being above historical and of SSB 

being above 20%SSB0_d, but this comes at the cost of catch metrics, where the odds of catch 

over the long term being above historical are twice as high for F40 rules. Furthermore, odds of 

SSB being above the LRP, or 20%SSB0_d, or 7.7%SSB0 are greater than 0.8 for both F50 and 

F40 HCRs. For the same SSBthreshold and LRP (compare HCR12 with HCR14), F40 rules have 

lower catch stability because the F40 TRP results in higher fishing intensity, which leads to a 

lower biomass and higher probability of breaching the reference points. Catch stability of 

HCR16 is also lower than HCR12 (both with F40 TRPs), despite low management intervention. 

These additional analyses support the results above, namely that, given the good current 

condition of the stock and maintenance of fishing intensities below F40, the population can be 

resilient to an increase in unreported catch under TAC management. This is because the 

estimation model is able to detect the decline in biomass, even without data from the unmanaged 

fleet, and the TAC of managed fleets therefore also declines. Because the catch of the 

unmanaged fleet is unreported, however, management actions cannot increase biomass back to 

historical levels and catch for the managed fleets remains lower than in the reference scenarios. 

6 Key Limitations and Meta-rules 

 

The ALBWG examined the MSE models in detail and identified the following key limitations. 

 

ǒ The uncertainty in the relationship between the measure of effort in the MSE (i.e., 

exploitation rate that generates the F specified by the HCR) and real-world effort in 

number of fishing days for the EPO surface fleet increases at smaller effort levels. 

Therefore, at very low annual exploitation rates, implementation error for the EPO fleet 

under mixed control may be greater in the real world than the implementation error 

assumed in the MSE simulation. However, impact of this underestimation of 

implementation error for the EPO on MSE results is likely low as such low values 

comprised only 5% of all the simulated exploitation rates.  

 

ǒ It is assumed that catch control is implemented equally effectively across all fisheries, 

including both NPALB targeting and non-targeting (e.g., surface fleets vs. longline). This 

may not be true in the real world but there is no prior experience or information on 

implementation error of catch control between albacore targeting and non-targeting 

fisheries. 

 

ǒ It is assumed that the fleets are able to meet, with some implementation error, the total 

allowable catch (TAC) or total allowable effort (TAE) set by the HCR. However, other 

unmodelled factors affecting fleet dynamics, such as market forces or availability of 

albacore relative to other target tuna species like bigeye, may affect the ability of the 

fleets to reach the TAC or TAE in the real world. However, since the fleets have never 

been under TAC or mixed control, there is lack of data to inform fleet behavior and its 

drivers under such control types. 
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ǒ Allocation is assumed to be constant at the average of 1999-2015 levels throughout the 

simulation. This formulation prevents an assessment of management objective 3, 

maintain harvest ratios by fishery, as the harvest ratios are kept constant by design. 

Testing of different allocation schemes would require input from managers as to what 

those allocation rules might be. 

   

ǒ NPALB is a highly migratory species whose movement rates to given areas in the North 

Pacific are highly variable. This affects availability to the fisheries operating in those 

areas. However, the simulations do not explicitly model these movement processes and 

instead only approximate the availability to various fleets. Further work could include the 

development of area specific operating models to better capture uncertainty in migration 

rates, and their relationship to availability.   

   

ǒ The simulations are conditioned on data from 1993 onwards, although available data 

dates back to 1966. Therefore, the simulations may not include the full range of 

uncertainty in the population dynamics of NPALB. Thus, the MSE results are most 

applicable to recent conditions. Nevertheless, inclusion of the lowest productivity 

scenario (Scenario 6) was an attempt to accommodate some of this uncertainty. 

 

If one of the HCRs presented here were to be adopted as part of a management procedure for 

NPALB, meta-rules may be put in place (e.g., Preece et al. 2015 for Pacific southern bluefin 

tuna) to define situations outside the range for which robustness of the HCRs was evaluated and 

for which a different management action than specified by the adopted HCR may be taken. 

  

Definition of such exceptional circumstances should consider the limitations above and could 

consider: 1) if the population dynamics are significantly different from those specified in the 

range of OMs used in evaluating the HCRs, 2) if the fleets or fishing operations have changed 

substantially, 3) if input data to the estimation model have been altered, and 4) if, once a TAC or 

TAE is place, total removals or effort differ significantly (i.e. more than what was specified by 

the implementation error) from what is recommended by the HCR. While the results presented 

here in support of the development of a harvest strategy for NPALB are considered final under 

current conditions, should the above circumstances arise, the MSE framework should be 

reviewed and revised. 
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8 Glossary 

 Depletion - can be defined as spawning biomass depletion or total biomass depletion. It 

shows what fraction of unfished biomass (spawning or total) the current biomass is. It is 

calculated as the ratio of the current to unfished biomass (spawning or total).  

 Estimation Model (EM) ï An analytical model that takes data generated with error by the 

operating model (e.g. catch, abundance index) and produces an estimate of stock status. This 

often mirrors a stock assessment model.  

 Fishing intensity ï a harvest rate based on SPR. SPR is the SSB per recruit that would 

result from the current yearôs pattern and intensity of fishing mortality relative to the 

unfished stock. A fishing intensity of F30 would result in 30% of the SSB per recruit 

relative to the unfished state. This is approximately equivalent to a harvest rate of 70%.  

 Harvest control rule (HCR) - Pre-agreed upon set of rules that specify a management 

action (e.g. setting the total allowable catch or location/timing of closures) based on a 

comparison of the status of the system to specific reference points.  

 Harvest strategy (or management strategy) - a framework for deciding which fisheries 

management actions (such as setting a TAC) will achieve stated management objectives. It 

specifies (1) what harvest control rule will be applied, (2) how stock status estimates will be 

calculated (e.g. via a stock assessment), and (3) how catch or effort will be monitored.  

 Limit reference point (LRP) ï A benchmark current stock status is compared to and that 

should not be exceeded with a high probability. It can be biomass-based (e.g. SSBLIMIT) or 

fishing intensity-based (e.g. FLIMIT).  

 Management Objectives ï High-level goals of a management plan (e.g. prevent 

overfishing or promote profitability of the fishery).  

 Management Strategy Evaluation (MSE) ï a simulation-based analysis to evaluate trade-

offs achieved by alternative harvest (or management) strategies and to asses the 

consequences of uncertainty in achieving management objectives  

 Operating Model (OM) ï Mathematical representation of plausible versions of the true 

dynamics of the system under consideration. These are conditioned on historical data. 

Generally, multiple OMs are required to represent the range of uncertainty in different 

factors. OMs can range in complexity (e.g. from single species to ecosystems models) 

depending on the management objectives and management strategies being evaluated.  

 Performance metrics - Quantitative indicators that are used to evaluate each HCR and 

serve as a quantitative representation of the management objectives.  

 Spawning potential ratio (SPR) ï the ratio of female spawning stock biomass per recruit 

under fishing to female spawning stock biomass per recruit under unfished conditions.  

 SSB ï female spawning stock biomass.  

 SSB0_d ï unfished spawning stock biomass that fluctuates with changes in recruitment. 

Also referred to as dynamic unfished spawning stock biomass.  
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 Target reference point (TRP) - A benchmark which a current stock levels is compared to. 

It represents a desired state that management intends to achieve. It can be biomass-based 

(e.g. SSBTARGET) or fishing intensity-based (e.g. FTARGET).  

 Threshold reference point ï A benchmark current stock status is compared to. Its value is 

between that of a target and limit reference point. It represents a control point below which a 

management action is undertaken to bring the stock back to a target state. 
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9 Tables 

 

Table 1. Managers and stakeholdersô recommendations following the 1st round of ISC NPALB MSE and how they were addressed. 

Note that colors in left column are categorized as presentation of results (blue), Management objective (orange), candidate harvest 

strategies, reference points and harvest control rules (green), workplan (purple) and others (yellow), respectively. Table was from (ISC 

2020). 

 
 Recommendation  Progress 

1 

The ALBWG should be more explicit in the labelling of 
performance indicators and specify if an indicator is based on 
a probability. For example, for Management Objective #2, the 
ÐÅÒÆÏÒÍÁÎÃÅ ÉÎÄÉÃÁÔÏÒ ÌÁÂÅÌÌÅÄ Ȱ2ÅÌÁÔÉÖÅ ÔÏÔÁÌ ÂÉÏÍÁÓÓȱ ×ÁÓ 
actually the probability of the depletion of total biomass being 
over the minimum historical depletion and could instead be 
ÌÁÂÅÌÌÅÄ ȰÐÒÏÂÁÂÉÌÉÔÙ ÏÆ ÔÏÔÁÌ ÂÉÏÍÁÓÓ Є ÍÉÎÉÍÕÍ ÈÉÓÔÏÒÉÃÁÌȱȢ 

Performance Indicators for Management Objectives #2 was 
ÒÅÐÌÁÃÅÄ ÔÏ Ȱ/ÄÄÓ ÄÅÐÌÅÔÉÏÎ Є ÈÉÓÔÏÒÉÃÁÌȱ ÁÎÄ ÆÏÒ Πτ ×ÁÓ 
ÒÅÐÌÁÃÅÄ ÔÏ Ȱ/ÄÄÓ ÃÁÔÃÈ Є ÈÉÓÔÏÒÉÃÁÌȱȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

2 

Performance indicators using relative total or spawning 
biomass are likely to be better understood than indicators 
using probabilities. Separate plots of the mean or median of 
the relative biomasses coupled with plots of the variability of 
those relative biomasses may be preferable to a single plot of 
probabilities. Comparison with historical levels could be done 
by including indications of the historical levels to be compared. 

5ÓÅ ÏÆ Ȭ×ÏÒÍȭ ÐÌÏÔÓ ÔÏ ÓÈÏ× ÉÎÄÉÖÉÄÕÁÌ ÓÉÍÕÌÁÔÉÏÎ ÒÕÎÓ ÆÏÒ 
various time series plots, in addition to violin plots with the 
median and 95% confidence intervals with pie charts to show 
proportions of different outcomes.  

3 

The ALBWG should provide guidance on how to interpret 
fishing intensity in terms of implications to fleet management. 
For example, it would be useful for managers to be shown the 
changes in fishing intensity relative to current fishing 
intensity. 

Additional analyses were conducted and presented by the MSE 
specialist. (See 
http://isc.fra.go.jp/pdf/ALB/ISC20_ALB_1/ISC20 -
ALBWG01-05.pdf ). 
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4 
Managers and stakeholders should prioritize, rank, or weight 
the management objectives to assist decision making and help 
resolve trade-offs in management objectives. 

It was recommended that this be discussed during the MSE WS 
in early 2021 for managers and stakeholders. 

5 
Management Objective #6 was considered of relatively low 
priority by managers and stakeholders in evaluating candidate 
reference points and harvest control rules. 

Results relevant to management objective 6 are still be 
presented in this round of MSE report. 

6 

The ALBWG should try to obtain the necessary expertise to 
ÅÖÁÌÕÁÔÅ ÔÈÅ -ÁÎÁÇÅÍÅÎÔ /ÂÊÅÃÔÉÖÅ ÏÆ Ȱ-ÁØÉÍÉÚÉÎÇ ÔÈÅ 
ÅÃÏÎÏÍÉÃ ÒÅÔÕÒÎÓ ÏÆ ÅØÉÓÔÉÎÇ ÆÉÓÈÅÒÉÅÓȱȢ (Ï×ÅÖÅÒȟ ÔÈÉÓ ×ÏÕÌÄ ÂÅ 
a longer-term goal beyond the 2nd round of MSE. 

The WG noted that CPUE could be as an economic proxy, 
however, in the current OMs and EMs, there are only 
standardized CPUE and there may be some work necessary to 
project the nominal CPUE for various fleets. No clear decision 
was made by the WG on whether to include CPUE to evaluate 
this objective as a performance indicator at this stage. 

7 

As the MSE process continues, it should be emphasized that 
the overarching objective running through all the management 
objectives of the MSE is to maintain the viability and 
sustainability of the current NPALB stock and fisheries. 

Now emphasized in the final report for the 2nd round of MSE. 

8 

The 2nd round of MSE should focus on Harvest Strategy 3 
using the specific reference points and harvest control rules 
listed in Table 4 (in summary report: 
http://isc.fra.go.jp/pdf/ISC19/ISC19_ANNEX12_Report_First_
North_Pacific_Albacore_MSE.pdf). 

 These recommendations were reflected in the development 

of the modeling framework for the 2nd round of MSE. 

 MSE specialist has been working on HS3 and TRPs of F40 

and F50 with different combinations of LRPs and threshold 

reference points (See Table ES2). 

 Three LRPs (20%SSB0_d, 14%SSB0_d, and 7.7%SSB0_d) 

requested by the managers and stakeholders were also 

evaluated for further consideration of LRPS. 

9 

Harvest Strategy 1 should be removed from further 
consideration because it performed poorer in terms of 
Management Objective #1 relative to Harvest Strategy 3, and it 
was considered undesirable to have a discontinuity in fishing 
intensity once the limit reference point was breached. In 
addition, participants of the 3rd MSE Workshop intended to 
evaluate Harvest Strategy 3 rather than Harvest Strategy 1. 
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10 

Harvest Strategy 2 should be removed from further 
consideration because the absence of a threshold reference 
point required a large drop in fishing intensity once the limit 
reference point was breached and it performed poorer than 
Harvest Strategy 3 with F50 or F40 in terms of Management 
Objective #2. 

11 

The candidate target reference point of F30 should be 
removed from further consideration because it was the worst 
performing in terms of Management Objectives #1, 2, and 5, 
and had a similar performance to F40 for Management 
Objective #4. 

12 

The candidate target reference point of F0204 should be 
removed from further consideration because the actual fishing 
intensity of this reference point varied substantially between 
productivity scenarios. It also performed poorer than TRP40 
and TRP50 for Management Objectives #1, 2, and 5. 

13 

A stricter risk level of 90% (rather than 50%) should be used 
when evaluating the risk of breaching the candidate limit 
reference points of SSB7.7% and SSB14% (i.e., the LRP is 
breached if the probability of being above the limit reference 
point drops below 90%). Given that the candidate limit 
reference point of SSB20% is relatively conservative, a risk 
level of 80% was considered appropriate for that reference 
point. This risk level should be calculated in the same way as is 
currently done in NPALB stock assessments, by using future 
projection software over a period of 10 years and calculating 
the probability of breaching the limit reference point. 

 New HCRs tested in 2nd round of MSE use a 90% or 80% 

risk level of breaching candidate LRP. 

 Code was modified to calculate the probability of breaching 

the LRP using the projection software (2017 SA version) 

rather than the MLE estimate from EM output as in the 1st 

round of MSE. 

 The projection software is run for 10 years with 1,000 

iterations within the MSE loop. The uncertainties in the 

projection software are derived from recruitment 

variability and initial N at age based on the CV of SSB. 

14 
In addition to harvest control rules where all fisheries are 
managed by total allowable effort (TAE) or total allowable 
catch (TAC), there should be an evaluation of harvest control 

Code was modified to include a mixed TAC/TAE option as 
follows. 
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rules where surface fisheries (i.e., Japan pole-and-line and EPO 
surface) are managed by TAE and all other fisheries are 
managed by TAC. 

Ṋ Compute the overall TAC using the fishing intensity (1-

SPR) according the status of the SSB relative to the 

reference points (as per TAC rule). 

Ṋ The TAC is split across fleets according to the pre-agreed 

upon allocation (1999-2015 catch ratios) and is kept 

constant between assessments for the nonɀsurface fleets. 

Ṋ For the EPO surface fleet and the Japanese pole-and-line 

fleets the exploitation rate is kept constant between 

assessments, but the catch varies given the biomass from 

the OM. 

15 

The levels of fishing intensity should be limited by the 
historical (1997 ɀ 2015) levels (or distributions of historical 
fishing intensity levels) achieved by the NPALB fisheries. 
However, if these levels of fishing intensity are not high 
enough to compare performance of threshold and limit 
reference points, low productivity scenario should be used in 
the operating models to evaluate these reference points, where 
appropriate. 

Code was modified to set F as a random F sampled from 
historical Fs rather than F 

16 

A future fishing effort scenario where an unmanaged new 
fishery is removing an increasing amount of unreported catch 
should be evaluated to understand how large amounts of 
unreported catch may affect the performance of the harvest 
control rules. 

Code was developed to include this as a robustness scenario. 
The new fishery has the characteristics of the F25 fleet 
operating in area 2 and 4. 

17 
Implementation error distribution should include both 
positive and negative errors. 

Both positive and negative errors were included as 1.05 + N(0, 
ʎЀπȢπυɊȢ 

18 

The ISC ALBWG should continue working on the MSE process 
for a 2nd round because the results presented at the 4th ISC 
ALB MSE Workshop were useful for understanding the trade-
offs and potential performance of candidate reference points 

 Three LRPs (20%SSB0_d, 14%SSB0_d, and 7.7%SSB0_d) 

requested by the managers and stakeholders were also 

evaluated for further consideration of LRPS. 
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and harvest control rules. However, some candidate reference 
points and harvest control rules developed at the 3rd MSE 
Workshop were not evaluated in time due to computer 
resource limitations. Therefore, the workshop participants 
developed a focused list of candidate reference points and 
harvest control rules to be examined for the 2nd round of MSE. 

 This will be discussed at the 2nd round of MSE WS. 

19 

Pending approval by the ISC Plenary and resolving potential 
conflicts with the workload of the ALBWG, results of the 2nd 
round of MSE should be presented at the 5th ISC ALB MSE 
Workshop as soon as possible, and no later than late 2020. 

It may be a good idea to distribute the preliminary report to the 
WS participants prior to the WS even though the ISC Plenary 
has not reviewed it. The WG thought it was a good idea and  
recommended doing so as long as the ISC Plenary agrees. 
The WG Chair agreed to ask the ISC Chair about this matter 
in the near future.  

20 
Given the timeline and previous computer resource 
limitations, it is important that improved computer resources 
be available for the 2nd round of ISC ALB MSE. 

Some additional resources at NOAA were available until early 
2020. Results were completed by late 2020 as planned. 

21 

4ÈÅ ÁÄÅÑÕÁÃÙ ÏÆ τυ ÒÅÐÌÉÃÁÔÅÓ ÐÅÒ ȰÒÕÎȱ ɉÉȢÅȢȟ ÅÁÃÈ /--MP 
combination) should be examined to a) determine if the rank 
order of each run for each performance indicator was stable as 
more replicates are added; and b) determine if and how the 
value of each performance indicator varied with increasing 
numbers of replicates. 

 The WG recommended using br oader risk classes based 

on the Table 4 from the 2nd ISC NPALB MSE workshop 

(attachment 5 in 

http://isc.fra.go.jp/pdf/ISC16/ISC16_Annex_08_Report_of

_the_ALBWG(Apr2016).pdf) to group performance 

metrics based on probabilities.  For metrics not based on 

probabilities, it is suggested that the metric be split in classes 

prior to ranking. 

 The WG also agreed with the presenter that the 70 

iterations for the 2 nd round of MSE was adequate. If 

certain iterations of the runs did not converge, the same set 

of converged iterations should be used to compare the 

candidate HCRs , noting which HCRs failed to complete the 

70 iterations. 
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22 

The relationship between how effort is modelled in the MSE 
operating models (i.e., fishing intensity) and effort in the real 
world should be examined by the ALBWG and included in the 
future round of MSE to help managers and stakeholders, if 
possible. 

MSE fishing intensity was compared to real world effort. 

23 

Economic expertise, even though now is not available for the 
ALBWG, may be needed for future round of MSE since 
economic aspects are important incentives for the fishery 
industry. 

This is related to Rec. #6. 
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Table 2. Details of candidate harvest controls at specific SSB relative to SSB reference points to 

be evaluated for the 2nd round of NPALB MSE. This Table was modified from Table 3 in the 

Report of the 4th ISC ALB MSE workshop (ISC 2019). 

 

Stock Status Candidate Harvest Control Rules 

SSB Ó SSBTHRESHOLD  

 

If FTARGET > FHISTORICAL,  

TAE = HHISTORICAL = H to produce FHISTORICAL,  

TAC = BLATEST * HHISTORICAL else 

TAE = HTARGET = H to produce FTARGET 

TAC = BLATEST * HTARGET 

 

SSBLIMIT  < SSB < 

SSBTHRESHOLD  

 

TAE = TAEMIN  + [HTARGET ï TAEMIN ] * (SSB -SSBLIMIT ) / 

(SSBTHRESHOLD ï SSB LIMIT ), or TAEMIN , whichever is greater 

 

TAC = TACMIN  + [(BLATEST * HTARGET) ï TACMIN ] * (SSB ï 

SSBLIMIT ) / (SSBTHRESHOLD ï SSB LIMIT ), or TACMIN , whichever is 

greater 

 

TAEMIN  and TACMIN  are the TAEs and TACs when SSB Ò SSBLIMIT , 

without the rebuilding plan (see below)  

 

SSB Ò SSBLIMIT  For LRPs (BLIMIT ) with 20%SSBCURRENT, F=0, or 14%SSBCURRENT, F=0 

TAE=0.25 * ESSBLIM 

TAE=0.5 * ESSBLIM 

TAC=0.25 * CSSBLIM 

TAC=0.5 * CSSBLIM 

 

For LRPs (BLIMIT ) with 7.7%SSBCURRENT, F=0 

TAE=0 

TAE=0.25 * ESSBLIM 

TAC=0 

TAC=0.25 * CSSBLIM 

 

ESSBLIM = HTARGET * SSBLIMIT  / SSBTHRESHOLD 

CSSBLIM = BLATEST * HTARGET * SSBLIMIT  / SSBTHRESHOLD 
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Prob(SSB > SSBLIMIT ) For LRPs (BLIMIT ) with 20%SSBCURRENT, F=0 

 Prob(SSB > SSBLIMIT ) = 80% 

 

For LRPs (BLIMIT ) with 14%SSBCURRENT, F=0, or 7.7%SSBCURRENT, F=0 

Prob(SSB>SSBLIMIT ) = 90% 

Prob(SSB > 

SSBTHRESHOLD ) 

50% 

Additional Assumptions 

Assessment periodicity Once every 3 years 

Allocation Average of 1999-2015 
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Table 3. Fishery definitions for the operating and estimation models of the NPALB MSE. 

Availability of size and abundance index data is indicated in the notes. Notes indicate the size or 

index data fitted during conditioning. Two letter country codes are used in the fishery name: JP = 

Japan; US = United States of America; TW = Chinese-Taipei; KR = Korea; CN = China; and VU 

= Vanuatu.  

   

ID Fishery name Area Primary 

gear 

Quarter Catch 

unit  

Notes 

F1 F1_JPLL_A13_Q1_wt 1 & 3 Longline 1 Tonnes Size, Index 

F2 F2_JPLL_A13_Q2_wt 1 & 3 Longline 2 Tonnes Size 

F3 F3_JPLL_A13_Q3_wt 1 & 3 Longline 3 Tonnes Size 

F4 F4_JPLL_A13_Q4_wt 1 & 3 Longline 4 Tonnes Size 

F5 F5_JPLL_A13_Q1_num 1 & 3 Longline 1 1000s  

F6 F6_JPLL_A13_Q2_num 1 & 3 Longline 2 1000s  

F7 F7_JPLL_A13_Q3_num 1 & 3 Longline 3 1000s  

F8 F8_JPLL_A13_Q4_num 1 & 3 Longline 4 1000s  

F9 F9_JPLL_A2_Q1_wt 2 Longline 1 Tonnes Size, Index 

F10 F10_JPLL_A2_Q234_wt 2 Longline 2, 3 & 4 Tonnes Size 

F11 F11_JPLL_A2_Q1_num 2 Longline 1 1000s  

F12 F12_JPLL_A2_Q234_num 2 Longline 2, 3 & 4 1000s  

F13 F13_JPLL_A4_wt 4 Longline All  Tonnes Size 

F14 F14_JPLL_A4_num 4 Longline All  1000s  

F15 F15_JPLL_A5_num 5 Longline All  1000s Size 

F16 F16_JPPL_A3_Q12 3 Pole & line 1 & 2 Tonnes Size 

F17 F17_JPPL_A3_Q34 3 Pole & line 3 & 4 Tonnes Size 

F18 F18_JPPL_A2 2 Pole & line All  Tonnes Size 

F19 F19_USLL_A35 3 & 5 Longline All  Tonnes Size 

F20 F20_USLL_A24 2 & 4 Longline All  Tonnes Size 

F21 F21_TWLL_A35 3 & 5 Longline All  Tonnes Size 

F22 F22_TWLL_A24 2 & 4 Longline All  Tonnes  
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F23 F23_KRLL All  Longline All  Tonnes  

F24 F24_CNLL_A35 3 & 5 Longline All  Tonnes  

F25 F25_CNLL_A24 2 & 4 Longline All  Tonnes  

F26 F26_VULL All  Longline All  Tonnes  

F27 F27_EPOSF 3 & 5 Surface All  Tonnes  

F28 F28_JPKRTW_DN All  Drift net All  Tonnes  

F29 F29_JPTW_MISC All  Misc All  Tonnes  
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Table 4. Standardized values and input coefficients of variation (CVs) of north Pacific albacore 

annual abundance indices used for conditioning the operating models (OMs). Units are number 

of fish. Quarter refers to annual quarters in which the majority of catch was made in the 

underlying fishery, where 1 = Jan-Mar. 

  

S1 - Japanese longline in 

Area 2, Quarter 1 

S2 - Japanese longline in 

Area 1 and 3, Quarter 1 

Year CPUE CV CPUE CV 

1996 36.91 0.10 51.22 0.12 

1997 41.25 0.10 76.52 0.12 

1998 43.41 0.10 65.06 0.13 

1999 33.32 0.10 47.03 0.12 

2000 45.08 0.10 47.92 0.13 

2001 40.53 0.10 30.25 0.13 

2002 26.93 0.10 49.30 0.13 

2003 29.67 0.09 56.74 0.12 

2004 21.45 0.10 27.98 0.13 

2005 28.82 0.10 28.05 0.13 

2006 30.95 0.09 32.27 0.13 

2007 27.43 0.09 42.54 0.13 

2008 28.62 0.10 26.87 0.12 

2009 28.86 0.10 29.50 0.12 

2010 34.11 0.09 30.64 0.13 

2011 26.40 0.10 27.34 0.13 

2012 27.20 0.10 45.04 0.12 

2013 25.97 0.11 30.21 0.12 

2014 19.47 0.10 31.48 0.12 

2015 33.74 0.10 45.01 0.12 
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Table 5. Key life history parameters and model structures for the base case OM. Fixed 

parameters different from the 2017 stock assessment are highlighted in italics. Parameters 

estimated during the conditioning process are highlighted in bold. These also differ from the 

2017 stock assessment. Note that in the forward simulation during the MSE ñFuture Processò all 

OM parameters are fixed.  

Parameter  

Female asymptotic length (Linf) 108.91 cm 

Female growth rate (k) 0.2836 y-1 

Female length at age-1 (L1) 45.06 cm 

Male Linf Offset  0.1187 

Male L1 Offset 0.0393 

Male k Offset  -0.4179 

CV of L1 0.06 

CV of Linf 0.04 

Weight at length in kg for Q1 8.7*10-5L(cm)2.67 kg 

Weight at length in kg for Q2 3.9*10-5L(cm)2.84 kg 

Weight at length in kg for Q3 2.1*10-5L(cm)2.99 kg 

Weight at length in kg for Q4 2.8*10-5L(cm)2.92 kg 

Maturity 50% at age 5, 100% at 

age 6+ 

Steepness (h) 0.9 

Log of recruitment at virgin biomass ln(R0) 12.25 

Recruitment variability 0.5 

Natural mortality age-0 (M0)  1.36 y-1 

Natural mortality age-1 (M1) 0.56 y-1 

Natural mortality age-2 (M2) 0.45 y-1 

Female natural mortality age-3+ (Mf3+) 0.48 y-1 

Male natural mortality age-3+ (Mm3+) 0.39 y-1 

Selectivity parameters See Table 6  

Standard deviation of age 1 age selectivity deviations 

for F27 
0.60 

Standard deviation of age 2 age selectivity deviations 

for F27 
0.90 
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Standard deviation of age 3 age selectivity deviations 

for F27 
0.90 

Standard deviation of age 4 age selectivity deviations 

for F27 
0.80 

Catchability for S1 index 0.005 

Catchability for S2 index 0.001 
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Table 6. Selectivity parameters used in the base case OM. The optional initial and final 

parameters for all double-normal selectivity curves were fixed at -999 and ignored by the model. 

The value for the first knot for all spline selectivity curves were fixed at 0 and values for the 

second and third knot were estimated relative to that. Knot locations in cm are indicated in 

parentheses in the years column. Fisheries without an estimated selectivity were assumed to have 

size selectivity identical to other fisheries (mirrored selectivity). Age selectivity was modeled as 

estimated free parameters for ages-1 to 5, with all other ages fixed at a negligible low value (-9). 

Note that for F27 yearly deviations in the age selectivity parameters for ages 1-4 were also 

estimated. The standard deviations for those age selectivity deviations are shown in Table 5. 

 

Size selectivity only ï double normal 

Fisher

y 

Years Parm 1 

Size at peak 

Parm 2 

Plateau 

width 

Parm 3 

Ascending 

slope 

Parm 4 

Descending 

slope 

F2 1993-2015 79.94 -9 3.82 4.56 

F4 1993-2015 106.84 -1.12 5.63 2.87 

F9 1993-2015 110.67 -9 5.63 3.24 

F10 1993-2015 106.44 -9 4.67 3.60 

F15 1993-2015 102.32 0.08 5.94 -0.47 

F18 1993-2015 92.12 -9 4.12 2.31 

F19 1993-2004 101.93 -0.53 6.12 1.19 

 2005-2015 99.51 -6.81 5.92 6.10 

F20 1993-2004 122.98 -6.20 5.42 -0.51 

 2005-2015 124.08 0.09 5.60 4.29 

F21 1993-2015 90.98 1.06 5.32 4.07 

Size selectivity only ï 3-knot spline  

Fisher

y 

Years 

(knot locations 

in cm) 

Gradient 

Low 

Gradient 

High 

Value at 2nd 

knot 

Value at 3rd 

knot 

F1 1993-2015 

(60, 90, 130) 

1.25 -1.60 8.11 -7.17 

F3 1993-2015 

(70, 95, 120) 

0.69 -0.54 4.82 3.79 

F13 1993-2015 0.17 -1.16 6.50 -3.93 
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(60, 90, 140) 

Size selectivity only - mirrored  

Fishery Fishery mirrored to 

F5 F1 

F6 F2 

F7 F3 

F8 F4 

F11 F9 

F12 F10 

F14, F22, F23, F25 F13 

F24, F26 F26 

F28, F29 F16 

Size and age selectivity 

Size selectivity ï double normal 

Fisher

y 

Years Parm 1 

Size at peak 

Parm 2 

Plateau 

width 

Parm 3 

Ascending 

slope 

Parm 4 

Descending 

slope 

F16 1993-2015 70.42 -9 4.42 4.70 

F17 1993-2015 75.18 -9 4.98 4.04 

F27 1993-2015 65.53 495 3.38 4.00 

Age selectivity ï free parameters for ages 1 to 5 

Fisher

y 

Years Age 1 Age 2 Age 3 Age 4 Age 5 

F16 1993-2015 4.04 -7.81 -8.95 -4.76 -4.59 

F17 1993-2015 -0.16 -3.94 -4.63 -3.60 7.22 

F27 1993-2015 9.28 -2.17 -0.93 -3.34 -2.82 
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Table 7. Steepness, growth and natural mortality parameter specifications for the operating 

models (OMs). See Table 5 for definitions of parameter symbols. 

OM 

No. 

h L inf k L1 L inf 

offset 

k 

offset 

L1 

offset 

M0 M1 M2 Mf  

3+ 

Mm 

3+ 

1 0.90 108.91 0.2836 45.06 0.1187 
-

0.4179 
0.0393 1.36 0.56 0.45 0.48 0.39 

3 0.97 100.38 0.3826 43.03 0.2013 
-

0.7283 
0.0848 1.36 0.56 0.45 0.48 0.39 

4 0.97 117.38 0.2238 45.67 0.0691 
-

0.2458 
0.0137 1.36 0.56 0.45 0.48 0.39 

6 0.97 119.53 0.2055 47.10 0.0220 
-

0.0670 
0.0110 1.01 0.42 0.33 0.36 0.29 
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Table 8. Median and standard deviation (ů) in the relative error of management relevant metrics 

estimated by the estimation model (EM, the simulated stock assessment) for different uncertainty 

scenarios and harvest control rules (HCRs) for harvest strategy 3. Spawning stock biomass (SSB) 

refers to the terminal year female SSB. The limit reference point (LRP) is computed as a fraction 

of dynamic unfished SSB, where the unfished SSB fluctuates depending on changes in 

recruitment. The target reference point (TRP) is an indicator of fishing intensity based on SPR. 

SPR is the SSB per recruit that would result from the current yearôs pattern and intensity of 

fishing mortality relative to the unfished stock. F is the terminal year fishing intensity, computed 

as 1-SPR. Relative error was computed as: (ValueOM-ValueEM)/ValueOM. The relative error was 

computed on the log-transformed values for SSBlatest and SSBcurrent,F=0. A negative value implies 

that the EM is overestimating the quantity of interest. 

 

Scenario HCR 

SSBlatest F SSBcurrent,F=0 
TRP 

Mean sd Mean sd Mean sd Mean sd 

1 

1 -0.01 0.01 0.04 0.07 
0.00 0.005 

0.00 0.02 

2 -0.01 0.01 0.05 0.07 
0.00 0.004 

0.00 0.02 

3 -0.01 0.01 0.05 0.08 
0.00 0.005 

0.00 0.02 

4 -0.01 0.01 0.04 0.07 
0.00 0.005 

0.00 0.02 

5 -0.01 0.01 0.04 0.08 
0.00 0.005 

0.00 0.02 

6 -0.01 0.01 0.04 0.07 
0.00 0.004 

0.00 0.02 

7 -0.01 0.01 0.02 0.07 
0.00 0.004 

0.00 0.02 

8 -0.01 0.01 0.04 0.07 
0.00 0.005 

0.00 0.02 

9 -0.01 0.01 0.04 0.07 
0.00 0.005 

0.00 0.02 

10 -0.01 0.01 0.05 0.08 
0.00 0.005 

0.00 0.02 

11 -0.01 0.01 0.06 0.07 
0.00 0.005 

0.00 0.02 
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12 -0.01 0.01 0.04 0.07 
0.00 0.004 

0.00 0.02 

13 -0.01 0.01 0.04 0.08 
0.00 0.005 

0.00 0.02 

14 -0.01 0.01 0.04 0.07 
0.00 0.004 

0.00 0.03 

15 -0.01 0.01 0.04 0.07 
0.00 0.004 

0.00 0.02 

16 -0.01 0.01 0.03 0.07 
0.00 0.004 

0.00 0.02 

 

Scenario HCR 

SSBlatest F SSBcurrent,F=0 
TRP 

Mean sd Mean sd Mean sd Mean sd 

3 

1 
0.01 0.01 -0.12 0.10 0.00 0.005 0.06 0.01 

2 
0.01 0.01 -0.12 0.12 0.00 0.006 0.06 0.01 

3 
0.01 0.01 -0.12 0.11 0.00 0.006 0.06 0.01 

4 
0.01 0.01 -0.12 0.11 0.00 0.006 0.06 0.01 

5 
0.01 0.01 -0.10 0.10 0.00 0.006 0.06 0.01 

6 
0.01 0.01 -0.09 0.10 -0.01 0.005 0.06 0.01 

7 
0.01 0.01 -0.10 0.10 0.00 0.005 0.06 0.02 

8 
0.01 0.01 -0.10 0.09 0.00 0.005 0.06 0.01 

9 
0.01 0.01 -0.11 0.10 0.00 0.005 0.06 0.01 

10 
0.01 0.01 -0.11 0.12 0.00 0.006 0.06 0.01 
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11 
0.01 0.01 -0.12 0.11 0.00 0.005 0.06 0.01 

12 
0.01 0.01 -0.13 0.11 0.00 0.006 0.06 0.01 

13 
0.01 0.01 -0.11 0.11 0.00 0.006 0.06 0.01 

14 
0.01 0.01 -0.10 0.10 0.00 0.005 0.06 0.02 

15 
0.01 0.01 -0.10 0.11 -0.01 0.006 0.06 0.01 

16 
0.01 0.01 -0.10 0.10 -0.01 0.005 0.06 0.01 

 

Scenario HCR 

SSBlatest F SSBcurrent,F=0 
TRP 

Mean sd Mean sd Mean sd Mean sd 

4 

1 
-0.04 0.02 0.18 0.07 -0.01 0.006 -0.05 0.02 

2 
-0.04 0.02 0.18 0.07 -0.01 0.005 -0.05 0.02 

3 
-0.04 0.02 0.17 0.07 -0.01 0.006 -0.05 0.02 

4 
-0.04 0.02 0.17 0.07 -0.01 0.006 -0.05 0.02 

5 
-0.04 0.02 0.18 0.07 -0.01 0.005 -0.05 0.02 

6 
-0.03 0.02 0.13 0.07 -0.01 0.006 -0.05 0.02 

7 
-0.03 0.02 0.12 0.07 -0.01 0.006 -0.06 0.02 

8 
-0.03 0.02 0.12 0.07 -0.01 0.006 -0.06 0.02 

9 
-0.04 0.02 0.18 0.06 -0.01 0.005 -0.05 0.02 
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10 
-0.04 0.02 0.18 0.07 -0.01 0.006 -0.05 0.01 

11 
-0.04 0.02 0.17 0.07 -0.01 0.005 -0.05 0.02 

12 
-0.04 0.02 0.18 0.07 -0.01 0.006 -0.05 0.02 

13 
-0.04 0.02 0.19 0.07 -0.01 0.006 -0.05 0.02 

14 
-0.03 0.02 0.13 0.07 -0.01 0.005 -0.06 0.02 

15 
-0.03 0.02 0.13 0.07 -0.01 0.005 -0.06 0.02 

16 
-0.03 0.02 0.13 0.08 -0.01 0.006 -0.06 0.02 

 

Scenario HCR 

SSBlatest F SSBcurrent,F=0 
TRP 

Mean sd Mean sd Mean sd Mean sd 

6 

1 
-0.05 0.03 0.30 0.08 0.01 0.011 -0.05 0.02 

2 
-0.05 0.03 0.30 0.08 0.01 0.011 -0.05 0.02 

3 
-0.05 0.03 0.30 0.07 0.01 0.010 -0.05 0.02 

4 
-0.05 0.04 0.29 0.08 0.01 0.011 -0.05 0.02 

5 
-0.05 0.03 0.30 0.08 0.01 0.010 -0.04 0.02 

6 
-0.04 0.07 0.23 0.10 0.02 0.012 -0.02 0.02 

7 
-0.04 0.03 0.22 0.09 0.02 0.011 -0.03 0.02 

8 
-0.04 0.03 0.22 0.09 0.02 0.011 -0.02 0.02 
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9 
-0.05 0.03 0.31 0.07 0.01 0.010 -0.05 0.02 

10 
-0.05 0.03 0.30 0.08 0.01 0.011 -0.05 0.02 

11 
-0.05 0.03 0.30 0.07 0.01 0.010 -0.05 0.02 

12 
-0.05 0.03 0.29 0.07 0.01 0.010 -0.05 0.02 

13 
-0.05 0.03 0.30 0.08 0.01 0.011 -0.05 0.02 

14 
-0.04 0.05 0.22 0.12 0.02 0.012 -0.02 0.02 

15 
-0.04 0.04 0.23 0.10 0.02 0.012 -0.02 0.02 

16 
-0.04 0.05 0.22 0.10 0.02 0.012 -0.02 0.02 
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Table 9. List of completed 30-year iterations for each HCR, scenario, and management control 

combination. 

            

HCR Scenario 1 Scenario 3 Scenario 4 Scenario 6 

 Mixed Control 

1 70 70 70 70 

2 67 70 70 70 

3 70 70 70 70 

4 70 70 70 70 

5 70 70 70 70 

6 70 70 70 70 

7 70 70 70 70 

8 70 70 70 70 

9 70 70 70 70 

10 70 70 70 70 

11 70 70 70 70 

12 70 68 70 70 

13 70 70 70 70 

14 70 70 69 70 

15 70 70 70 69 

16 70 70 70 70 

 TAC Control 

1 70 70 70 70 

2 70 70 70 69 

3 70 70 70 70 

4 70 70 70 70 

5 70 70 70 70 

6 60 70 66 62 

7 59 70 70 56 
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8 59 70 69 60 

9 70 70 70 69 

10 70 70 70 69 

11 70 70 70 69 

12 70 70 69 69 

13 70 70 70 69 

14 52 70 69 64 

15 56 70 69 58 

16 60 70 67 61 
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Table 10. Performance of indicators for each harvest control rule under mixed control for the 

low productivity scenario, OM6. Larger values indicate better performance. HCR refers to 

harvest control rule, LRP to limit reference point, SSBthreshold to the threshold reference point, 

SSB to female spawning biomass, SSB0 to unfished female spawning stock biomass. The LRP 

and SSBthreshold are SSB-based and refer to the specified fraction of SSB0. Unless specified as 

equilibrium SSB0, the unfished SSB is dynamic and fluctuates depending on changes in 

recruitment. See Table ES1 for a detailed definition of performance indicators. Colors represent 

risk categories as defined in the caption and legend for Table ES4.  
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Table 11. Performance of indicators for each harvest control rule under TAC control for the low 

productivity scenario, OM6. Larger values indicate better performance. HCR refers to harvest 

control rule, LRP to limit reference point, SSBthreshold to the threshold reference point, SSB to 

female spawning biomass, SSB0 to unfished female spawning stock biomass. The LRP and 

SSBthreshold are SSB-based and refer to the specified fraction  of SSB0. Unless specified as 

equilibrium SSB0, the unfished SSB is dynamic and fluctuates depending on changes in 

recruitment. See Table ES1 for a detailed definition of performance indicators.Colors represent 

risk categories as defined in the caption and legend for Table ES4.  
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Table 12. Results for performance metric 3, the average harvest ratio over the 30 years 

simulation over the mean historical (2006-2015) harvest ratio by harvest control rule, fleet, and 

management control type.         

 Mixed control 

HCR EPO JPPL JPLL USLL TWLL KRLL CHLL VNLL 

1 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

2 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

3 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

4 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

5 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

6 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

7 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

8 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

9 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

10 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

11 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

12 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

13 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

14 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

15 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 

16 0.77 0.8 1.4 2.2 1.9 1.4 1.6 1.1 
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 TAC control 

HCR EPO JPPL JPLL USLL TWLL KRLL CHLL VNLL 

1 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

2 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

3 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

4 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

5 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

6 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

7 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

8 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

9 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

10 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

11 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

12 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

13 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

14 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

15 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 

16 0.87 0.91 1.2 2.0 1.7 1.3 1.4 1.0 
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Table 13. Performance of indicators for each harvest control rule under mixed control for the 

unknown fleet robustness scenario. Larger values indicate better performance. HCR refers to 

harvest control rule, LRP to limit reference point, SSB to female spawning biomass, SSB0 to 

unfished female spawning stock biomass. Unless specified as equilibrium SSB0, the SSB0 is 

dynamic (i.e., SSB0_d) and fluctuates depending on changes in recruitment. See table ES1 for a 

detailed definition of performance indicators. Colors represent risk categories as defined in the 

caption and legend for Table ES4. 

 

 

Table 14. Performance of indicators for each harvest control rule under TAC control for the 

unknown fleet robustness scenario. Larger values indicate better performance. HCR refers to 

harvest control rule, LRP to limit reference point, SSB to female spawning biomass, SSB0 to 

unfished female spawning stock biomass. Unless specified as equilibrium SSB0, the SSB0 is 

dynamic (i.e., SSB0_d) and fluctuates depending on changes in recruitment. See table ES1 for a 

detailed definition of performance indicators. Colors represent risk categories as defined in the 

caption and legend for Table ES4. 
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10  Figures 

 

 
Figure 1. Trends in fishing intensity (1-SPR) for the four operating models used in the reference 

set. 1-SPR is the reduction in female SSB per recruit due to fishing and is used to describe the 

overall fishing intensity on the stock. The dotted lines represent the fishing intensity associated 

with each of the target reference points (TRP) under consideration, 0.6 for the F40 TRP and 0.5 

for the F50 TRP. 
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Figure 2. Changes in TAC associated with the harvest control rules (HCRs) tested in the second 

round of MSE for NPALB and represented in Fig. ES1. Note that the TAC levels are approximate 

and will depend on the age structure of the population, selectivities and relative fishing intensity 

between fleets of the simulation run under consideration. Note that catches in the MSE 

simulation were capped to 120,000 mt, the maximum over the historical period. 

 

 
Figure 3. Autocorrelation from lag 0 to lag 13 of recruitment deviates from the 2015 stock 

assessment base model starting in 1993. 
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Figure 4. Autocorrelation from lag 0 to lag 16 of recruitment deviates from the 2015 stock 

assessment sensitivity model run starting in 1966. 
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Figure 5. Spatial domain (red box) of the north Pacific albacore stock (Thunnus alalunga) in the 

2017 stock assessment. Fishery definitions were based on five fishing areas (black boxes and 

numbers) defined from cluster analyses of size composition data. 
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Figure 6. True S1 (Japanese longline operating in Area 2, quarter 1) CPUE time series from the 

operating model (OM, black line) and CPUE with error input into the estimation model (EM, 

blue line) taken from a random MSE simulation. 

 
Figure 7. An example from a random MSE simulation of a ñtrueò S2 (Japanese longline 

operating in Areas 1 and 3, quarter 1) CPUE time series from the operating model (OM, black 

line) and the corresponding CPUE time series with error that were used as data inputs in the 

estimation model (EM, blue line). 
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Figure 8. An example from a random MSE simulation of size composition data with error used 

as data inputs in the estimation model (EM, left) and the ñtrueò size composition data from the 

operating model (OM, right) for the F1 fisheries (Japanese longline operating in Areas 1 and 3 in 

quarter 1.  
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Figure 9. Trends in the ótrueô female spawning stock biomass (SSB) from the operating model 

(OM), estimated SSB from the estimation model (EM), catch, exploitation rate from the EM, and 

fishing intensity from the EM from the MSE forward simulation of iteration #60, scenario 1, and 

HCR7. Red dots are every three years and denote values of the specified quantity when a 

simulated assessment (i.e., estimation model, EM) was run. In the SSB from the OM panel, black 

dots represent SSB values for the interim years between assessments. Shown in the bottom right 

panel is the HCR with the fishing intensity (F) and relative biomass (SSB/SSB0_d) as estimated 

by the EM overlaid as dots. Stock status (F and SSB/SSB0_d) dots are connected 

chronologically by arrows and the year of the simulated assessment is also shown. A darker 

shade of red implies a stock status from a later simulated assessment. The grey line in the top 

panels refers to the SSBthreshold reference point and the black line to the limit reference point. The 

dotted line in the catch panel is the average historical catch and the dotted line in the HCR plot is 

the average historical fishing intensity for scenario 1.  
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Figure 10. Trends in the ótrueô female spawning stock biomass (SSB) from the operating model 

(OM), estimated SSB from the estimation model (EM), catch, exploitation rate from the EM, and 

fishing intensity from the EM from the MSE forward simulation of iteration #60, scenario 4, and 

HCR7. Red dots are every three years and denote values of the specified quantity when a 

simulated assessment (i.e., estimation model, EM) was run. In top left panel, black dots represent 

SSB values from the OM for the interim years between assessments. Shown in the bottom right 

panel is the HCR with the fishing intensity (F) and relative biomass (SSB/SSB0_d) as estimated 

by the EM overlaid as dots. Stock status (F and SSB/SSB0_d) dots are connected 

chronologically by arrows and the year of the simulated assessment is also shown. A darker 

shade of red implies a stock status from a later simulated assessment. The grey line in the top 

panels refers to the SSBthreshold reference point and the black line to the limit reference point. The 

dotted line in the catch panel is the average historical catch and the dotted line in the HCR plot is 

the average historical fishing intensity for scenario 4.  
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Figure 11. Trends in recruitment from the operating model (OM) for iteration #60. 

 
Figure 12. Standardized residuals against fitted values for the linear model of log-transformed 

effort and log-transformed exploitation rate for the Eastern Pacific Ocean surface fleet. 
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Figure 13. Observed log-transformed effort (number of fishing days) against exploitation rate 

for the Eastern Pacific Ocean surface fleet (circles) and fitted relationship. 
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Figure 14. Trends in exploitation rate for the Eastern Pacific Ocean from HCR7, iteration #60, 

scenario 4, translated into a measure of effort in number of fishing days. 

 
Figure 15. Standardized residuals against fitted values for the linear model of log-transformed 

effort and log-transformed exploitation rate for the Japanese pole-and-line fishery. 
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Figure 16. Observed log-transformed effort (number of fishing days) against exploitation rate 

for the Japanese pole-and-line fishery (circles) and fitted relationship. 
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Figure 17. Worm plots of female spawning stock biomass (SSB) for individual runs for the 

mixed control simulation and for each harvest control rule (HCR) for all reference scenarios. 

Each panel presents the results for the labeled HCR. Each colored line represents a separate 

iteration differing in simulated random recruitment deviates, EPO age-based selectivity deviates, 

and implementation error. Note that runs for each of the four different scenarios have different 

starting conditions due to different parameterizations of mortality and growth. The dotted line 

represents the 20%SSB0_d limit reference point. 
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Figure 18. Pie charts showing, for each harvest control rule (HCR) under mixed control and 

across reference scenarios, the % of years across all iterations above or below the 20%SSB0_d 

limit reference point (LRP). 
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Figure 19. Pie charts showing, for each harvest control rule (HCR) under TAC control  and 

across reference scenarios, the % of years across all iterations above or below the 20%SSB0_d 

limit reference point (LRP). 
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Figure 20. Worm plots of female spawning stock biomass (SSB) for individual runs for the TAC 

control simulation and for each harvest control rule (HCR) for all reference scenarios. Each 

panel presents the results for the labeled HCR. Trajectories represent separate iterations differing 

in simulated random recruitment deviates, EPO age-based selectivity deviates, and 

implementation error. Note that runs for each of the four different scenarios have different 

starting conditions due to different parameterizations of mortality and growth. The dotted line 

represents the 20%SSB0_d limit reference point. 
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Figure 21. Violin plot showing the probability density of female spawning stock biomass (SSB) 

for each harvest control rule (HCR) for the 30-year simulation across all iterations and reference 

scenarios. The marker inside each violin plots is the median SSB and vertical bars represent the 

5th to 95th quantile range. Results on the left are for mixed control and on the right for TAC 

control. 
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Figure 22. Trends in median female spawning stock biomass (SSB, black line) across all 

iterations and all reference scenarios for each harvest control rule (HCR) under mixed control. 

The green shading represents trends in the 5th to 95th quantiles of SSB. The median limit 

reference point (LRP) associated with each HCR across all iterations and reference scenarios is 

also shown (red line). The red shading represents trends in the 5th to 95th quantiles of the LRP. 
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Figure 23. Trends in median female spawning stock biomass (SSB, black line) across all 

iterations and all reference scenarios for each harvest control rule (HCR) under TAC control . 

The green shading represents trends in the 5th to 95th quantiles of SSB. The median limit 

reference point (LRP) associated with each HCR across all iterations and reference scenarios is 

also shown (red line). The red shading represents trends in the 5th to 95th quantiles of the LRP. 
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Figure 24. Plot of performance metric PM1b (left panel), the odds in any given year of the 

simulation of spawning stock biomass (SSB) being greater than the 20%SSB0_d limit reference 

point (LRP), and PM1c (right panel), the odds in any given year of the simulation of SSB being 

greater than the 7.7%SSB0 LRP, for each harvest control rule (HCR) across all reference 

scenarios. The top panels show results for mixed control, while the bottom panels for TAC 

control. 
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Figure 25. For each harvest control rule (HCR) and across all reference scenarios, plot of 

performance metric PM1d (left panel), the odds in any given year of the simulation of spawning 

stock biomass (SSB) being greater than the 7.7%SSB0_d limit reference point (LRP), and PM1a 

(right panel), the odds in any given year of the simulation of SSB being greater than the LRP as 

specified in each HCR, The top panels show results for mixed control, while the bottom panels 

for TAC control. 
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Figure 26. Pie charts showing, for each harvest control rule (HCR) under mixed control and 

across reference scenarios, the % of years across all iterations above or below the limit 

reference point (LRP) associated with each HCR. 
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Figure 27. Pie charts showing, for each harvest control rule (HCR) under TAC control  and 

across reference scenarios, the % of years across all iterations above or below the limit 

reference point (LRP) associated with each HCR. 
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Figure 28. Trends in median female spawning stock biomass (SSB, black line) across all 

iterations for the low productivity scenario (OM6) and for each harvest control rule (HCR) 

under mixed control. The green shading represents trends in the 5th to 95th quantiles of SSB. The 

median limit reference point (LRP) associated with each HCR across all iterations and OM6 is 

also shown (red line). The red shading represents trends in the 5th to 95th quantiles of the LRP. 

 






























































































