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Abstract

:

Tunas sustain important fisheries that face sustainability challenges worldwide, including the uncertainty inherent to natural systems. The Kobe process aims at harmonizing the scientific advice and management recommendations in tuna regional fisheries management organizations (RFMOs) toward supporting the sustainable exploitation of tunas globally. In this context, we review the similarities and differences among tuna RFMOs, focusing on stock assessment methodologies, use of information, characterization of uncertainty and communication of advice. Also, under the Kobe process, tuna RFMOs have committed to a path of adopting harvest strategies (HSs), also known as management procedures (MPs), which are the series of actions undertaken to monitor the stock, make management decisions, and implement the management measures. The adoption of HSs for tuna stocks is supported by Management Strategy Evaluation (MSE), which is considered the most appropriate way to assess the consequences of uncertainty for achieving fisheries management goals. Overall, notable progress has been made in achieving some of the Kobe objectives, but there are still some aspects that are inconsistent and need to be agreed upon, due to their management implications. First, not all RFMOs report on stock status based on maximum sustainable yield (MSY) as a reference. Instead, some use depletion level to represent the available fish biomass. Also, the definition of overexploited is not common in all oceans. Finally, very few stock assessments characterize all major sources of uncertainty inherent to fisheries. With regards to HSs, two different approaches are being followed: One is designed to adopt an automatic decision rule once the stock status and management quantities have been agreed upon (harvest control rules (HCRs), not strictly an HS) and the other aims at adopting all the components of HSs (data, use of information and decision rule).
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1. Introduction


Tunas sustain some the of world’s most valuable fisheries and dominate marine ecosystems worldwide [1]. Tuna and tuna-like fish catch amounted 7.5 M tons in 2016 (9% of the global marine fisheries production) [2], which are worth more than EUR 32.54 billion to the annual global economy [3]. The seven most important tuna commercial species (albacore, ALB-Thunnus alalunga; Atlantic bluefin, BFT-Thunnus thynnus; Pacific bluefin, PBT-Thunnus orientalis; southern bluefin, SBT-Thunnus maccoyii; bigeye, BET-Thunnus obesus; yellowfin, YFT-Thunnus albacares; and skipjack, SKJ-Katsuwonus pelamis) account for 4.9 M tons and their 23 stocks sustain important industrial and artisanal fisheries [4]. Five regional fisheries management organizations (RFMOs) are responsible for the management of tuna stocks: The Commission for the Conservation of Southern Bluefin Tuna (CCSBT), the Inter-American Tropical Tuna Commission (IATTC), the International Commission for the Conservation of Atlantic Tunas (ICCAT), the Indian Ocean Tuna Commission (IOTC), and the Western Central Pacific Fisheries Commission (WCPFC). Guided by their own conventions and consistent with the principles of the United Nations (UN) Fish Stocks Agreement [5] and the Food and Agriculture Organization (FAO) Code of Conduct for Responsible Fisheries [6], all five RFMOs are responsible for maintaining tuna stocks at sustainable levels. Over the last decades, tuna fisheries have intensified and expanded worldwide and global catch has steadily grown [7], which has placed all tuna RFMOs facing similar sustainability challenges [8].



The sustainability of fisheries is determined by the balance between the amount of biomass harvested and the resilience of fish stocks to harvesting. Tuna RFMOs generally aim at achieving the maximum sustainable yield (MSY), an equilibrium point at which the capacity of fish stocks to replace the removed biomass is maximized, and therefore, fisheries’ long-term average catch is maximized too. The levels of catch and fishing mortality that can be sustained by fish stocks and their historical exploitation levels are estimated through stock assessment. Stock assessment is the process of collecting and analyzing stocks’ biological and statistical information from fisheries to determine the changes in the abundance of fishery stocks in response to fishing, and, to the extent possible, to predict future trends in stock abundance (FAO Glossary of Terms). Fisheries stock assessments consist of fitting the available fishery and biological information into fish population dynamics equations using specifically tailored models and computer software.



A model can never describe a system with certainty [9], and thus, fish stock assessments are subject to uncertainty. In general, uncertainty can be classified into (i) systemic or structural uncertainty and (ii) aleatoric or statistical uncertainty [10]. Systemic or structural uncertainty is attributed to things that could potentially be known but they are not known in practice. This may be because a measurement is not accurate enough (observation error) or because models neglect certain effects (model error). Statistical uncertainty is representative of unknowns that differ each time we run the same experiment (process error), and it is acknowledged will not be possible to determine sufficiently to eliminate deviations from predicted values. Uncertainty quantification and characterization tries to determine how likely certain outcomes are if some aspects of the system are not exactly known [11,12]. Also, uncertainty quantification intends to work toward reducing the systemic uncertainties to statistical uncertainties, which can be narrowed down with statistical methods and characterized using probabilistic distributions [10,12,13]. In other words, uncertainty characterization aims to reducing bias and produce outputs that normally (or log-normally) fluctuate around a central tendency. Characterizing uncertainty in fisheries models is important because it helps provide a measure of the precision of the system dynamics, which is linked to the risk of adopting alternative management measures. In this sense, the higher uncertainty means a lower precision and a larger risk of not achieving sustainability.



A number of authors have categorized the errors that cause uncertainty and risk in fisheries [14,15,16]. In brief, three major sources of error are responsible for the uncertainty inherent to fisheries stock assessments [16]: (i) observation errors, directly linked to the quality and quantity of data used; (ii) model errors, due to the limited ability of models to reproduce population dynamic patterns; and (iii) process errors, due to the lack of understanding of the biological processes underlying fish stock dynamics. In this work, we review how each of the systemic and statistical uncertainties is characterized and quantified in tuna stock assessments with emphasis on similarities and differences across tuna RFMOs.



Stock assessments, including the characterization of uncertainty, are the cornerstone of the advice communicated by scientific committees at RFMOs. Initiatives like the Kobe framework [17] have aimed at providing consistency of advice across tuna RFMOs. However, the way that these are communicated to management bodies is still not homogenous. In this study, we review how the scientific advice is provided in the five tuna RFMOs with a focus on how uncertainty is communicated and its implications for management.



The uncertainty in fisheries and scientific advice, together with two international agreements—the UN Fish Stocks Agreement [5], and the FAO Code of Conduct for Responsible Fisheries [6]—provide the foundations of the precautionary approach (PA) to fisheries management, which aims at improving the management of fish resources by exercising prudent foresight to avoid unacceptable or undesirable situations, taking into account that changes in fisheries systems are not well understood and are only slowly reversible [18]. The PA seeks to protect fish stocks from fishing practices that may put their long-term viability in jeopardy despite the many unknowns on stocks biology, response to fishing, or exact state of exploitation [19]. Also, the PA requires that undesirable outcomes be anticipated and measures taken to reduce the probability of them occurring [20].



The PA calls fisheries management institutions to address uncertainty by determining the status of fish stocks relative to target, threshold, and limit reference points (RPs), to predict the outcomes of management alternatives for reaching the targets and avoiding the limits, and to characterize the uncertainty in both cases. Limit reference points (LRPs) are benchmarks that should be avoided with substantial probability, according to a given set of management objectives. They indicate the limit beyond which the state of a fishery and/or a resource is not considered desirable, and remedial management action is required to allow recovery. In contrast, a target reference point (TRP) is a benchmark that should be achieved on average, according to a given set of management objectives. It corresponds to a state of a fishery and/or resource that is considered desirable [21]. The PA also recommends that LRPs and TRPs are used in combination with precautionary or threshold RPs to determine what actions to be taken to avoid reaching the LRPs. A trigger or threshold is a level of biomass or fishing mortality rate between the LRP and TRP that can serve as a “red flag” and may trigger specific management actions designed to reduce fishing mortality.



One way to address the uncertainty in fisheries is the adoption of harvest strategies (HSs), also known as management procedures (MPs), that aim at both achieving a low probability of breaching safe biological limits (LRPs) and providing high average long-term catch and fisheries performance [22]. HSs are the systematic series of agreed human actions undertaken to monitor the stock, assess its state, make management decisions, and implement the management advice. A HS can be designed to specify changes to the total allowable catch (TAC), or any other measure, based on updated monitoring data and methods of analysis. Adopting an HS requires specifying the management objectives (probabilities, time frames and risk), reference points (TRPs and LRPs), performance indicators to monitor how effective the management measure is, the data and methods of analysis to determine the current state of the resource, and a decision rule (or harvest control rule, HCR) based upon the estimated state of the stock (including fishery indicators).



Management strategy evaluation (MSE) is considered the most appropriate way to assess the consequences of uncertainty for achieving fisheries management goals [23], and it is contributing to the increased robustness of tuna assessment and to supporting the adoption of HSs across RFMOs. MSE can be used to quantify the impacts of the uncertainty associated with current management systems and to identify “realizable” performance, which can be achieved given the quality of the data available and the types of uncertainties that are inherent to each fishery [23]. The five tuna RFMOs have carried out some type of MSE work, including consultation on management objectives, characterization of uncertainty of stocks’ dynamics and observation, and evaluation of HCR and HS [22]. In the last section of this manuscript we review the state of play of the MSE process and the prospects for adopting HSs and HCRs for the key tuna stocks.



In summary, in this work we review the methods used in tuna stock assessments with emphasis on how uncertainty is characterized and communicated to management bodies. We also discuss how RFMOs are managing the uncertainty inherent to fisheries, with specific focus on the MSE processes and the adoption and evaluation of HSs for the most important tuna stocks. We do this with the aim of contributing to a harmonized global stock assessment and management framework for tuna stocks. We note that this review includes stock assessments carried out until 31 August 2020.




2. Characterization of Uncertainty in Tuna Stock Assessments


When making predictions with computer models as done in stock assessments, two types of uncertainties are encountered: systemic or structural and aleatoric or statistical [10].



1. Systemic or structural uncertainty is the result of model uncertainty and input uncertainty.



Model uncertainty: A model is said to display uncertainty when we are uncertain about the true relationship between inputs and outputs within a model [9]. One strategy to characterize this uncertainty is to use alternative stock assessment methods to add contrast to model estimates. The stock assessment models currently in use in tuna RFMOs range from the relatively simple catch-based models to more sophisticated age-/size-structured and fully integrated and flexible model platforms (Table 1, see Appendix A for a short description of models). However, it is only in ICCAT where the results of structurally different models are combined to provide scientific advice. While in the IATTC, CCSBT, WCPFC, and IOTC one fully integrated stock assessment model is used to provide scientific advice (Stock Synthesis [24], Multifan-CL [25], or one ad hoc model for Southern bluefin); in ICCAT, the results of fully integrated models are combined with simpler biomass production or age-structured models. For example, the stock status for Atlantic yellowfin was estimated averaging the results of three stock assessment models (Stock Synthesis, Just Another Bayesian Biomass Assessment (JABBA), a Bayesian biomass dynamic model [26], and mpb, a biomass-based stock assessment model [27]). In the case of west Atlantic bluefin, the results of a virtual population analysis (VPA/ADAPT [28]) and stock synthesis were combined. To sum up, model uncertainty is only characterized in two Atlantic stocks from the 23 most important tuna stocks.



Input uncertainty: This arises when there is no certainty about the input parameters or the quality of the information. In fisheries science, it is attributed to the lack of biological knowledge about key processes and to inaccurate or incomplete data sources. This uncertainty is often characterized by developing model configurations using different model inputs (parameters and data) to characterize the potential impact on model estimates from knowledge gaps in key biological and fishery processes. These alternative configurations are often combined in factorial designs, which are known as uncertainty grids of models (Table 2). One way to characterize uncertainty of biological (or other) processes is to build model configurations with a range of fixed values, so that it is likely that the “true” value of the parameter is within the chosen range. For example, in fisheries one of the most difficult parameters to estimate is the steepness of the stock recruitment relationship, which is the fraction of recruitment from an unexploited population obtained when the spawning stock biomass (SSB) is at 20% of its unexploited level [29]. Therefore, it is not unexpected that steepness is used as a factor of uncertainty grids in tuna stock assessments [30] (Table 2), generally using fixed values between 0.65 and 1.



Other processes that are characterized as factors of uncertainty are natural mortality, growth, shape of selectivity curve, tag mortality, tag mixing period, selectivity, maturity, tag data overdispersion, and fecundity (included in the Psi parameter in the Southern bluefin tuna assessments).



Another source of input uncertainty is attributed to inaccurate or incomplete data. Generally, four types of data streams are used in stock assessments: catch, catch per unit of effort (CPUE) or other abundance indices, size frequency data, and tagging data. In some cases, data can follow opposing trends and inform the model in contradictory ways [31]. Often, different data sets are used to characterize the uncertainty in the data sources (Table 2). For example, in the West and Central Pacific stocks size information is downweighed with three options to modulate their influence. In the Indian Ocean stocks tagging information is considered uncertain, and therefore, two or three options for tagging data are used (weighted, downweighed, or omitted). With regards to the CPUE (or other abundance indices), the information of different indices is combined by weighting, adding, or omitting indices within the uncertainty grid.



In summary, all tuna RFMOs characterize input uncertainty using uncertainty grids with different factors as options for parameters and influence of data. Note that the IATTC grids are not exactly factorial grids but a combination of scenarios [32,33]. The largest grid is explored in the CCSBT where 432 models are used to characterize structural uncertainty. Also note that the stock assessments of Pacific bluefin (IATTC-ISC) and North Pacific albacore (WCPFC-ISC) do not use the uncertainty grid approach to evaluate stock status, and therefore, they are not included in Table 2.



In addition to the model grids, uncertainty is also explored through sensitivity runs, which are not included in the management advice but allow exploring the influence of the modeling choices made and the potential outcome of the assessment should these have been different. In general, sensitivity runs are used to support or complement the outcome of the assessment, but these results are not used to calculate the stock status or reference points for scientific advice.



2. Statistical uncertainty: This is mostly attributed to unpredictable variability in the abundance indices and recruitment deviations from model fits (process error). Statistical uncertainty can be characterized using statistical techniques such as the variance–covariance matrix, bootstrapping, delta or Monte Carlo methods, or others that assume that the deviations from a central tendency of the model outputs follow a probabilistic distribution.
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Table 2. Number of options considered for each factor in the systemic uncertainty grids when using fully integrated stock assessment models. Sources: [34,35,36,37,38,39,40,41,42].






Table 2. Number of options considered for each factor in the systemic uncertainty grids when using fully integrated stock assessment models. Sources: [34,35,36,37,38,39,40,41,42].





	
Model Inputs

	
ICCAT

	
IOTC

	
CCSBT

	
WCPFC

	
IATTC




	
WA-BFT

	
A-BET

	
A-YFT

	
IO-BET

	
IO-YFT

	
IO-SKJ

	
SBT

	
P-BET

	
P-YFT

	
SP-ALB

	
EPO-BET

	
EPO-YFT






	
Parameters

	
Steepness

	
1

	
3

	
0

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
4

	
4




	
Growth

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
2

	
1

	
2

	
2

	
2




	
sigmaR

	
1

	
3

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
Natural mortality

	
1

	
2

	
1

	
1

	
1

	
2

	
12 ‡

	
1

	
1

	
2

	
2

	
1




	
Maturity

	
2

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
tag mortality

	
1

	
1

	
1

	
1

	
2

	
2

	
1

	
1

	
1

	
1

	
1

	
1




	
tag mixing period

	
1

	
1

	
1

	
1

	
1

	
2

	
1

	
1

	
2

	
1

	
1

	
1




	
Fecundity (Psi) †

	
1

	
1

	
1

	
1

	
1

	
1

	
3

	
1

	
1

	
1

	
1

	
1




	
Selectivity

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
2

	
2




	
Recruitment regime

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
2

	
1




	
Catchability

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
3




	
tag data overdispersion

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
2

	
2

	
1

	
1

	
1




	
Data

	
weight size data

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
3

	
3

	
3

	
2

	
1




	
weight tagging

	
1

	
1

	
1

	
2

	
2

	
2 §

	
1

	
1

	
1

	
1

	
1

	
1




	
weight CPUE

	
1

	
1

	
2

	
1

	
2

	
1

	
4

	
1

	
1

	
2

	
2

	
1




	
regional structure

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
2

	
2

	
1

	
1

	
1




	
Total

	
2

	
18

	
2

	
6

	
24

	
48

	
432

	
72

	
72

	
72

	
44

	
48








(†) Psi is the power parameter on fecundity for the allometric relationship between fecundity and reproductive success. (‡) Four options for M at age 0, and three options for M at age 10. (§) Two tagging program options. Note that East Pacific Ocean assessments are not factorial grids. Also note that this table only contains the scenarios considered to provide scientific advice and excludes the scenarios used as sensitivity runs. WA stands for Western Atlantic, A for Atlantic, IO for Indian Ocean, P for Pacific, SP for Southern Pacific and EPO for Eastern Pacific Ocean.











The statistical uncertainty in model outputs is addressed by computing their confidence intervals. In general, variability is associated with data inputs such as abundance indices and deviations from the estimated recruitment. In the diagnostics of stock assessment fits, it is checked that deviations from fits to input data (abundance indices, length–frequency, tags, and catch data) and recruitment deviates can be characterized as probabilistic distributions, generally normal or log-normal. Once this is confirmed, confidence intervals of the output parameters are estimated using statistical techniques such as the delta method, likelihood profiles, bootstrapping, or alike. In the less computationally demanding models (biomass dynamic production) the bootstrapping is preferred [43]. First, a coefficient of variation is assigned to the abundance indices and the time series are replicated using random mean-square error, which are fitted in the same model configuration. Bootstrapping allows producing model outputs in the form of posterior distributions from which summary statistics can be obtained (e.g., mean, median, standard deviation, and confidence intervals). This is the common practice in the Atlantic stocks’ assessments that use simpler models.



When the fully integrated models are used, it is often implausible to produce bootstraps due to time constrains within the assessment sessions (especially when systemic uncertainty is characterized using uncertainty grids). In these cases, the Hessian matrix can be computed from a base or reference case model to obtain estimates of the variance–covariance matrices, which are used in combination with the delta method [44] to estimate confidence intervals without needing to replicate the model fits. This method has been used to estimate statistics of model output parameters in the case of Indian Ocean albacore and all tuna stocks in the Pacific (IATTC and WCPFC). Since 2018, in the ICCAT and IOTC a delta–multivariate log-normal estimator [45,46] has been used to characterize statistical uncertainty from the model options of structural uncertainty grids. This method infers within-model uncertainty from maximum likelihood estimates, standard errors, and the correlation of model estimates [45], and it has the advantage of calculating probability coefficients in a few seconds of model computation, which makes it a promising method when dealing with large uncertainty grids run in time-limited stock assessment sessions.



One of the tasks of stock assessment is to predict future trends in stock abundance for alternative management measures. This is done in different ways across tuna RFMOs: In ICCAT and IOTC, the preferred option is to project the agreed upon stock assessment model or grid of models for a relatively wide range of catch levels, including the most recent catch. The projections for West Pacific stocks are set up to project current levels of fishing mortality (or catch). In the case of Eastern Pacific, projections are configured with the fishing mortality relative to MSY. In general, the projection period should be consistent with the lifespan of fish stocks. For most tunas species, 10–15-year projections are preferred, which allow for illustrating the impacts on fish abundance for the mid/long term. In the case of the latest assessment of Atlantic bluefin stocks, because of the large uncertainty in model estimates only a short-term projection was produced [47]. In the case of Southern bluefin, the long-term recovery is pursued, and projections are made for 25 years, but this is a special case due to the long life expectancy of bluefin tuna species compared to other tunas.




3. Communication of Uncertainty in Tuna RFMOs


The scientific advice provided to tuna RFMOs is based on the output of stock assessments. The Joint Meeting of Tuna RFMOs [17] agreed to harmonize the presentation of stock assessment results in order to improve the mutual understanding of scientists and managers in relation to the stock status determination, management advice, and the uncertainties inherent to both. The agreed upon presentation of stock assessment results was the Kobe plot (Figure 1a), a four-quadrant plot that frames the status of fish stocks in two dimensions: fishing mortality and biomass (or SSB), both relative to their MSY values. This allows reporting of stock status in four categories: (1) Green: Not overfished (B > BMSY) and not undergoing overfishing (F < FMSY); (2) Orange (or upper-right yellow) area: Not overfished (B > BMSY) but undergoing overfishing (F > FMSY); (3) Yellow (lower-left): Overfished (B < BMSY) but not undergoing overfishing (F < FMSY); and (4) Red: Overfished (B < BMSY) and undergoing overfishing (F > FMSY). The Kobe plot was formulated on the basis that tuna RFMO conventions specify that the desired objective for fishery management is to maintain stocks at abundance levels that can provide MSY. Since the adoption of the Kobe plot standard, two RFMOs (ICCAT and IOTC) adopted fishery management policies with the objective of rebuilding and/or maintaining stocks in the green area of the Kobe plot with high probability. More recently, an alternative to the Kobe plot was proposed in the WCPFC, the Majuro plot (Figure 1b). In this framework, stock status is represented in terms of the spawning potential’s depletion (relative to virgin stock (BF=0 or SSBF=0)) and fishing mortality (relative to FMSY). The red zone represents spawning potential levels lower than the agreed upon LRP, a point at which recruitment failures are thought to become increasingly likely. The stock is considered overfished when abundance falls below the LRP. The orange region is for fishing mortality greater than FMSY but biomass above the LRP. This orange area is defined as not overfished but undergoing overfishing.



The main difference between the two plots stems from the definition of when a stock is considered overfished. In the WCPFC, the idea behind establishing the Majuro diagram is to take appropriate action to avoid the stock being in an undesirable state or outside biological limits. When a stock is subject to overfishing (F > FMSY), a prompt action will ensure that the stock does not breach the biological LRP, and that, ideally, stock fluctuates around the TRP [48]. In this sense, FMSY is used as a limit to fishing mortality. In other words, the fishing mortality will be lower than FMSY with high probability, and, therefore, there will be a very low probability of the stock breaching the LRP, i.e., the undesirable state will be avoided with high probability. There are different criteria to establish biological LRPs, which generally require precise knowledge of the stock–recruitment relationship (SRR). However, the most commonly applied is the 20% of the estimated value for the unexploited stock (LRP = 20% BF=0 or LRP = 20% SSBF=0) [49], since such a precise knowledge of the SRR is uncommon. The Kobe diagram also aims at avoiding an undesirable situation, but in this case falling below BMSY is considered to be the overfished state.



In addition, the International Scientific Committee for Tuna and Tuna-like Species in the North Pacific Ocean (ISC), which is responsible for providing the scientific advice for North Pacific stocks to the WCPFC and IATTC, uses a figure that combines the color scale of the Kobe plot with the stock status definition of the Majuro framework (Figure 1c). The difference of this combined plot is that it splits the overfished (B < LRP) category between those for which fishing mortality has been reduced below FMSY (orange) and those for which fishing mortality remains above FMSY. Moreover, in this case, all the area above the LRP and below FMSY is colored in green.



The uncertainty characterized in tuna stock assessments is communicated through probability estimates of stock status and outcomes of alternative management actions. This is because different structural and statistical assumptions are made in stock assessments, which unfold in uncertainty grids (see previous section). In general, central tendency values of model estimates (particularly stock status and RPs) are provided with deviates. The categorization of stock status in Kobe and Majuro frameworks is done using medians and in some cases a probability of each stock status option is provided (IOTC and ICCAT).



Figure 2 shows the median status of the most important tuna stocks using a common format (Kobe plot (Figure 2a), Majuro plot (Figure 2b), and the plot used in the ISC (Figure 2c)). For these figures we have used the LRP adopted by each RFMO and, when undefined, the LRP = 20% SSBF=0 as a proxy.



The Joint Tuna RFMO meeting, named the Kobe process, recommended the Kobe II Strategy Matrices (K2SMs) as a way to report on the probability of breaching RPs (e.g., biomass falling below or fishing mortality going over an RP) under alternative management scenarios [21]. K2SMs show the probability that stocks will remain at or above BMSY and at or below FMSY with a different probability for different catches or fishing mortality levels at different time frames.




4. Management of Uncertainty in Tuna RFMOs


Considering the scientific advice on stock status and management options, and, noting their own management objectives framework and existing uncertainties, RFMOs modulate the fishing activity by setting limits to the fishing effort, catch, or other type of measures. One way to manage uncertainty on fisheries under the PA is through MSE and the adoption of HSs. The five tuna RFMOs have carried out some type of MSE work, including consultation on management objectives, characterization of uncertainty of stocks’ dynamics and observation, and evaluation of HSs [22]. The CCSBT has pioneered the adoption of HSs for tunas: From 2002 to 2011, the CCSBT conducted extensive work to develop an HS known as the “Bali procedure” that was adopted to help rebuild Southern bluefin by setting catch limits periodically [50]. The development of this work was initiated by a technical group of experts through specific workshops. These were scheduled to develop a work plan to focus on the specification of operating models (OMs), that represent alternative biological and fishery dynamics [23] and the evaluation of simple HS. The OMs developed in the CCSBT are the same models used to monitor the recovery of the stock (see Table 2). The HS of the CCSBT is tuned to achieve a management objective of rebuilding the stock to the interim rebuilding target point of 20% of the original spawning stock biomass by 2035 with 70% probability. The Bali procedure consists of the application of two HSs and setting catch limits from the average of the two. These are based on the trends of juvenile and adult fish indicators (CPUE and aerial survey) and the estimates of a biomass random effects model [51].



The ICCAT and IOTC have adopted HCRs for North Atlantic albacore and Indian Ocean skipjack, respectively [52,53]. The main difference with the CCSBT is that both RFMOs have adopted HCRs and not the entire HS, which includes the specifications on the data and the stock assessment methods to be used. In both cases the adoption of the HCRs represents a first step toward adopting fully specified MPs shortly.



The MSE process is also developing fast for many other tuna stocks in the ICCAT, IOTC, WCPFC, and IATTC: The IOTC Scientific Committee started a work plan to evaluate HSs using MSE for albacore, bigeye, yellowfin, and skipjack in 2012 (and swordfish in 2018). Since then, a small ad hoc working group has been tasked to develop MSE works and to report to the IOTC through the Technical Committee on Management Procedures (TCMP) organized directly before the IOTC Annual Commission meetings. The TCMP is the formal communication forum between science and management to enhance the decision-making response of the commission in relation to the adoption of HSs [54]. The IOTC’s Resolution 15-10 “On target and limit reference points and a decision framework” defines a series of interim target and limit RPs for albacore, bigeye, yellowfin, skipjack, and swordfish [55]. Note that these resolutions are explicitly based on IOTC’s Resolution 12-01 “On the implementation of the precautionary approach.” Also, it is important to note that currently, despite some agreement on the management objectives, there is no time frame or probability levels agreed upon for any of these stocks. Along these lines, the IOTC called the TCMP to define the overarching management objectives to guide the development of management procedures (or HSs) for the IOTC fisheries [56]. With regards to albacore, bigeye, and yellowfin, the MSE frameworks are at very advanced stages and will be in a position to evaluate HSs in the coming years [57]. The uncertainty for these stocks is characterized through OM grids conditioned from the latest stock assessments with alternatives for natural mortality, steepness, selectivity, and dynamic catchability.



With regards to the adopted HCR for Indian Ocean SKJ, the IOTC’s Resolution 16-02 indicates the procedure to be followed to establish the catch limits in three-year periods directly from stock status estimated through a stock assessment endorsed by the Scientific Committee. Resolution 16-02 specifies a relationship between stock status (spawning biomass relative to unfished levels) and fishing intensity (exploitation rate relative to target exploitation rate, Figure 3). This resolution also defines the target reference point for skipjack as SSBTAR = 40% SSB0 and the limit reference point at SSBLIM = 20% SSB0. Note that the LRP (20% SSB0) is different from the “safety level” of 10% SSB0 defined in the HCR. Note also that the biological TRP is the threshold of the HCR, the point below which the fishing mortality used to establish catch limits starts to decrease.



In ICCAT, the Standing Committee for Research and Statistics (SCRS) has fostered the development of MSE under the principles of the PA for tuna stocks in the Atlantic since 2010 [58]. This development has been followed by successive requests to evaluate HCRs consistent with ICCAT objectives and decision-making principles [59]. To date, an MSE has mostly been developed for North Atlantic albacore and Atlantic bluefin tuna. With regards to the North Atlantic albacore MSE, this was specifically developed to support the adoption of a HCR in 2017 [52]. The MSE developed includes an HS that is similar to the latest assessment of this stock, i.e., simulating the catch data and CPUE series used for the 2016 stock assessment, together with the same model and model specifications (shape, initial biomass, and range of parameters). This work covered the uncertainty inherent to this fishery through a range of options for natural mortality, steepness, dynamic catchability, and available information [60,61,62,63]. Recently, another study used the MSE framework for North Atlantic albacore to show the benefits of HCRs to mitigate the impacts of climate change [64].



Based upon the results of the HCR evaluation for North Atlantic albacore, the ICCAT adopted a model-based HCR for this stock (Figure 4), which was used in 2017 to fix catch limits for the period 2018–2020 and in 2020 to recommend catch limits for the period 2021–2023. The PA is embedded in this recommendation as it specifies a target fishing mortality of FTAR = 80% FMSY and it has been evaluated to achieve the management objective of maintaining the stock in the green quadrant of the Kobe plot at least with 60% probability. The biomass limit reference point is set as LRP = 40% BMSY and the threshold reference point of the HCR is BMSY. This HCR also considers one FMIN of 10% FMSY to ensure a level of catch for scientific monitoring [52].



For Atlantic bluefin tuna, noting the high priority placed by the commission on the completion of the MSE work program and the development of new and/or improved assessment methods, the Atlantic Wide Research Programme for Bluefin Tuna (GBYP) Modelling and MSE Group was created in 2014 [65]. This group has structured a work plan in five components: 1. Data collation, management and synthesis; 2. Review and selection of alternative stock assessment models; 3. Development of the MSE modeling platform; 4. Capacity building in harvest strategies, reference points, and MSE; and 5. Consultation and engagement in design and evaluation of harvest strategies. An important step of the Atlantic bluefin tuna MSE is that it allows for mixing of stocks over several areas, in contrast with the current assumption of two separate stocks.



The Scientific Advisory Committee (SAC) has led the MSE process in the IATTC, and it has been responsible for the technical work that has guided the adoption of target and limit RPs as well as the stock assessments. In 2003, SAC organized a workshop with the aim of describing the management objectives for the stocks under its mandate and defining appropriate reference points [66]. After consultations, in 2014 the IATTC adopted an interim target and limited RPs for tropical tuna stocks (bigeye, yellowfin, and skipjack). The TRPs are the biomass and fishing mortality rate corresponding to MSY (BMSY and FMSY, respectively), which have been the unofficial TRPs used in managing tuna in the Eastern Pacific Ocean through a pseudo-HCR. The LRPs are those associated with a 50% reduction in recruitment under a conservative assumption of the stock–recruitment relationship, which is based on biological grounds to protect a stock from serious, slowly reversible, or irreversible fishing impacts. This approach has led to the LRP of 7.7% of SSB0. In general, this is interpreted as ensuring that recruitment is not substantially impacted. Following the adoption of the target and limit RPs, SAC has developed MSE frameworks for evaluating more elaborated HCRs for tropical and other tunas, and this work is expected to lead to the adoption of formal HSs in the near future [67,68,69,70,71,72].



The WCPFC has also developed a work plan toward adopting HSs. The technical work has been focused on estimating the impact of different management objectives (including specific time frames, levels of risks, and probabilities of overexploited stocks) on fishery performance and has included economic principles of fisheries like the maximum economic yield as a RP and historical catch rates for South Pacific albacore, bigeye, skipjack, yellowfin, and Pacific bluefin tuna [73,74,75,76,77,78,79,80]. For that, alternative parameter sets are used to condition OM grids along similar lines to the uncertainty grids covered in the WCPFC stock assessments [80]. The technical work has been communicated through specific Management Objective Workshops (2012–2016), where assistance has been provided to the commission to understand the purpose and implications of management objectives; to understand both the role of appropriate RPs and the process of evaluating potential management measures in the achievement of management objectives; and to develop a list of recommended management objectives to guide the management of fisheries by the WCPFC [81,82,83]. These workshops have allowed identifying and refining potential TRPs and proposing conservation and management measures (CMMs) for establishing HSs for key tuna stocks. With regards to how the PA is dealt with in the WCPFC, overall, the proposed TRPs correspond to depletion levels well above the estimated MSY with the aim of improving the economic performance of fisheries and minimizing the probability of breaching LRPs.




5. Discussion and Recommendations


Uncertainty is inherent to fisheries and needs to be analyzed carefully. Overlooking the uncertainty in key biological processes and fishery dynamics can have a large impact on achieving fisheries management objectives [84] and can potentially lead to management failure [16]. In this document, we review the different ways that the RFMOs in charge of maintaining tuna stocks at sustainable levels treat uncertainty. Our work aligns with the Joint Tuna RFMOs initiative and the Kobe process [17] in the aim of standardizing stock assessment methods and communication formats toward a scientifically sound and harmonized sustainable management of tuna stocks [85,86]. For this, we have reviewed the similarities and differences between the characterization, communication, and management of uncertainty and provided suggestions for harmonizing practices.



In general, tuna stock assessment has evolved toward highly parameterized, integrated statistical modeling frameworks [87]. The use of simple models such as catch-based or biomass dynamic models can often produce an accurate diagnostic of stock status but cannot account for fishery particularities such as fishery dynamics of catch at size/age, the seasonal/spatial distribution of stocks, key biological processes, and technological development. Today, only Atlantic stocks are evaluated using catch-based or biomass dynamic models. In one case biomass dynamic models are used in combination with fully integrated models (Atlantic yellowfin). In the case of Western Atlantic bluefin, the complement to the integrated model is a size-based model. Thus, in only two of the most important tuna stocks the uncertain relationship between model inputs and outputs (model uncertainty) is characterized [9]. Simple models are often used by other RFMOs but only for exploratory purposes, and scientific advice is not built upon their results.



Best practice for characterizing structural uncertainty in stock assessments is through a “grid approach” that includes uncertainty related to model specification with options for key biological parameters and data streams [87]. Since 2020 this approach has been followed by all tuna RFMOs. The key biological processes of fish are reproduction, growth, and natural mortality, and thus, it is important to quantify the impact of the lack of knowledge about these processes for a better fisheries management [16]. Ranges of parameters or alternative values for these processes are used in the structural uncertainty grids for most tuna stocks. One of the most uncertain aspects of fish biology is the relationship between the available spawning stock and the following recruitment, the so-called stock–recruitment relationship, which can have a large impact on the outcome of stock assessments. In stock assessment models, the amount of spawning biomass determines the expected recruitment in the following year through a functional relationship. The key parameter of the stock–recruitment models is steepness h, and it is considered as one of the most difficult parameters to estimate [21], thus it is a common factor in most tuna uncertainty grids. Since 2020, in all RFMOs the values have ranged between 0.65 and 1. Meta-analytical studies recommend using h = 0.8 as a default for tuna stocks [30]. In some RFMOs, the range of steepness values does not differ among species. For example, in the IOTC and WCPFC, the three tropical tuna stocks are characterized with the same range of values (0.7–0.9 in the IOTC and 0.65–0.95 in the WCPFC). There is evidence that values below 0.8 may be implausible for skipjack [34], and even for yellowfin, which are considered more productive than bigeye [88]. It seems insightful to harmonize the use of steepness values for stocks globally rather than using the same range for the different species within an RFMO—in other words, using the same species-specific range of values in all RFMOs. It seems reasonable that the values of steepness for albacore, bluefin, and bigeye can be lower those for skipjack and yellowfin.



Input uncertainty is also explored using alternative data and weighting. The data used in stock assessments consist of catch, abundance indices, size frequency data, and sometimes fishery-independent indices such as surveys or tagging programs. The model configurations used in the most important tuna stocks reflect that uncertainty is characterized for CPUE, tagging, and size data across tuna RFMOs. Catch is assumed known in all stock assessments that use the grid approach. However, in some cases, scenarios of catch reporting are used to characterize uncertainty. This is the case of East Atlantic bluefin tuna, where “inflated” and “reported” catch scenarios are developed as alternative views of the history of the fishery but not in a grid to be averaged across [47]. One exploratory analysis [89] finds that potential problems with catch reporting in the Indian Ocean do not have a large impact on yellowfin’s stock status estimates but may be important for reference points such as the estimated MSY.



With regards to the “grid approach,” it is recommended that all individual model configurations should be biologically plausible and satisfy model diagnostics of fit [87]. Because of time constraints, model diagnostics are often applied to one preferred “reference case” from the grid. Extending the plausibility and statistical tests to all model configurations is something to pursue by tuna RFMOs, for which methodologies will need to be developed. This was done in the IATTC in the latest bigeye and yellowfin stock assessments, where diagnostics of fits were used to validate or discard individual model runs from the uncertainty grids [32,33].



Statistical uncertainty is characterized in all tuna RFMOs. Until recently, exploring this uncertainty was difficult due to the time required to run highly parameterized models with stochasticity. The method applied in the recent assessments of the ICCAT and IOTC [45] is a promising way to characterize statistical uncertainty once models like SS3 or Multifan-CL are run in deterministic mode, which is significantly faster than computing the Hessian, which is normally done for a “reference case” of the grid only.



It is also important to reduce, to the greatest possible extent, the major uncertainties that undermine scientific advice in fisheries by improving knowledge in biological processes and the interaction between fishing gears and fish stocks [16]. For this, tuna RFMOs are currently undergoing important initiatives. For example, the Pacific Tuna Tagging Programme, the Regional Tagging Program in the Eastern Pacific Ocean, the CCSBT Tagging Program, and the Indian Ocean Tuna Tagging Programme have increased knowledge on movements of the most important tuna stocks and improved the scientific basis for estimation of abundance, exploitation rates, selectivity, and key biological processes like growth and natural mortality [90,91,92,93]. This information is already being used in all but Atlantic stock assessments. In ICCAT, the Atlantic-Wide Research Programme for Bluefin Tuna and the Atlantic Ocean Tropical Tuna Tagging Programme are producing large quantities of data that are expected to reduce uncertainties in the dynamics of Atlantic stocks.



Fishery data like CPUE can be problematic due to the problems in defining fishing effort, geographical coverage of fishing operations, and other limiting factors [94]. For this, it is important to include fishery-independent information to estimate abundance of tuna stocks. For example, the close-kin mark-recapture (CKMR) is an innovative approach that allows estimating abundance and biological parameters by finding pairs of related individuals in a population based on their genetic make-up [95]. The data obtained by this technique are currently part of the HS for Southern bluefin tuna in the CCSBT and its potential application to other tuna RFMOs is being explored [96]. Another source of fishery-independent data is the biomass information recorded by satellite GPS tracking echosounder buoys used by purse seine fleets that use fish aggregating devices (FADs) [97,98]. Echosounder buoys can measure the biomass of fish underneath FADs when tunas are not being fished, and, when adequately analyzed, this information can be used to develop fish abundance time series for tropical tunas. The index for Atlantic yellowfin was used in the last assessment of this stock, and it is expected that its use is generalized to other tuna RFMOs as well [99]. All these initiatives are only examples of the scientific and financial efforts dedicated by tuna RFMOs to improve stock assessments and reduce uncertainty in fisheries. These are expected to increase knowledge of tunas’ biological processes and to improve the scientific advice framework of tuna RFMOs.



While aiming at reducing uncertainty, all tuna RFMOs have also agreed to incorporate uncertainty and risk in the communication of the stock assessment results [8]. In general, scientific advice on the status of the stocks and recommended management is averaged across the different scenarios of the uncertainty grids. The central tendency measure (generally median) is used to provide a category of the state of exploitation of tuna stocks using somewhat comparable but different frameworks. There are important implications for the alternative definitions of overfished for fish stocks (Figure 2). One paradigmatic example is Indian Ocean skipjack: It is currently estimated that, on average, the stock is exactly at its biomass target reference point (40% SSB0) [100], which is estimated to be between 1.32–2.12 of SSBMSY. However, the IOTC estimated that there is 49% of probability of being overfished. This is because the overfished status is defined as being above or below the adopted biomass TRP. In reality, the stock is estimated to be fluctuating around a precautionary TRP with a null probability of being below the adopted LRP, a benchmark that should not be breached with any substantial probability. However, as with the current Kobe framework the overfished status is defined as below the target, skipjack is defined as overfished with nearly 50% probability. In this regard, it is incompatible to maintain the stock fluctuating around the biological TRP with high probability while achieving a very low probability of not being estimated as overfished. Instead, we think that there is high probability that undesired risks to the stock are being avoided if a stock is around a precautionary target. For this, in cases where precautionary target and limit reference points and a harvest strategy (or HCR) are adopted we consider it would be best practice to determine overfished as biomass being below a precautionary LRP (e.g., 20% SSB0), as with the frameworks used in the WCPFC and ISC. This framework would still prescribe management action when fishing mortality is estimated above FMSY or another FTARGET, or biomass is below the target, within a HS or HCR.



The principles of Kobe and Majuro frameworks are somewhat combined in the framework used by ISC. With this framework it is possible to distinguish stocks that are cataloged as overfished but not subject to overfishing (B < BLIM but F < FMSY) (e.g., southern bluefin tuna) and those that are overfished and subject to overfishing (B < BLIM and F > FMSY) (e.g., Pacific bluefin) where the current fishing pressure exceeds scientific recommendation. The diagram used in the ISC can also be controversial as it would color in green the stocks that are very close to limit reference points. For this, we recommend the use of the Majuro plots for stocks with adopted precautionary reference points and a harvest strategy (or HCR) (Figure 1b). A potential improvement would be to assign a new color (pale red or pink) to stocks that are overfished (B < BLRP) but not subject to overfishing (F < FMSY).



In cases where HSs or HCRs are not adopted, management advice can be supported by projections of the stock assessment models under alternative catch or fishing mortality levels. The results of these projections are communicated using Kobe II Strategy Matrices, which are the agreed way to report the probability of something happening (e.g., biomass falling below BMSY or fishing mortality going over FMSY) under alternative management scenarios [21]. The probabilistic results shown in the Kobe plots and K2SMs are calculated from all the models, scenarios, and iterations agreed upon to represent the plausible dynamics of the fishery for the provision of management advice. With the gradual move toward HSs, this form of communication of advice will be replaced by a direct recommendation for limits of catch or effort (or any other measure).



The Kobe process has contributed to the adoption of common frameworks that embrace the precautionary approach for management in tuna RFMOs. All tuna RFMOs are committed to a path of adopting HSs for the most important stocks to address uncertainty in fisheries and to achieve management goals. All evaluations of HS to facilitate adoption are being carried out using MSE. This process has been accelerated by the conditions imposed by the Marine Stewardship Council (MSC) for the certification of tuna fisheries. Under the Joint Tuna RFMO framework, a common development of MSE has been pursued and periodically scientists from the five RFMOs share views and methodologies [101]. Today, only the CCSBT has adopted a fully specified HS to pilot the recovery of Southern bluefin tuna. The IOTC and ICCAT have adopted HCRs and have defined management objectives and RPs for Indian Ocean skipjack and North Atlantic albacore stocks, respectively. The main difference between the case of the CCSBT and the latter two is that in the first, the complete HS (including data, data analysis, and decision process) are prespecified and for the others, what it is agreed upon is the course of action (e.g., setting catch limits) once the results of the assessment are endorsed by their scientific committees. The state of development of MSE is different across stocks, but overall there are roadmaps to develop MSEs to support the adoption of HSs and HCRs in all tuna RFMOs for the most important tuna stocks in the next 3–5 years.
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Appendix A


	
Catch-based models: Relatively simple methods to obtain plausible MSY estimates and other biological parameters from catch data, based on assumptions on resilience (corresponding to the intrinsic growth rate r in the surplus production model) and the plausible range of relative stock sizes at the beginning of the time series. The algorithm by Martell and Froese (2012) has been validated against analytical fish stock assessment estimates of MSY. Good agreement was found between stock assessment MSY estimates and the geometric mean of MSY values calculated from the plausible r-K pairs [102]. A catch-based approach relies on the assumption that catch reflects fish abundance and productivity. This principle is controversial, especially when management interventions change through the history of catch time series. However, catch-based methods are widely used to assess data-poor fisheries and to produce large scale overviews of the state of fisheries [103].



	
ASPIC ([104]) is a non-equilibrium implementation of the well-known surplus production model of Schaefer [105,106]. ASPIC also fits the generalized stock production model of Pella and Tomlinson (1969). ASPIC can fit data from up to 10 data series of fishery-dependent or fishery-independent indices, and uses bootstrapping to construct approximate nonparametric confidence intervals and to correct for bias. In addition, ASPIC can fit the model by varying the relative importance placed on yield versus measures of effort or indices of abundance. The model has been extensively reviewed and tested in the context of various applications to tuna stocks via the ICCAT by Prager [104,107]. Because of its limited data requirements, this model is easy to use and many national scientists are familiar with it. ASPIC is fast to run and facilitates simulation testing. Because of the limited data requirements, it allows the use of longer time series when data from earlier periods are usually poor. It only estimates a few parameters but these are typically the ones needed to provide management advice and estimate RPs. ASPIC quickly produces diagnostics, bootstrap results, and projections.



	
mpb is an R package for running and simulation testing biomass-based stock assessment models. The package is part of FLR [108], a suite of open source R packages that are extensible and able to interact with many R packages. It has methods for plotting, examining goodness of fit, estimating uncertainly, deriving quantities used to provide management advice, running projections, simulating harvest control rules (HCRs), and for conducting management strategy evaluation (MSE) [27].



	
JABBA (Just Another Bayesian Biomass Assessment) is a generalized Bayesian state-space surplus production model framework [109]. JABBA is coded within a user-friendly R interface to provide a means to generate reproducible stock status estimates and diagnostics. JABBA is generalized in the sense that the production function can take on various forms, including conventional Fox and Schaefer production functions, which can be fit based on a range of alternative error assumptions. The model is formulated to accommodate multiple CPUE series for fisheries. The assessment input data can comprise multiple, partially conflicting, fisheries-dependent abundance indices over varying time spans, as commonly encountered in assessments of large pelagic fishes. The inbuilt fit diagnostics can be applied to identify conflicting abundance indices toward selecting candidate base-case scenarios. JABBA can be used to produce a large number of alternative scenarios, including readily presentable diagnostic and output graphs.



	
Virtual population analysis (VPA) methods have been widely used by the SCRS for stock assessment purposes, with arguably fewer assumptions than biomass dynamic approaches. VPA can handle varying selectivity and, in general, projections can accommodate some of the management issues (size limits, etc.). It can accommodate multiple CPUE indices with different selectivity. The method can only estimate uncertainty within the model through bootstrapping; assumed catch at age (CAA) is known without error.



	
Multifan-CL is a sophisticated computer program that implements a statistical, length-based, age-structured model for use in fisheries stock assessment [25]. Multifan-CL provides a statistically-based, robust method of length–frequency analysis. Multifan-CL is now used routinely for tuna stock assessments by the Oceanic Fisheries Programme (OFP) of the Secretariat of the Pacific Community (SPC) in the Western and Central Pacific Ocean (WCPO).



	
Stock synthesis (SS) is a fully integrated age-structured statistical model [24]. The structure of stock synthesis allows for building simple to complex models depending upon the data available. As a result, the SS modeling framework is designed to allow the user to control the majority of the assumptions that go into the model. SS assumes that the observational data are a random and unbiased sample of the fishery and/or survey they are intended to represent. The overall model contains subcomponents which simulate the population dynamics of the stock and fisheries, derive the expected values for the various observed data, and quantify the magnitude of difference between observed and expected data. Stock synthesis provides a statistical framework for calibration of a population dynamic model using a diversity of fishery and survey data. SS is most flexible in its ability to utilize a wide diversity of age, size, and aggregate data from fisheries and surveys. It is designed to accommodate both age and size structure in the population and with multiple stock sub-areas. Selectivity can be cast as age-specific only, size-specific in the observations only, or size-specific with the ability to capture the major effect of size-specific survivorship. While SS can accommodate a multitude of data types, at least a catch time series and an index of abundance are required. Conversely, a model can be built that incorporates multiple areas, seasons, sexes, growth and growth morphologies, as well as tagging data. Environmental data can also be used to modulate the parameters of the model. Size and age structure, size-at-age, aging error and bias, and sex ratio can also be incorporated. The SS model output is commensurate with the complexity of the model configuration and observational data. All estimated parameters are output with standard deviations. Derived quantities include typical management benchmarks such as MSY, FMSY, and BMSY, and Spawners per Recruit. Typical matrices of numbers-at-age, growth, age–length keys are also provided.



	
Operating Model developed for SBT MP testing (SBT-OM): The performance of the management procedure currently in place for Southern bluefin tuna is evaluated using a specifically tailored age-structured model [37,110]. The model allows for historical trends in growth. It assumes a Beverton–Holt recruitment function with log-normal auto-correlated errors. The relationship includes a parameter that allows for depensatory effects. The model assumes fishing for each of the fisheries considered as a pulse that takes place in one or two fishing seasons. The length–age relationship and fishery-specific length–weight relationships are considered known, specified by a time-varying growth schedule estimated outside the model. The model can accommodate tag return data that can be used to provide estimates of fishing mortality and natural mortality. The model also uses CPUE indices as an aggregate index and uses aerial survey data as a relative index of biomass of ages 2–4. Other indices can also be incorporated to the model. The model also uses close-kin data, which considers juvenile and adult individuals and is used to help the model estimate parent–offspring pairs.








References


	



Juan-Jordá, M.J.; Mosqueira, I.; Cooper, A.B.; Freire, J.; Dulvy, N.K. Global Population Trajectories of Tunas and Their Relatives; Proc. Natl. Acad. Sci. USA: Washington, DC, USA, 2011; Volume 108, pp. 20650–20655. [Google Scholar]

	



Food and Agriculture Organization. Contributing to Food Security and Nutrition for All. In The State of World Fisheries and Aquaculture 2018; FAO: Rome, Italy, 2018; p. 200. [Google Scholar]

	



Pew Cheritable Trusts. Netting Billions: A Global Valuation of Tuna; PEW: Philadelphia, PA, USA, 2016. [Google Scholar]

	



International Seafood Sustainability Foundation. Status of the World Fisheries for Tuna February 2018. In ISSF Technical Report 2018-02; ISSF: Washington, DC, USA, 2018. [Google Scholar]

	



United Nations. Agreement for the Implementation of the Provisions of the United Nations Convention on the Law of the Sea of 10 December 1982 Relating to the Conservation and Management of Straddling Fish Stocks and Highly Migratory Fish Stocks*. Ocean Yearb. Online 1996, 12, 471–500. [Google Scholar] [CrossRef]

	



Tully, S. FAO: Code of Conduct for Responsible Fisheries. In International Documents on Corporate Responsibility; FAO: Rome, Italy, 2013. [Google Scholar]

	



Allen, R.; Joseph, J.; Squires, D. Conservation and Management of Transnational Tuna Fisheries; Wiley-Blackwell: Ames, IA, USA, 2010. [Google Scholar]

	



Murua, H.; de Bruyn, P.; Aranda, M. A Comparison of Stock Assessment Practices in Tuna-RFMOs (WPTT13-17). In Working Party on Tropical Tunas; Indian Ocean Tuna Commission: Victoria, Seychelles, 2011. [Google Scholar]

	



Strong, M.; Oakley, J.E. When Is a Model Good Enough? Deriving the Expected Value of Model Improvement via Specifying Internal Model Discrepancies. SIAM/ASA J. Uncertain. Quantif. 2014, 2, 106–125. [Google Scholar] [CrossRef]

	



Matthies, H.G. Quantifying Uncertainty: Modern Computational Representation of Probability and Applications. In Extreme Man-Made and Natural Hazards in Dynamics of Structures; Springer: New York, NY, USA, 2007; pp. 105–135. [Google Scholar]

	



Iman, R.L.; Helton, J.C. An Investigation of Uncertainty and Sensitivity Analysis Techniques for Computer Models. Risk Anal. 1988, 8, 71–90. [Google Scholar] [CrossRef]

	



Walker, W.; Harremoes, P.; Rotmans, J.; Van Der Sluijs, J.; Van Asselt, M.; Janssen, P.; Von Krauss, M.K. Defining Uncertainty: A Conceptual Basis for Uncertainty Management in Model-Based Decision Support. Integr. Assess. 2003, 4, 5–17. [Google Scholar] [CrossRef]

	



Der Kiureghian, A.; Ditlevsen, O.D. Aleatory or Epistemic? Does It Matter? Struct. Saf. 2009, 31, 105–112. [Google Scholar] [CrossRef]

	



Rosenberg, A.A.; Restrepo, V.R. Uncertainty and Risk Evaluation in Stock Assessment Advice for U.S. Marine Fisheries. Can. J. Fish. Aquat. Sci. 1994, 51, 2715–2720. [Google Scholar] [CrossRef]

	



Francis, R.; Shotton, R. “Risk” in Fisheries Management: A Review. Can. J. Fish. Aquat. Sci. 1997, 54, 1699–1715. [Google Scholar] [CrossRef]

	



Fromentin, J.-M.; Bonhommeau, S.; Arrizabalaga, H.; Kell, L.T. The Spectre of Uncertainty in Management of Exploited Fish Stocks: The Illustrative Case of Atlantic Bluefin Tuna. Mar. Policy 2014, 47, 8–14. [Google Scholar] [CrossRef]

	



Food and Agriculture Organization. Report of the Joint Meeting of Tuna RFMOs; FAO: Kobe, Japan, 2007. [Google Scholar]

	



Food and Agriculture Organization. Precautionary Approach to Capture Fisheries and Species Introductions; FAO: Rome, Italy, 1995. [Google Scholar]

	



Garcia, S. The Precautionary Approach to Fisheries and Its Implications for Fishery Research, Technology and Management: An Updated Review. In Precautionary Approach to Fisheries; Part 2: Scientific Papers; FAO: Rome, Italy, 1996; Volume 350, p. 76. [Google Scholar]

	



De Bruyn, P.; Murua, H.; Aranda, M. The Precautionary Approach to Fisheries Management: How This Is Taken into Account by Tuna Regional Fisheries Management Organisations (RFMOs). Mar. Policy 2013, 38, 397–406. [Google Scholar] [CrossRef]

	



International Seafood Sustainability Foundation. Report of the 2013 ISSF Stock Assessment Workshop: Harvest Control Rules and Reference Points for Tuna RFMOs. In ISSF Technical Report 2013-03; International Seafood Sustainability Foundation: Washington, DC, USA, 2013. [Google Scholar]

	



International Seafood Sustainability Foundation. ISSF Stock Assessment Workshop “Characterizing Uncertainty in Stock Assessment and Management Advice”. In ISSF Technical Report 2015-06; ISSF: Monterey, CA, USA, 2015. [Google Scholar]

	



Punt, A.; Butterworth, D.S.; De Moor, C.L.; De Oliveira, A.A.; Haddon, M. Management Strategy Evaluation: Best Practices. Fish Fish. 2014, 17, 303–334. [Google Scholar] [CrossRef]

	



Methot, R.D.; Wetzel, C.R. Stock Synthesis: A Biological and Statistical Framework for Fish Stock Assessment and Fishery Management. Fish. Res. 2013, 142, 86–99. [Google Scholar] [CrossRef]

	



Fournier, D.A.; Hampton, J.; Sibert, J.R. MULTIFAN-CL: A length-based, age-structured model for fisheries stock assessment, with application to South Pacific albacore, Thunnus alalunga. Can. J. Fish. Aquat. Sci. 1998, 55, 2105–2116. [Google Scholar] [CrossRef]

	



Winker, H.; Carvalho, F.; Kapur, M. JABBA: Just Another Bayesian Biomass Assessment. Fish. Res. 2018, 204, 275–288. [Google Scholar] [CrossRef]

	



Kell, L. A Package for Implementing Management Procedures, That Can Be Simulation Testing Using Management Strategy Evaluation. Available online: https://github.com/laurieKell/mpb (accessed on 1 June 2020).

	



Gavaris, S. An Adaptive Framework for the Estimation of Population Size. Res. Doc. Can. Atl. Fish. Scient. Adv. Comm. 1988, 88, 1–2. [Google Scholar]

	



Lee, H.-H.; Maunder, M.N.; Piner, K.R.; Methot, R.D. Can Steepness of the Stock–Recruitment Relationship Be Estimated in Fishery Stock Assessment Models? Fish. Res. 2012, 125, 254–261. [Google Scholar] [CrossRef]

	



International Seafood Sustainability Foundation. Report of the 2011 ISSF Stock Assessment Workshop. In Stock-Recruitment Relationships and Juvenile and Small Tuna Mortality; ISSF: Rome, Italy, 2011. [Google Scholar]

	



Indian Ocean Tuna Commission. Report of the 20th Session of the IOTC Working Party on Tropical Tunas; IOTC: Victoria, Seychelles, 2018. [Google Scholar]

	



Xu, H.; Maunder, M.N.; Minte-Vera, C.; Valero, J.L.; Lennert-Cody, C.E.; Aires da Silva, A. Bigeye Tuna in the Eastern Pacific Ocean, 2019: Benchmark Assessment; IATTC: La Jolla, CA, USA, 2019. [Google Scholar]

	



Minte-Vera, C.V.; Maunder, M.N.; Xu, H.; Valero, J.L.; Lennert-Cody, C.E.; Aires da Silva, A. Yellowfin Tuna in the Eastern Pacific Ocean, 2019: Benchmark Assessment; SAC-11-07; IATTC: La Jolla, CA, USA, 2019. [Google Scholar]

	



Indian Ocean Tuna Commission. Report of the Working Party on Tropical Tunas; IOTC: Victoria, Seychelles, 2017. [Google Scholar]

	



Indian Ocean Tuna Commission. Report of the 19th Session of the IOTC Scientific Committee; IOTC: Victoria, Seychelles, 2016. [Google Scholar]

	



McKechnie, S.; Pilling, G.; Hampton, J. Stock Assessment of Bigeye Tuna in the Western and Central Pacific Ocean; SA-WP-05; WCPFC: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Commission for the Conservation of Southern Bluefin Tuna. Report of the Twenty Second Meeting of the Scientific Committee; CCSBT: Yogyakarta, Indonesia, 2017. [Google Scholar]

	



Tremblay-Boyer, L.; McKechnie, S.; Pilling, G.; Hampton, J. Stock Assessment of Yellowfin Tuna in the Western and Central Pacific Ocean; WCPFC-SC13-2017/SA-WP-06; WCPFC: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Harley, S.J.; Davies, N.; Tremblay-Boyer, L.; Hampton, J.; McKechnie, S. Stock Assessment for South Pacific Albacore Tuna; WCPFC-SC11-2015/SA-WP-06; WCPFC: Pohnpei, Federated States of Micronesia, 2015. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Report of the 2016 ICCAT North and South Atlantic Albacore Stock Assessment Meeting; ICCAT: Madeira, Portugal, 2016. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Report of the 2016 ICCAT Yellowfin Tuna Stock Assessment Meeting; ICCAT: San Sebastian, Spain, 2016. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Report of the 2018 ICCAT Bigeye Tuna Stock Assessment Meeting; ICCAT: Pasaia, Spain, 2018. [Google Scholar]

	



Efron, B. Bootstrap Methods: Another Look at the Jackknife. Ann. Stat. 1979, 7, 1–26. [Google Scholar] [CrossRef]

	



Dorfman, R. A Note on the δ-Method for Finding Variance Formulae. Biom. Bull. 1938, 1, 129–137. [Google Scholar]

	



Winker, H.; Walter, J. Application of a Multivariate Lognormal Approach to Estimate Uncertainty about the Stock Status and Future Projections for Indian Ocean Yellowfin Tuna; IOTC: Victoria, Seychelles, 2019. [Google Scholar]

	



Walter, J.; Hiroki, Y.; Satoh, K.; Matsumoto, T.; Winker, H.; Urtizberea, A.; Schirripa, M. Atlantic Bigeye Tuna Stock Synthesis Projections and Kobe 2 Matrices. ICCAT Collect. Vol. Sci. Pap. 2019, 75, 2283–2300. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Report of the 2017 ICCAT Bluefin Tuna Stock Assessment; ICCAT: Madrid, Spain, 2017. [Google Scholar]

	



Davies, C.; Basson, M. Approaches for Identification of Appropriate Reference Points and Implementation of MSE within the WCPO; WCPFC-SC5-2009/ME-WP-03; Western and Central Pacific Fisheries Commission’s Scientific Committee Fifth Regular Session: Port Vila, Vanuatu, 2009. [Google Scholar]

	



Preece, A.; Hillary, R.; Davies, C. Identification of Candidate Limit Reference Points for the Key Target Species in the WCPFC; WCPFC: Pohnpei, Federated States of Micronesia, 2011. [Google Scholar]

	



Hillary, R.M.; Preece, A.L.; Davies, C.R.; Kurota, H.; Sakai, O.; Itoh, T.; Parma, A.M.; Butterworth, D.S.; Ianelli, J.; Branch, T.A. A Scientific Alternative to Moratoria for Rebuilding Depleted International Tuna Stocks. Fish Fish. 2015, 17, 469–482. [Google Scholar] [CrossRef]

	



Commission for the Conservation of Southern Bluefin Tuna. Updated Specifications of the CCSBT Management Procedure. In Report of the Eighteenth Meeting of the Scientific Committee; CCSBT: Canberra, Australia, 2013. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Recommendation by ICCAT on a Harvest Control Rule for North Atlantic Albacore Supplementing the Multiannual Conservation and Management Programme; Rec 16-06; ICCAT: Madrid, Spain, 2017. [Google Scholar]

	



Indian Ocean Tuna Commission. Resolution 16/02 on Harvest Control Rules for Skipjack Tuna in the IOTC Area of Competence, Appendix XVII. In Report of the 2016 IOTC Commission Meeting; IOTC: La Reunion, France, 2016. [Google Scholar]

	



Indian Ocean Tuna Commission. Resolution 16/09 on establishing a Technical Committee on Management Procedures; IOTC: Victoria, Seychelles, 2016. [Google Scholar]

	



Indian Ocean Tuna Commission. Resolution 15/10 on target and Limit Reference Points and a Decision Framework, Appendix XXV. In Report of the 19th Session of the Indian Ocean Tuna Commission; IOTC: Victoria, Seychelles, 2015. [Google Scholar]

	



Indian Ocean Tuna Commission. Report of the 20th Session of the Indian Ocean Tuna Commission; IOTC: La Reunion, France, 2016. [Google Scholar]

	



Indian Ocean Tuna Commission. Report of the 6th Workshop on MSE of IOTC WPM Scientists; IOTC: Bangkok, Thailand, 2017. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Report of the 2010 ICCAT Working Group on Stock Assessment Methods; ICCAT: Madrid, Spain, 2010. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Recommedation by ICCAT on the Development of Harvest Control Rules and Management Strategy Evaluation; ICCAT: Madrid, Spain, 2015. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Report of the 2013 ICCAT North and South Atlantic Albacore Stock Assessment Meeting; ICCAT: Sukarrieta, Spain, 2013. [Google Scholar]

	



Merino, G.; De Bruyn, P.; Kell, L.; Arrizabalaga, H. A Preliminary Stock Assessment for Northern Albacore Using the Fully Integrated Stock Assessment Model, Multifan-CL. ICCAT Collect. Vol. Sci. Pap. 2014, 70, 1094–1107. [Google Scholar]

	



Merino, G.; Arrizabalaga, H.; Santiago, J.; Sharma, R.; Ortiz de Zarate, V.; De Bruyn, P.; Kell, L. Uncertainty Grid for North Atlantic albacore Management Strategy Evaluation: Conditioning Operating Models. ICCAT Collect. Vol. Sci. Pap. 2017, 74, 432–456. [Google Scholar]

	



Merino, G.; Kell, L.; Arrizabalaga, H. Updated Evaluation of Harvest Control Rules for North Atlantic Albacore through Management Strategy Evaluation. ICCAT Collect. Vol. Sci. Pap. 2017, 74, 457–478. [Google Scholar]

	



Merino, G.; Arrizabalaga, H.; Arregui, I.; Santiago, J.; Murua, H.; Urtizberea, A.; Andonegi, E.; De Bruyn, P.; Kell, L.T. Adaptation of North Atlantic Albacore Fishery to Climate Change: Yet Another Potential Benefit of Harvest Control Rules. Front. Mar. Sci. 2019, 6. [Google Scholar] [CrossRef]

	



International Commission for the Conservation of Atlantic. Report of the 1st Meeting of the Core Modelling Group of BFT; ICCAT: Madrid, Spain, 2014. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Workshop Reference Points for Tuna and Billfish; Maunder, M., Ed.; IATTC: La Jolla, CA, USA, 2003; Unpublished IATTC Report. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Preliminary Management Strategy Evaluation to Evaluate the IATTC Interim Reference Points and Proposed Harvest Control Rule; SAC-06-10b; IATTC: La Jolla, CA, USA, 2015. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Exploratory Management Strategy Evaluation (MSE) of Dorado (Coryphaena Hippurus) in the Southeastern Pacific Ocean; SAC-07-06a(ii); IATTC: La Jolle, CA, USA, 2016. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Application of Harvest Control Rules for tropical tunas in the Eastern Pacific Ocean; SAC-07-07g; IATTC: La Jolla, CA, USA, 2016. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Current and Future Research on Management Strategy Evaluation (MSE) for Tunas and Related Species in the Eastern Pacific Ocean; SAC-07-07h; IATTC: La Jolla, CA, USA, 2016. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Limit Reference Points in Marine Resource Management and Their Application for Tuna and Billfish Stocks; SAC-08-05e(ii); IATTC: La Jolla, CA, USA, 2017. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Simulation Testing of Reference Points for Bigeye Tuna (Thunnus Obesus) in the Eastern Pacific Ocean; SAC-08-05e(iii); IATTC: La Jolla, CA, USA, 2017. [Google Scholar]

	



Western Central Pacific Fisheries Commission. Management Strategy Evaluation for North Pacific Albacore; WCPFC-NC11-2015/IP-08; WCPFC Northern Committee Eleventh Regular Session: Hokkaido, Japan, 2015. [Google Scholar]

	



Pacific Islands Forum Fisheries Agency. Implications of a Range of Target Reference Points for the South Pacific Albacore Stock; WCPFC-SC13-2017/MI-WP-01; WCPFC Scientific Committee Thirteenth Regular Session: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Pilling, G.; Scott, R.; Hampton, J. Biologically Reasonable Rebuilding Timeframes for Bigeye Tuna; SC13-WCPFC13-02 (WCPFC13-2016-12); WCPFC Scientific Committee Thirteenth Regular Session: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Western Central Pacific Fisheries Commission. Reference Document for the Development of Harvest Strategies under CMM 2014-06; WCPFC Scientific Committee Thirteenth Regular Session: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Pilling, G.; Skirtun, M.; Reid, C.; Hampton, J. Biological and Economic Consequences of Alternative Trajectories to Achieve a Candidate South Pacific Albacore Target Reference Point; SC13-WCPFC13-03; WCPFC Scientific Committee Thirteenth Regular Session: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Scott, R.; Pilling, G.; Hampton, J. Performance Indicators and Monitoring Strategies for South Pacific Albacore Compatible with Candidate Management Objectives for the Southern Longline Fishery; MI-WP-02; WCPFC Scientific Committee Thirteenth Regular Session: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Scott, R.; Pilling, G.; Hampton, J. Performance Indicators and Monitoring Strategies for Bigeye and Yellowfin Tuna Compatible with Candidate Management Objectives for the Tropical Longline Fishery; MI-WP-03; WCPFC Scientific Committee Thirteenth Regular Session: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Scott, R.; Davies, N.; Pilling, G.; Hampton, J. Developments in the MSE Modelling Framework; WCPFC-SC13-2017/MI-WP-04; WCPFC Scientific Committee Thirteenth Regular Session: Rarotonga, Cook Islands, 2017. [Google Scholar]

	



Western Central Pacific Fisheries Commission. Management Objectives Workshop; WCPFC: Manila, Philippines, 2012. [Google Scholar]

	



Western Central Pacific Fisheries Commission. Management Objectives Workshop Manila VI; WCPFC: Bali, Indonesia, 2015. [Google Scholar]

	



Western Central Pacific Fisheries Commission. Management Objectives Workshop Manila II; WCPFC: Cairns, Australia, 2013. [Google Scholar]

	



Punt, A. A note regarding how to model MSY-related parameters when population dynamics are stochastic. J. Cetacean Res. Manag. 2008, 10, 183–189. [Google Scholar]

	



Murua, H. Enhanced Cooperation among Tuna RFMOs. In Joint Tuna RFMOs Meeting of Experts to Share Best Practices on the Provision of Scientific Advice; ICCAT: Barcelona, Spain, 2010. [Google Scholar]

	



Restrepo, V. Stock Assessments. In Joint Tuna RFMOs Meeting of Experts to Share Best Practices on the Provision of Scientific Advice; ICCAT: Barcelona, Spain, 2010. [Google Scholar]

	



International Seafood Sustainability Foundation. Stock Assessment Workshop “Review of Current t-RFMO Practice in Stock Status Determinations”; International Seafood Sustainability Foundation: Washington, DC, USA, 2018. [Google Scholar]

	



International Commission for the Conservation of Atlantic. Report of the 2019 ICCAT Yellowfin Tuna Stock Assessment Meeting; ICCAT: Grand-Bassam, Ivory Coast, 2019. [Google Scholar]

	



Merino, G.; Fu, D.; Geehan, J.; Urtizberea, A.; Santiago, J.; Murua, H. Evaluation of the Potential Impact of Catch Underreporting on Yellowfin Stock Assessment Using Exploratory Scenarios of Catch History; IOTC-WPTT21-47; IOTC: San Sebastian, Spain, 2019. [Google Scholar]

	



Western Central Pacific Fisheries Commission. Pacific Tuna Tagging Programme; WCPFC15-2018-23; 15th Regular Session of the WCPFC Commission: Pohnpei, Federated States of Micronesia, 2018. [Google Scholar]

	



Schaefer, K.; Fuller, D. The IATTC Eastern Pacific Ocean Tuna Tagging Program (EPOTTP) during 2019. In Proceedings of the IATTC RTTP Workshop, La Jolla, CA, USA, 28–31 January 2019. [Google Scholar]

	



Takahashi, N.; Tsuji, S.; Kurota, H. Review of the Current CCSBT Tagging Program and Potential Improvements; CCSBT: Canberra, Australia, 2004. [Google Scholar]

	



Hallier, J.-P.; Million, J. The Indian Ocean Tuna Tagging Programme. In Proceedings of the Indian Ocean Tuna Tagging Symposium, Grande Baie, Mauritius, 30 October–2 November 2012. [Google Scholar]

	



Maunder, M.N.; Piner, K.R. Contemporary Fisheries Stock Assessment: Many Issues Still Remain. ICES J. Mar. Sci. 2014, 72, 7–18. [Google Scholar] [CrossRef]

	



Bravington, M. Close-Kin Mark-Recapture for SBT: Options for the Longer Term; CCSBT-ESC/1409/44; CCSBT: Yogyakarta, Indonesia, 2014. [Google Scholar]

	



Pereda, I.; Paterson, T.; Grande, M.; Zudaire, I.; Lezama, N.; Davies, C.R.; Rodriguez-Ezpeleta, N. Feasibility Study on Applying Close-Kin Mark Recapture (CKMR) Abundance Estimates to Indian Ocean Tuna Commission (IOTC) Shark Species. Final Report; IOTC: Victoria, Seychelles, 2020. [Google Scholar]

	



Santiago, J.; Uranga, J.; Quincoces, I.; Orue, B.; Grande, M.; Murua, H.; Merino, G.; Boyra, G. A Novel Index of Abundance of Juvenile Yellowfin Tuna in the Atlantic Ocean Derived from Echosounder Buoys; SCRS/2019/075; ICCAT: Madrid, Spain, 2019. [Google Scholar]

	



Santiago, J.; Uranga, J.; Quincoces, I.; Orue, B.; Grande, M.; Murua, H.; Merino, G.; Urtizberea, A.; Pascual, P.; Boyra, G. A Novel Index of Abundance of Juvenile Yellowfin Tuna in the Indian Ocean Derived From Echosounder Buoys; IOTC-2019-WPTT21-45; ICCAT: Madrid, Spain, 2019. [Google Scholar]

	



Western Central Pacific Fisheries Commission. Report of the 1st Joint Tuna RFMO FAD Working Group Meeting; WCPFC: Madrid, Spain, 2017. [Google Scholar]

	



Indian Ocean Tuna Commission. Report of the 20th Session of the IOTC Scientific Committee; IOTC: Victoria, Seychelles, 2017. [Google Scholar]

	



Regional Fisheries Management Organization. Management Strategy Working Group. In Report of the Joint Tuna RFMO Management Strategy Evaluation Working Group; RFMO Management Strategy Working Group: Seattle, WA, USA, 2018. [Google Scholar]

	



Martell, S.; Froese, R. A Simple Method for Estimating MSY from Catch and Resilience. Fish Fish. 2012, 14, 504–514. [Google Scholar] [CrossRef]

	



Merino, G.; Barange, M.; Fernandes, J.A.; Mullon, C.; Cheung, W.; Trenkel, V.; Lam, V. Estimating the Economic Loss of Recent North Atlantic Fisheries Management. Prog. Oceanogr. 2014, 129, 314–323. [Google Scholar] [CrossRef]

	



Prager, M.H. ASPIC: A Surplus-Production Model Incorporating Covariates. Col. Vol. Sci. Pap. (ICCAT) 1992, 28, 218–229. [Google Scholar]

	



Pella, J.J.; Tomlinson, P.K. A Generalized Stock Production Model. Bull. Inter-Am. Trop. Tuna Comm. 1969, 13, 420–496. [Google Scholar]

	



Schaefer, M. Some Aspects of the Dynamics of Populations Important to the Management of the Commercial Marine Fisheries. Bull. Inter-Am. Trop. Tuna Comm. 1954, 1, 27–56. [Google Scholar]

	



Prager, M.H. A Suite of Extensions to a Nonequilibrium Surplus-Production Model. U. S. Fish. Bull. 1994, 92, 374–389. [Google Scholar]

	



Kell, L.T.; Mosqueira, I.; Grosjean, P.; Fromentin, J.-M.; Garcia, D.; Hillary, R.; Jardim, E.; Mardle, S.; Pastoors, M.A.; Poos, J.J.; et al. FLR: An Open-Source Framework for the Evaluation and Development of Management Strategies. ICES J. Mar. Sci. 2007, 64, 640–646. [Google Scholar] [CrossRef]

	



Winker, H.; Carvalho, F.; Kapur, M. JABBA Goes IOTC: ‘Just Another Bayesian Biomass Assessment’ for Indian Ocean Blue Shark and Swordfish; IOTC-2017-WPM08-11; IOTC: Victoria, Seychelles, 2017. [Google Scholar]

	



Hillary, R.M.; Preece, A.L.; Davies, C.R. Reconditioning of the CCSBT Operating Model. In 2017; CCSBT-ESC/1708/14; CCSBT: Canberra, Australia, 2017. [Google Scholar]








[image: Sustainability 12 08245 g001 550] 





Figure 1. (a) Kobe plot, (b) Majuro plot, and (c) diagram used in the International Scientific Committee for Tuna and Tuna-like Species in the North Pacific Ocean (ISC). SSB is Spawning Stock Biomass and F is fishing mortality. MSY is Maximum Sustainable Yield. 
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Figure 2. State of the most important tuna stocks using a Kobe plot (a), Majuro plot (b), and the diagram used in the ISC (c). 
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Figure 3. Harvest control rule adopted for Indian Ocean skipjack (IOTC, Resolution 16-02). 
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Figure 4. Harvest control rule adopted for North Atlantic albacore. 
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Table 1. Models used in the latest assessments of the 23 most commercially relevant tuna stocks classified in relation to regional fisheries management organization (RFMO), stock name, year of the assessment, and method. A brief summary of each model is provided in Appendix A. ASPIC (A Surplus-Production model Incorporating Covariates), mpb (Biomass production model), JABBA (Just Another Bayesian Biomass Assessment), ASPM (Age Structured Production Model), VPA (Virtual Population Analysis), MFCL (Multifan-CL), SS (Stock Synthesis), SBT (Southern Bluefin Tuna model).
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