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EXECUTIVE SUMMARY

This report presents the results of a Management Strategy Evaluation (MSE) developed to support the
adoption of a harvest strategy for bigeye tuna in the eastern Pacific Ocean (EPO). The MSE uses
closed-loop simulation to evaluate eight candidate harvest control rules (HCRs) under a wide range of
biological, fishery, observation, and implementation uncertainties. These simulations build on the im-
proved scientific foundation provided by the 2024 benchmark stock assessment and risk analysis, which
includes an ensemble of thirty-six operating models representing plausible states of nature for bigeye
tuna. The objective of the MSE is to quantify how well alternative harvest strategies meet management
objectives related to safety, stock status, stability, yield, effort, and abundance.

Across all candidate HCRs, the stock is projected to be rebuilt rapidly in the early years of the simulation.
This response reflects both a strong recruitment in 2023 and the reduction in juvenile mortality following
the implementation of the individual vessel threshold (IVT) beginning in 2022. All HCRs perform well rel-
ative to candidate limit reference points, with near-zero probabilities of breaching the two “hard” limit
reference points (7.7%Bo and 50%Bwmsy) and low probabilities of falling below the “soft” limit reference
point (20%dBo). Similarly, the probability of remaining in the green quadrant of the Kobe plot is high for
all HCRs, ranging from about 90% for more aggressive ones to about 95% for more conservative ones.

While performance related to biological safety is similar across HCRs, differences arise in tradeoffs be-
tween fishery utilization and stock conservation. More aggressive HCRs provide higher purse-seine
catches and shorter fishery closures but result in slightly lower probabilities of meeting stock status ob-
jectives. More conservative HCRs provide improved safety and status outcomes but at the cost of longer
closures and lower purse-seine catches. These tradeoffs are central for management decision-making and
illustrate the value of the MSE framework in providing transparent, quantitative comparisons across strat-
egy options.

A robustness test examining the most aggressive HCR under a hypothetical 25% persistent reduction in
recruitment regime showed that the harvest strategy remained precautionary, with very low probabilities
of breaching limit reference points even under long-term adverse conditions. Nonetheless, several tech-
nical limitations, including assumptions about fishing mortality scaling with number of closure days, lack
of implementation of longline quotas in the simulations, constant selectivity, and simplified representa-
tion of CPUE uncertainty, highlight areas for continued improvement. Overall, the results demonstrate
that all eight candidate HCRs can maintain the bigeye tuna stock at sustainable levels, and the selection
among them will depend primarily on policy preferences regarding the balance between conservation
performance, catch rates, and fishery yield.

1. INTRODUCTION

The primary objective of fishery management is the sustainable exploitation of fishery resources, ensuring
the long-term viability of both fish stocks and of the fisheries and associated human activities that depend
on them. Fishery management represents a complex interplay among multiple stakeholders with poten-
tially diverse interests, roles, and objectives. These stakeholders typically include fishers, industry repre-
sentatives, managers, conservation organizations, members of the public, and fishery scientists. The
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relative roles and levels of involvement of these stakeholders vary depending on cultural, institutional,
financial resources, and historical contexts. Traditionally, fisheries scientists have played a central role in
supporting management decision-making by conducting quantitative analyses to inform assessments of
stock status and trends, both historical and projected under alternative management scenarios. The pro-
vision of scientific advice for fisheries management can take many forms, depending on the characteristics
of the fishery, its historical development, the availability and quality of data, analytical capacity, financial
and human resources, and the prevailing management framework.

The traditional approach to providing management advice has typically relied on a single “best” assess-
ment model that integrates available data (e.g., catches, indices of relative abundance, and size composi-
tions), external estimates of biological processes (e.g. growth), and assumptions regarding parameters
(e.g. natural mortality) and structures (e.g. stock/fishery structure) that are difficult or not possible to
estimate. This approach has been problematic because assessment outcomes can be highly sensitive to
the changes in data types, analytical methods, or model structure and parameter assumptions. Since as-
sessment outputs are commonly used within a harvest control rule (HCR) that specifies management ac-
tions based on estimated stock status relative to estimated reference points, uncertainties and biases in
the assessment can propagate into management actions. Additional shortcomings of the traditional ap-
proach include limited consideration of mid- to long-term trade-offs (e.g., between exploitation levels and
biological risk), a tendency to emphasize short-term management outcomes (e.g., annual total allowable
catch or effort limits) rather than the robustness of the decision-making framework itself, a tendency
towards minimal management changes under uncertain, and incomplete treatment of uncertainty, which
is often restricted to assessment uncertainty alone.

Management strategy evaluation (MSE) is widely recognized as the most robust framework for evaluating
trade-offs among alternative harvest strategies while explicitly accounting for multiple sources of uncer-
tainty. Harvest strategies comprise integrated combinations of data inputs, analytical methods, and the
HCR that collectively determine management actions, such as catch quotas or seasonal closures. A funda-
mental distinction between the traditional assessment-based approach and MSE lies in the treatment of
uncertainty: whereas the former typically focuses primarily on assessment uncertainty (and sometimes
model assumptions), MSE explicitly integrates additional uncertainties, including implementation, future
sampling, and projection uncertainties. Furthermore, MSE evaluates risk through closed-loop simulation
that captures the feedback between management actions and system dynamics, thereby differentiating
it from conventional stock assessments, which may overestimate risk by failing to consider management
responses to future information.

MSE is a simulation-based framework that evaluates candidate harvest strategies using performance in-
dicators linked to explicit management objectives. Importantly, MSE extends beyond pure technical exer-
cise, requiring active engagement of stakeholders in defining objectives, selecting performance indicators,
and formulating candidate harvest strategies. While the technical aspects of MSE - such as model devel-
opment and simulation - are primarily conducted by scientists, effective MSE depends strongly on stake-
holder participation. These technical and participatory components should evolve simultaneously to en-
sure a transparent, credible, and policy-relevant evaluation process. MSE has been widely applied both
nationally and internationally, including by all five tuna regional fisheries management organizations
(IATTC, I0TC, WCPFC, ICCAT, and CCSBT), each of which is at a different stage of MSE development and
implementation.

An ongoing MSE process for tropical tunas in the eastern Pacific Ocean (EPO) has been initialized, with an
initial focus on bigeye tuna (Thunnus obesus). This process includes both a dialogue component and a
technical component. The dialogue component has involved three IATTC-sponsored and other workshops
aimed at familiarizing stakeholders with MSE concepts and eliciting input on management objectives,
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performance indicators, and harvest strategies. The technical component has focused on developing and
customizing simulation code, conditioning alternative operating models that represent plausible biologi-
cal and fishery dynamics, and constructing online tools to communicate MSE results and facilitate stake-
holder engagement.

Reliable stock assessments suitable for use as operating models are fundamental to the MSE process. The
assessment for bigeye tuna has evolved substantially over time, with major methodological improvements
implemented in recent years. The 2020 benchmark assessment exhibited significant uncertainties, includ-
ing a bimodal pattern in key management quantities and an apparent regime shift in recruitment coinci-
dent with the expansion of the floating-object purse-seine fishery in the 1990s (SAC-11-06). Although this
assessment encompassed a broad range of uncertainties, the resulting operating models may not have
been optimal for selecting robust management strategies. In contrast, the 2024 benchmark assessment
resolved many of these structural issues, enabling the development of a more reliable suite of operating
models (SAC-15-02). These improvements, together with evolving perspectives on appropriate target ref-
erence points for tropical tunas in the EPO, motivated a revision of the MSE workplan, replacing the orig-
inal operating models with a new ensemble derived from the 2024 risk analysis and incorporating alter-
native HCRs and reference points.

This report presents the technical aspects of the MSE for bigeye tuna in the EPO. The second section
summarizes bigeye tuna fisheries, current management measures, proposed harvest control rules, and
the performance indicators used to evaluate them. The third section explains the construction of the op-
erating, sampling, and estimation models, the treatment of uncertainty, and the procedures used to sim-
ulate management decisions and conduct a robustness test. The fourth section presents the performance
of eight candidate harvest control rules across biological, fishery, and stability objectives. The final section
highlights key uncertainties in modeling assumptions and data inputs that should be considered when
interpretating the MSE results.

2. BACKGROUND
2.1. Fisheries

Bigeye tunais a tropical tuna species inhabiting tropical and temperate waters of the Pacific, Atlantic, and
Indian Oceans (Collette, Reeb et al. 2001). In the EPO, bigeye tuna is exploited by multiple fishing gears,
primarily longline and purse-seine fisheries. Since the 1970s, bigeye tuna has been the principal target
species of the longline fishery, driven by its high commercial value in the global sashimi market
(Matsumoto 2008). Prior to 1993, distant-water longline fleets accounted for the majority of bigeye
catches in the EPO, with average annual landings of approximately 88,000 metric tons during 1985-1992
(IATTC 2021).

In contrast, purse-seine fisheries predominantly harvest juvenile bigeye tuna (Okamoto and Bayliff 2003,
Xu, Maunder et al. 2020). The three main types of purse-seine fisheries in the EPO include sets made on
free-swimming tuna schools (NOA), on tunas associated with dolphin herds (DEL), and on tunas associated
with floating objects (OBJ) (Lennert-Cody and Hall 2000, Maunder and Harley 2006). Among these, OBJ
sets historically accounted for relatively minor bigeye catches prior to 1993, when the fishery relied mainly
on natural drifting objects (Lennert-Cody and Hall 2000). Annual bigeye catches from floating-object sets
during this period averaged approximately 5,000 metric tons, much lower than the level of longline
catches (IATTC 2021).

Following the widespread adoption of fish aggregation devices beginning in the early 1990s, the OBIJ fish-
ery expanded rapidly and replaced the longline fishery as the dominant contributor to bigeye tuna catches
in the EPO (Xu, Maunder et al. 2020, IATTC 2021). During the same period, NOA and DEL sets contributed
minimally to bigeye tuna catches in the EPO (Figure 1). Fish Aggregation Devices are man-made floating
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objects placed in the water to attract tunas. They are commonly equipped with an echo-sounder to meas-
ure fish abundance and a GPS to report their geographic locations (Hall and Roman 2013). This expansion
extended the fishery from coastal waters of the American continent to offshore areas beyond the western
management boundary (150°W) (Lennert-Cody and Hall 2000). The resulting increase in juvenile bigeye
mortality substantially affected stock dynamics and longline yields (Okamoto and Bayliff 2003, Matsumoto
2008, Sun, Maunder et al. 2019). Consequently, the proportion of total bigeye tuna catch attributed to
longline fleets declined from 88% in 1993 to a historically low level of 23% in 2020 (IATTC 2021). Since
2022, implementation of the individual vessel threshold (IVT) has contributed to reductions in OBJ catches
of bigeye tuna (Figure 1).

In the 2024 benchmark assessment, twenty-two fishery fleets were defined for bigeye tuna in the EPO,
classified by gear type (purse-seine or longline), purse-seine set type (OBJ or NOA), spatial operation area
(Figure A1), and longline catch unit (number or weight). These fleets comprise fourteen longline fleets,
five floating-object fleets, one floating-object discard fleet, and two non-associated fleets. Due to limited
length composition data and negligible contributions to total catch, pole-and-line and dolphin-associated
sets were pooled into the non-associated category.

2.2. Management

Management advice for EPO tropical tuna fisheries in the IATTC has traditionally been based on applying
the interim harvest strategy using a best assessment approach. Formal stock assessments are conducted
for bigeye and yellowfin tuna, whereas the status of skipjack tuna was historically inferred indirectly, alt-
hough recent interim and benchmark assessments were completed in 2022 and 2024, respectively. Rec-
ognizing limitations in assessment reliability, particularly for bigeye (2018) and yellowfin (2019 and 2024),
IATTC staff concluded that these assessments were insufficient as sole bases for management advice.
While stock status indicators are used to support management deliberations, they are not formally em-
bedded within operational HCRs, resulting in the absence of a quantitative default management frame-
work when assessments are unreliable.

To address these challenges, IATTC staff proposed a weighted multi-model risk analysis framework incor-
porating uncertainty in both parameters and model structure (SAC-11-08). While this represents an im-
provement over prior approaches by explicitly incorporating uncertainty into management advice, sub-
stantial unresolved uncertainties remain regarding stock dynamics and fishery interactions. Consequently,
IATTC has emphasized two complementary pathways: continued improvement of stock assessments and
advancement of MSE as a central element of its Strategic Science Plan. Although interim harvest strategies
have been adopted for tropical tunas in the EPO, several components (e.g., specificity of management
objectives, probability of being above target reference points) require further refinement to constitute a
fully specified strategy (SAC-15-08).

Management of tropical tunas in the EPO relies primarily on purse-seine fishery closures and longline
catch quotas. Closure duration is determined based on the stock requiring the most restrictive manage-
ment, historically, in most years, bigeye tuna. Assuming a linear relationship between fishing effort and
fishing mortality, closure duration is calculated as a function of the ratio of current fishing mortality to
that corresponding to maximum sustainable yield (MSY). Since 2022, the IVT measure has been imple-
mented to further reduce bigeye mortality in the OB fishery.

2.3. Candidate harvest control rules

Eight candidate HCRs were evaluated in the MSE for bigeye tuna (Table 1 and Figure 2). One HCR was
proposed by IATTC staff(ref), and seven were put forward by the participants of the MSE working group
(MSEWG). Initially, the MSEWG proposed thirteen candidate HCRs; however, due to computational and
logistical constraints, the staff was able to realistically evaluate only seven HCRs in addition to the staff
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proposal. Following a review of preliminary MSE results at the second MSEWG meeting, the MSEWG
agreed to remove six candidate HCRs from the prioritized list because they were considered redundant
(MSEWG-x).

In 2025, the staff proposed a single HCR for bigeye tuna (SAC-16-06). Subsequently, thirteen candidate
HCRs were developed during recent meetings of the MSE Working Group (MSEWG) held in late 2025 and
2026. Due to computational and logistical constraints, and following a review of preliminary MSE results
at the second MSEWG meeting (report), the MSEWG agreed to remove six candidate HCRs from the pri-
oritized list, as they were considered redundant (MSEWG-x). As a result, the present MSE evaluates the
performance of the staff’s proposed HCR alongside seven alternative HCRs selected by the MSEWG. Eight
candidate HCRs were evaluated in the MSE for bigeye tuna (Table 1 and Figure 2).

All eight candidate HCRs rely on two biomass-related inputs: the dynamic spawning biomass ratio (dSBR)
and its associated control point. Here, dSBR is defined as the ratio of current spawning biomass to a hy-
pothetical spawning biomass under the time series of recruitment and no fishing. The term “dynamic”
reflects that recruitment variability is explicitly incorporated into the estimation of SBR. These inputs are
estimated using a simplified version of the base stock assessment model employed in the most recent risk
analysis (SAC-15-02) to reduce computation time. Each HCR prescribes a fishing mortality rate for the
subsequent management cycle based on estimates of dSBR relative to its control point at the end of the
current management cycle. The fishing mortality specified by the HCR is then translated into the number
of fishery closure days, assuming a linear relationship between fishing mortality and the number of days
the fishery is open (i.e., 365 minus the number of closure days).

The eight candidate HCRs share a common structural form (Table 1 and Figure 2). In all cases, fishing
mortality remains at the level (F,,,) corresponding to the target biomass when dSBR is estimated to
exceed the threshold biomass level (S.ontror) @and decreases linearly to zero at zero biomass as a function
of dSBR when it falls below S.ontroi-

In addition, all HCRs impose identical constraints on interannual management adjustments:

e when dSBR exceeds S;yniro1, the change in closure duration between successive management
cycles is limited to +10 days;

e when dSBR is below S.,,tr01, ClOsure increases and decreases are capped at +20 and -10 days,
respectively.

This asymmetric management restriction described above has been shown in preliminary analyses to al-
low rapid responses to stock depletion while preserving management stability (MSEWG-03-04). Under
each HCR, biomass is expected to move asymptotically towards the level corresponding to F,4x, SO Fnax
should be set based on the target biomass level.

The eight candidate HCRs differ in the target biomass levels and threshold biomass control points (Table
1 and Figure 2). The staff’s proposed HCR is the most aggressive among the eight, specifying a relatively
high target fishing mortality (F,qx = F3q0,) and alow threshold biomass level (S¢ontror = 0.2). In contrast,
the seven HCRs proposed by the MSEWG are more conservative, featuring lower F,,,, values, higher
Scontror Values, or both. Collectively, the eight candidate HCRs span three target fishing mortality levels
(Fnax = Faou, F3s04, and F3q0,) and four threshold biomass levels (S¢ontror = 0.2,0.25,0.30, and 0.4).
The most conservative HCR specifies both a low target fishing mortality (F,qx = Fi00,) and a high thresh-
old biomass level (S.ontro1 = 0.4). For clarity and consistency throughout this document, HCRs are de-
noted using the format Ftarget-Scontrol. For example, the staff HCR and the most conservative HCR men-
tioned above are hereafter referred to as HCR F30-S20 and HCR F40-540, respectively.
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2.4. Performance Indicators

The management objectives for bigeye tuna in the EPO can be classified into six categories: safety, status,
stability, yield, effort, and abundance. To quantitatively evaluate and compare the performance of the
eight candidate HCRs with respect to these objectives, the MSEWG proposed one or more performance
indicators for each objective. These indicators are described in detail below and are also summarized in
Table 2.

As part of the discussions taking place during the dialogue component of the MSE process, including the
MSE workshops (ref to report with initial table of objectives) and meetings of the MSE Working Group,
some preliminary management objectives were identified (ref to WG meeting report). To quantitatively
evaluate and compare the performance of the eight candidate HCRs with respect to these objectives, the
MSEWG proposed one or more performance indicators for each objective. These indicators are described
in detail below and are also summarized in Table 2.

2.4.1. Safety

The proposed safety objective is to maintain the stock above candidate limit reference points. The
MSEWG proposes three alternative limit reference points (LRP) for testing in the MSE, each corresponding
to a distinct performance indicator:

1. LRP at 0.2 of dSBR (0.2dSBR), which is the limit reference point adopted for most tropical tuna
stocks in the western and central Pacific Ocean. This limit reference point is intended to ensure a
degree of consistency between the management of bigeye tuna stocks across the Pacific Ocean.

2. LRP at 0.077 for SBR (0.077SBR), which represents the interim LRP for tropical tunas in the EPO,
corresponding to a less than 10% probability of being breached. This value is derived from the SBR
level associated with a 50% reduction in recruitment, assuming a stock—recruitment steepness of
0.75.

3. LRPat0.5for SB/SB;sy (0.55Bmsy), where SBy, sy denotes the spawning biomass corresponding
to MSY.

The MSEWG proposes treating 0.2dSBR as a soft limit, with a relatively low probability of breach (e.g.,
<20%), and 0.077SBR and 0.5SBmsy as hard limits, with a very low probability of breach (e.g., <1%)
(MSEWG-02). Accordingly, the three performance indicators are defined as the probabilities that the
spawning biomass exceeds each of these limit reference points across all simulation years, operating mod-
els (OMs), and iterations.

2.4.2. Status

The proposed status objective for the MSE is to maintain the stock within the green quadrant of the Kobe
plot, defined by SB > SBysy and F < Fysy. The corresponding performance indicator is the probability
that the stock remains within this green quadrant across all simulation years, OMs, and iterations.

2.4.3. Stability

The proposed stability objective to be considered in the MSE is to limit the magnitude of average interan-
nual variation in both catch and fishing effort. The primary performance indicator for catch stability is the
average annual variability in total bigeye catch. It is defined as the ratio of average year-to-year change in
the catch to average catch. For fishing effort, managers have expressed that it is undesirable for the purse-
seine fisheries in the Eastern Pacific Ocean to experience large fluctuations in fishery closures, which apply
uniformly across all three purse-seine set types. Regardless of the HCR applied, the maximum increase in
closure duration is constrained to 20 days when the spawning biomass is estimated to fall below the
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control point. The probability that the closure will increase by the maximum of 20 days in response to
stock depletion is therefore calculated as the performance indicator for effort stability.

2.4.4. Yield and effort

The proposed yield and effort objectives aim to maintain both catch and fishing effort at high levels. To
evaluate yield performance, the average annual bigeye catches for the purse-seine and longline fisheries,
and both gears combined are calculated. Fishing effort is assumed to be proportional to the number of
days the fishery remains open, such that the average annual number of closure days serves as the perfor-
mance indicator for effort (lower average closure durations correspond to higher fishing efforts).

2.4.5. Abundance

The proposed abundance objective is to maintain average longline catch-per-unit-effort (CPUE) at or
above the level observed during 2017-2019. The associated performance indicator is defined as the ratio
of average longline CPUE across all simulation years to the mean CPUE observed during the 2017-2019
period. Because the longline fishery in the EPO predominantly targets adult bigeye tuna, longline CPUE is
considered a reliable proxy for spawning biomass and, thus, a meaningful indicator of stock abundance.

3. MSE FRAMEWORK
3.1. Operating models

Operating models (OMs) represent hypotheses about the true population dynamics of bigeye tuna and
the associated fisheries, including uncertainty in biological processes (e.g., growth, natural mortality,
stock-recruitment steepness, recruitment regime) and fishery processes (e.g., selectivity and catchability).
All OMs were implemented in Stock Synthesis (Methot and Wetzel 2013). Both parameter uncertainty
and structural uncertainty are incorporated in the development of OMs, which are weighted using model
grids representing alternative structure assumptions.

The OM ensemble used in the MSE consists of the thirty-six reference models developed for the 2024 risk
analysis, which collectively represent an ensemble of stock assessment models. Detailed descriptions of
these models are provided in the report of the most recent benchmark assessment (SAC-15-02). For the
purposes of the MSE, the reference models were updated in 2025 by incorporating an additional year
(2024) of data, allowing the OMs to more accurately reflect current stock status and fishery conditions.

The thirty-six reference models address three major sources of uncertainty within a hierarchical frame-
work:

1. Uncertainty in the misfit to the length-composition data for the longline fishery under the as-
sumption of asymptotic selectivity;

2. Uncertainty in the rate of effort creep in the longline fishery; and

3. Uncertainty in the steepness of the stock—recruitment relationship.

Level 1 Uncertainty: Four alternative model structures are used to address the misfit to the longline com-
position data under the assumption of asymptotic selectivity (hypotheses names in parentheses):

1. Ignoring the misfit (Fix);
2. Estimating the growth curve with a prior on L; ¢ (Gro)

3. Estimating dome-shape selectivity curve for the longline fishery that is assumed to have asymp-
totic selectivity (Sel); and

4. Estimating a scaler for the natural mortality vector (Mrt).

Each model structure is equally weighted.
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Level 2 Uncertainty: Three annual rates of increase in longline catchability (0%, 1%, and 2%) are consid-
ered to represent uncertainty in effort creep. Because bigeye tuna is the primary target species of the
Japanese longline fleet in the EPO, catchability is expected to increase over time as fishing skill and tech-
nology improve. Based on recommendations from the review panel (RVYMTT-01-RPT), a 1% annual in-
crease was suggested, with 0% and 2% included to bracket this uncertainty. Each annual rate is equally
weighted.

Level 3 Uncertainty: Three steepness values (1.0, 0.9, and 0.8) are included to address the uncertainty in
the shape of the stock-recruitment relationship. The three steepness values are weighted by 0.46, 0.32,
and 0.22, respectively, based on expert judgement from the risk analysis for the last benchmark assess-
ment (SAC-11 INF-F).

3.2. Sampling model

The sampling model defines how data — including catches, size compositions, and CPUE - are collected
from the simulated “true” population, accounting for observation error, measurement uncertainty, and
bias. Simulated data for catches, longline indices of abundance, and length compositions are generated
using the bootstrap feature in Stock Synthesis, the platform on which both the OMs and the estimation
model are implemented.

An iteration-specific random seed is applied to the bootstrap procedure to ensure that observation errors
are identical across all HCRs within each iteration. Catch observations are assumed to have negligible
measurement error (coefficient of variation, CV = 0.01). The CV of the longline abundance index is set
equal to the average value observed during 2021-2023. The effective sample sizes for longline length-
composition data are set equal to those observed during 2017-2019, as no longline length compositions
were collected during the COVID-19 period.

3.3. Estimation model

The estimation model (EM) uses simulated fishery and abundance index data to estimate perceived stock
status and trends, which are used to implement management actions according to the specified HCRs.

Three candidate EMs were evaluated during the early phase of MSE development:

1. The ASPM_Rdevs+ version of the base reference model (Fix-1-1);
2. The ASPM_Rdevs+ version of the tuned base reference model; and
3. The ASPM_Rdevs+ version of the ensemble reference model.

ASPM_Rdevs+ refers to an age-structured production model that includes estimated recruitment devia-
tions and is fitted to the abundance index as well as length composition data for the abundance index
(assuming dome-shaped selectivity) and for one longline fishery (assuming asymptotic selectivity). It is
worth noting that the selectivities for the two fleets are estimated and those for all other fleets are fixed
in the model. This simplified framework was adopted because replicating the full benchmark stock assess-
ment within the MSE would be computationally prohibitive.

The tuning was achieved by bias-adjusting estimates of fishing mortality and dSBR using terminal-year
values from the EM and OM ensemble estimated from the historical data (Table 3). Specifically, scaling
factors of 0.833 and 1.163 are applied to the estimates of fishing mortality and dSBR from the EM, respec-
tively, when implementing the HCR. These scalers represent the ratio of the weighted terminal estimates
from the OM ensemble to the corresponding EM estimates, ensuring consistency between the EM and
the OM ensembile.

Comparative testing indicated that the ASPM_Rdevs+ version of the tuned base reference model achieved
both computational efficiency (a limitation of the ensemble EM) and reliable asymptotic convergence of
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simulated biomass toward the HCR-defined target (a limitation of the untuned base model) (Figure A2).
Consequently, this model was selected as the EM for the MSE.

The parameters estimated in the EM include initial and main recruitment deviations, the unfished recruit-
ment level (Ry), two initial fishing mortality rates (one for purse-seine and one for longline), and six pa-
rameters for the two estimated longline selectivity curves. On average, each EM run requires approxi-
mately 12 minutes to obtain the maximum likelihood estimate (MLE). Convergence is assumed when the
maximum gradient component is less than 0.01. Due to computational constraints, determining whether
the hessian was positive definite was not evaluated.

3.4. MSE specifications
3.4.1. General specifications

The OMs are “conditioned” on fishery data collected in 1979-2024, as data for 2025 are incomplete. They
are projected into the future for twenty-one years (2025-2046) using closed-loop simulations where man-
agement actions are updated according to the HCR and EM-derived biomass estimates. This projection
horizon represents a trade-off between computational feasibility and the need to capture long-term stock
dynamics. Each management cycle where management is held constant spans three years, yielding seven
complete management cycles. Given that bigeye tuna in the EPO reaches maturity at approximately 3.5
years, the simulations encompass roughly six generations of bigeye tuna.

To account for stochasticity in recruitment, observation processes, and management implementation,
each combination of Level 1 and Level 2 uncertainty includes 100 iterations, each with unique random
seeds. These iterations are allocated across the three steepness hypotheses in proportion to their weights
(46, 32, and 22 iterations for steepness values of 1.0, 0.9, and 0.8, respectively). Given four Level 1 hy-
potheses and three Level 2 hypotheses, each HCR is evaluated using a total of 1,200 unique iterations (4
x 3 x 100).

Future recruitments are modeled as lognormally distributed with zero bias and a standard deviation of
0.6, consistent with assumptions used in the OMs. Iteration-specific random seeds are applied to recruit-
ment generation to ensure that identical recruitment deviations are shared across all HCRs within each
iteration.

3.4.2. Management module

The management module translates EM estimates into fishery closure decisions based on the specific
HCR. The procedure involves the following seven steps:
1. Runthe EM to get the estimates of current F /E,,,, and dSBR
2. Tune these estimates using pre-defined scalers (0.833 for F /F,,4, and 1.163 for dSBR)
3. Apply the HCR to calcuate the target number of closure days:
maX(l, SBR/SCOTLtTOl) X Fmax
F
where Closure ,rent 1S the closure duration in the current management cycle
4. Reset the new closure based on the management restriction if the new closure duration calcu-
lated in step 3 requires a management change larger than the limit (ten days if SBR > S_ontro1 OF
if SBR < S.ontror and Closureycr < Closurecyyrent ; twenty days if SBR < Scontror and
Closureycg > Closure yrent)
5. Compute the relative change in fishing mortality between the current and new management cy-
cle:

Closureycgr = 365 — (365 — Closure yrrent) X

365 — Closurecyrrent

ratio = T3 Closureycg
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6. Calculate the current fishing mortality in the OM (Fyrrent)
7. Derive the fishing mortality under which the OM projects for the next management cycle:

Frcr = Feurrent X Fratio

Due to technical limitations regarding the projection feature in Stock Synthesis, fishery closures are as-
sumed in the management module to have the same proportional impact on purse-seine and longline
fishing mortalities. Considering that the dSBR is mainly impacted by the purse-seine fishery (Figure A3),
this assumption is not expected to substantially bias dSBR trajectories. Similar constraints prevent direct
implementation of the longline catch limit specified in Resolution C-21-04. The implications of excluding
this limit are discussed in subsequent sections.

3.4.3. Implementation error

In the MSE, fishing mortality is assumed to be proportional to the number of open fishing days, reflecting
the current effort control framework for purse-seine fisheries in the EPO. However, factors such as fleet
capacity, the individual threshold (IVT) measure to reduce bigeye catches, skipjack abundance, and the
number of active fish aggregating devices can generate deviations from this idealized linear relationship.
To capture these deviations, implementation error is incorporated as a stochastic component. Because
fishing mortality is influenced by factors beyond formal management measures (i.e., fishery closure), in-
cluding implementation error enhances the realism and robustness of MSE outcomes.

Specifying an appropriate magnitude of implementation error for the MSE is however challenging. The
contrast in the fishery closure of the past decade or so is small, precluding the possibility of estimating a
reliable magnitude of implementation error using historical observations. In addition, the introduction of
the IVT is expected to influence the magnitude of implementation error, and it will take years before this
influence can be quantitatively evaluated. Since the implementation error in this MSE is applied to a fish-
ing mortality that is assumed to be constant within each three-year management cycle, it is modeled as a
lognormally distributed error, constant over the three years of the management cycle, with no bias and a
standard deviation of 0.1. Preliminary results showed that adding this implementation error to the MSE
results in more variable trajectories of dSBR (Figure A4).

3.4.4. Robustness test

The staff also conducted a robustness test to evaluate the performance of the candidate HCRs for bigeye
tuna in the EPO under a hypothetical extreme scenario: a sustained 25% reduction in recruitment begin-
ning in 2025. This scenario is intended to assess HCR behavior under adverse conditions that substantially
reduce stock productivity.

Except for the imposed regime shift in recruitment, all simulation specifications for the robustness test
were identical to those used in the base-case MSE. Due to time constraints, the robustness test was con-
ducted only for the most aggressive candidate HCR, F30-S20, which is expected to be most vulnerable to
declines in recruitment.

3.5. MSE algorithm
The computational workflow of the MSE comprises the following steps:

1. Fit the thirty-six OMs to historical data from 1979-2024, generating fixed parameter estimates for
simulation.

2. Compile the historical data and structural specifications required by the EM.

3. Project the OMs forward for one management cycle (three years) using simulated data, recruit-
ment deviations, and HCR-derived management actions. This updates the stock trajectory for 3
years.

SAC-17-05 BET MSE 11


https://www.iattc.org/GetAttachment/e3dc0a7e-e73c-4b8e-889e-a4cd2cdd7b8b/C-21-04-Active_Tuna-conservation-in-the-EPO-2022-2024.pdf

4. Update OM data files by:
a. Extending the terminal year by three years;
b. Inserting projected catches from step 3 for the updated three years of “historic” catch;
c. Incorporating random recruitments into the updated three years; and
d. Adding dummy CPUE and length composition data for the updated three years.
5. Bootstrap perceived observations (catch, CPUE, and length compositions) for the entire period
and replace only the newly bootstrapped data for the updated three years.
6. Repeat step 2-5 seven times to generate twenty-one years of closed-loop simulations
7. Repeat steps 2—6 across 100 stochastic iterations using consistent recruitment deviations and
bootstrap seeds for each OM scenario.

All simulation is coded by R (R Core Team 2025) and associated package r4ss (Taylor, Doering et al. 2021).
4. RESULTS

The MSE for bigeye in the EPO evaluates eight candidate HCRs. Each HCR is tested across 36 operating
models, with 1,200 unique stochastic iterations per HCR. For each iteration, the MSE is simulated for 21
years, corresponding to seven three-year management cycles. In total, the MSE simulations include
57,600 (8 x 1200 X 6) EM runs, noting that the first management cycle does not require an EM run.
Based on the convergence criterion of a maximum gradient component less than 0.01, all EM runs are
considered to have convergence successfully. Across the 57,600 runs, the largest maximum gradient is
0.005, while the median maximum gradient was 0.0003.

Because both the target biomass and control point for the HCRs are defined in terms of dSBR, the trajec-
tories of dSBR are first examined to evaluate the impacts of the candidate HCRs on stock depletion. Each
HCR includes 1,200 unique iterations, each representing a possible future scenario. Considerable uncer-
tainty is associated with future dSBR trajectories, and this uncertainty increases slightly over time (Figure
3). The mean trajectory across iterations represents the expected stock condition under each HCR. Re-
gardless of the HCR implemented, the mean dSBR increases sharply from approximately 0.25 to above
0.35 within the first management cycle (Figure 4). Because the IVT measure has been implemented since
2022, the fishing mortality on juvenile bigeye was lower than prior years. The benefits of this reduction
begin to manifest in the spawning biomass when these juveniles reach maturity around 2025.

4.1. Safety

Three performance indicators are calculated for the safety objective, each associated with a different
candidate limit reference point. The first reference pointis treated as a soft limit, which should have a low
probability of being breached. The probability that dSBR falls below 0.2 ranges from 1.2% under HCR F40-
S40 to 3.5% under HCR F30-S20 (Table 4 and Figure 5).

The second and third reference points are treated as hard limits, which should have very low probabilities
of being breached. Regardless of the HCR implemented, the probability that SBR falls below 0.077 is less
than 0.1% (Table 4 and Figure 6), and the probability that spawning biomass falls below 0.55Bsy is also
less than 0.1% (Table 4 and Figure 7).

4.2. Status

The probability that the stock is in the green quadrant of the Kobe plot is calculated for the status objective.
Overall, this probability is high across all HCRs (Table 4 and Figure 8). The most aggressive HCR (F30-S20)
has the lowest probability, 89.6%, while the most conservative HCR (F40-S40) has the highest probability,
95.5%. As expected, both higher target biomasss and higher control points improve stock status with re-
spect to the probability of remaining in the green quadrant of the Kobe plot.
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4.3. Stability

Average annual variability in annual total catch is calculated to quantify the degree of stability in the EPO
bigeye fisheries. Differences among HCRs are minor: all HCRs exhibit variability between 7.2% and 7.3%
(Table 4; Figure 9). This similarity likely reflects the fact that all HCRs share the same management con-
straint, which limits changes in fishery closure between management cycles to +10 days when the spawn-
ing biomass exceeds the control point and -10 and +20 days when the biomass is below the control point.

Large changes in management actions are undesirable; therefore, the probability that the fishery closure
increases by the maximum allowed amount (20 days) is calculated as an additional measure of stability.
This probability is primarily influenced by the control point of the HCR and how close the control point is
to the target biomass (Table 4; Figure 10). When the control point is 20%, the probability is negligible (less
than 0.8%). Under a 25% control point, the probability increases slightly to 1.9%. When the control point
is 30% or higher, the probability becomes more substantial, ranging from 7.7% to 17.6% for a control point
of 30%, and reaching 28.9% for a control point of 40%.

4.4, Yield

Average annual catches for both purse-seine and longline fisheries are calculated for the yield objective.
The average annual purse-seine catch stabilizes between 46,000 and 51,000 metric tons (Table 4; Figure
11). This level is comparable to catches observed during the early expansion of the floating-object fishery
in the EPO around 1995 but remains substantially lower than the average purse-seine catches observed
since 2000.

The average annual longline catch is projected to be highly stable and show little variation across HCRs,
ranging from 50,000 mt and 52,000 mt (Table 4 and Figure 12). It should be noted that the longline catch
increases substantially in the first year and then becomes stable. The annual average exceeds any longline
catch observed since 2005. Moreover, the 80% confidence interval suggests a substantial probability that
future longline catches will exceed the current total longline quota specified in Resolution C-21-04.

4.5, Effort

The average number of fishery closure days is used to represent the trend in fishing effort. Longer closures
correspond to lower fishing effort, while shorter closures correspond to higher fishing effort. Substantial
differences among HCRs are observed, largely driven by the target biomass (Table 4). The two HCRs with
a 30% target biomass (F30-520 and F30-S30) result in the shortest closures, averaging 43 and 46 days,
respectively. In contrast, the three HCRs with a 40% target biomass produce the longest closures, ranging
from 77 to 89 days. The three HCRs with a 35% target biomass fall between these extremes, with closures
ranging from 52 to 75 days.

All eight candidate HCRs display a similar temporal trend: closures decrease steadily after the first man-
agement cycle (Figure 13). Differences among HCRs are primarily determined by the initial closure adjust-
ment during the first management cycle. This sensitivity arises because the stock is currently rebuilding
from a relatively low depletion level (dSBR = 0.2 at the start of 2024) to a moderate level (dSBR = 0.25 at
the start of 2025), reflecting the lagged effect of the IVT on spawning biomass recovery.

At this moderate depletion level, the initial closure recommended by an HCR depends strongly on both
the target and control points. Three HCRs (F30-S20, F35-S20, and F35-S25) recommend an initial closure
of 62 days, representing a 10-day reduction from the current closure. F30-S30 recommends a 64-day clo-
sure, corresponding to an 8-day reduction. F40-S20 recommends 82 closure days, representing a 10-day
increase. The remaining HCRs (F35-S30, F40-S30, and F40-540) recommend 92 closure days, correspond-
ing to a 20-day increase.
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Over time, the projected closure trajectories become increasingly variable due to stochastic recruitment
and implementation error (Figure 14). Closure projections are relatively precise during the first three man-
agement cycles but become substantially more uncertain during the later cycles. This uncertainty is how-
ever much smaller when measuring in the number of days the fishery is open.

4.6. Abundance

The ratio of longline CPUE to the historical average observed during 2017-2019 is calculated to quantify
longline catch rate. Owing to the combination of strong recent recruitment (the 2023 cohort) and the
implementation of the IVT since 2022, longline CPUE is projected to increase rapidly to more than twice
the 2017-2019 level within the first management cycle (Figure 15). Across the seven simulated manage-
ment cycles, longline CPUE is projected to reach between 226% (under HCR F30-520) and 251% (under
HCR F40-540) of the 2017-2019 level (Table 4).

4.7. Tradeoff in management actions

Trade-offs arise when management objectives associated with different performance indicators conflict.
For example, safety objectives aim to maintain the stock at high biomass levels, whereas yield objectives
seek to maintain high harvest levels. Consequently, no HCR performs best across all performance indica-
tors (Table 4).

In general, HCRs with lower target fishing mortality perform better with respect to safety and stock status
but perform worse with respect to yield and fishing effort. Similarly, HCRs with higher control points tend
to perform better in terms of safety, but at the cost of poorer stability performance. The ability to quantify
such trade-offs is one of the key advantages of the MSE framework.

Because differences among HCRs in the three safety indicators are relatively small, the status indicator
(probability of being in the green quadrant of the Kobe plot) is used as one dimension of the trade-off
analysis. Since fishing effort influences the catch of all three tropical tuna species in the EPO, the effort
indicator (average fishery closure) is used as the second dimension. The yield indicator (average annual
purse-seine catch) is represented by the color scale of the trade-off points.

The resulting trade-off plot clearly illustrates the relationship between effort and stock status (Figure 16).
Shorter closure durations are associated with lower probabilities that the stock remains in the green quad-
rant of the Kobe plot. Shorter closures are also associated with higher average annual purse-seine catches.

4.8. Robustness test

The results indicate that HCR F30-520, the most aggressive of the eight candidate HCRs, is relatively robust
to the simulated 25% downward regime shift in recruitment. Under this scenario, the probability that the
soft limit reference point is breached (dSBR < 0.2) remains low, with the spawning biomass exceeding this
threshold in more than 95% of simulation outcomes. Similarly, the probabilities of breaching the two hard
limit reference points—SBR < 0.077 and S < 0.5S,,5y —are extremely small, with the stock remaining
above these limits in more than 99% of simulations (Table 5). The probability that the stock remains in the
green quadrant of the Kobe plot is also high, at 88.5%, and the average fishery closure is projected to be
38 days.

The trajectory of dSBR is not expected to be strongly affected by the 25% reduction in recruitment regime
because, by definition, dSBR accounts for fluctuations in recruitment (Figure 17). Since both the target
biomass and the control point of the HCR are defined in terms of dSBR, the resulting management action—
expressed as in fishery closure—responds only modestly to recruitment variability (Table 5).

In contrast, the trajectory of SBR is more sensitive to the recruitment regime shift than that of dSBR (Figure
18). Nevertheless, even under the reduced recruitment scenario, more than 99% of simulated SBR
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trajectories remain above 0.077, the hard limit reference point for SBR (Table 5), indicating that the stock
remains well above critical biological thresholds under this scenario.

5. DISCUSSION

The MSE clearly shows the tradeoffs in the management of EPO bigeye tuna. Higher Fy, .4 is associated
with less days of closure but lower biomass. High control points are associated with high probability of 20
day increases in the closure. It is also interesting to note that catch is less sensitive than days open (365 —
days of closure) due to the shape of the yield curve.

Several key limitations were identified in the MSE for bigeye in the EPO. These limitations are ranked
below according to their potential influence on the reliability of the MSE outcomes.

1.

Simplified representation of fishing mortality responses to fishery closure

In the current framework, fishing mortality rates for both the purse-seine and longline fisheries
are assumed to respond linearly to fishery closure. In reality, fishery closures are intended to in-
fluence only the purse-seine fishery. Due to technical constraints within the modeling framework,
however, the MSE cannot represent separate trends in fishing mortality for purse-seine and long-
line fisheries. Furthermore, it is uncertain whether the relationship between purse-seine fishing
mortality and fishery closure remains linear following the implementation of the IVT measure.

Absence of a longline total catch limit in the simulations

The longline fishery is not constrained by a total catch limit in the current simulations (actual
catches would be more restricted due to the limits being CPC specific and limits on the transfera-
bility). As a result, there is a significant probability that simulated longline catches exceed the limit
specified in Resolution C-21-04 (55,131 mt). This limitation arises from the same technical con-
straints described above, which prevent the implementation of the longline catch limit within the
MSE framework.

Assumptions regarding uncertainty in Japanese longline CPUE

The Japanese longline CPUE index is assumed to have the same level of uncertainty (coefficient
of variation, CV) as the average observed during 2022-2024. In the estimation model—an age-
structured production model—the Japanese longline CPUE index and its associated uncertainty
have a substantial influence on estimates of current stock status. However, the uncertainty in this
index has increased considerably since 2011 due to reductions in both fishing effort and the spa-
tial coverage of the Japanese longline fishery. There is also uncertainty in the amount of effort
creep used in the OMs.

Assumption of constant selectivity

Selectivity for all fisheries is assumed to remain constant at current levels throughout the simula-
tions. In practice, selectivity can change over time in response to variations in fleet operations,
gear configurations, and targeting strategies. The assumption of constant selectivity may there-
fore limit the ability of the MSE to capture potential future changes in fishery dynamics.

It should also be noted that the harvest strategies are based on current purse-seine fishing capacity. Any
changes in fishing capacity would require the days open to be adjusted appropriately to achieve the de-
sired fishing mortality.
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TABLES

Table 1. The eight candidate harvest control rules compared in this management strategy evaluation.

Component Staff WG1 WG2 WG3 WG4 WG5 WG6 WG7
Number 1 2 3 4 5 6 7 8
Frax F300, F350, Fa09, F300, F350, F350, Fa09, Fy09,
Scontrol S5209% S30% S20% S30% S20% S25% S30% S40%
Range for closure change (day): S > S.ontror | -10t0 10 | -10t0 10 | -10t0 10 | -10t0 10 | -10t0 10 | -10to 10 | -10to 10 | -10 to 10
Range for closure change (day): S < Scontror | -10t020 | -10t020 | -10t0 20 | -10t0 20 | -10t0 20 | -10to 20 | -10to 20 | -10to 20
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Table 2. The management objectives and the associated performance indicators included in this MSE for evaluating the performance of candi-
date harvest control rules.

Management Performance indicator | Unit | Description Note
objective
Safety p(dSBR > 0.2) % The probability that dynamic spawning | A dynamic spawning biomass ratio of 0.2 is the
biomass ratio is larger than 0.2 limit reference point for bigeye in the WCPO
p(SBR > 0.077) % The probability that equilibrium spawn- | An equilibrium spawning biomass ratio of 0.077
ing biomass ratio is larger than 0.077 is the interim limit reference point for tropical
tunas in the EPO
p(SB > 0.58Bysy) % The probability that spawning biomass is
larger than 50% of the spawning biomass
at the maximum sustainable yield
Status p(Kobe in green) % The probability that the stock is in the | The definition of the green quadrant of the
green quadrant of the Kobe plot Kobe plot is that SB > SBygy and F < Fgy
Stability AAV (catch) % Average annual variability in annual big-
eye catch
p(closure + 20) % The probability that the closure will in- | 20 days is upper bound for the increase in fish-
crease by 20 days ery closure per management cycle
Yield PS catch ton Average annual purse-seine bigeye catch
LL catch ton Average annual longline bigeye catch
Effort closure day Average fishery closure
Abundance CPUE % The ratio of average longline CPUE to the | Longline CPUE reflects the abundance of adult
average level for 2017-2019 bigeye
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Table 3. Comparison of estimated fishing mortality relative to F3(, (the fishing mortality that results in a
dynamic spawning biomass ratio of 0.3) for 2022-2024 and estimated dynamic spawning biomass ratio for
the first quarter of 2025 between the thirty-six operating models and the estimation model.

Type | Model | Effort creep | Steepness | Fy022_2024/F309 | Dynamic SBRyq25
Fix 0% 1 0.852 0.227
Fix 0% 0.9 0.863 0.214
Fix 0% 0.8 0.866 0.205
Fix 1% 1 0.960 0.192
Fix 1% 0.9 0.975 0.177
Fix 1% 0.8 0.980 0.168
Fix 2% 1 1.071 0.164
Fix 2% 0.9 1.099 0.145
Fix 2% 0.8 1.111 0.135
Gro 0% 1 0.732 0.266
Gro 0% 0.9 0.750 0.252
Gro 0% 0.8 0.767 0.240
Gro 1% 1 0.817 0.231
Gro 1% 0.9 0.842 0.214
Gro 1% 0.8 0.863 0.201
Gro 2% 1 0.908 0.199
Gro 2% 0.9 0.945 0.179
Gro 2% 0.8 0.973 0.165
Sel 0% 1 0.539 0.364
Sel 0% 0.9 0.551 0.353
Sel 0% 0.8 0.563 0.343
Sel 1% 1 0.654 0.298
Sel 1% 0.9 0.672 0.283
Sel 1% 0.8 0.689 0.271
Sel 2% 1 0.773 0.245
Sel 2% 0.9 0.801 0.226
Sel 2% 0.8 0.824 0.212
Mrt 0% 1 0.566 0.383
Mrt 0% 0.9 0.591 0.360
Mrt 0% 0.8 0.616 0.336
Mrt 1% 1 0.703 0.305
Mrt 1% 0.9 0.737 0.278
Mrt 1% 0.8 0.768 0.254
Mrt 2% 1 0.851 0.241
Mrt 2% 0.9 0.896 0.212

oM Mrt 2% 0.8 0.932 0.189
EM Fix 0% 1 0.964 0.212
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Table 4. The table of performance indicators summarized across iterations, simulation years, and operating models for the eight candidate har-
vest control rules. From left to right: HCR name, probability of dynamic spawning biomass ratio > 0.2 (%), probability of spawning biomass ratio >
0.077 (%), probability of spawning biomass > 50% spawning biomass at the maximum sustainable yield (%), probability of the stock in the green
quadrant of the Kobe plot (%), average annual variability in annual total catch (%), probability of fishery closure increases by 20 days between
two management cycles (%), average annual catch of bigeye by purse-seine (mt), average annual catch of bigeye by longline (mt), average fish-
ery closure (day), and the average ratio of longline CPUE to the historical average for 2017-2019.

Prob Prob Prob Prob Prob | Annual Annual | Fishery | CPUE
HCR dSBR>0.2 | SBR>0.077 | S>0.55ysy | Kobe=green | AAVincatch | change =20 | PScatch | LLcatch | closure ratio
F30-S20 96.5 99.9 99.9 89.6 7.3 0.8 50722 51663 43 2.26
F30-S30 96.7 99.9 99.9 90.0 7.3 7.7 50384 51509 46 2.28
F35-S20 97.5 100.0 100.0 91.6 7.3 0.4 49785 51277 52 231
F35-525 97.5 100.0 100.0 91.6 7.3 1.9 49746 51250 52 231
F35-S30 98.3 100.0 100.0 94.0 7.2 17.6 47514 50533 75 2.44
F40-S20 98.5 100.0 100.0 94.6 7.2 0.1 47221 50258 77 2.45
F40-S30 98.7 100.0 100.0 95.2 7.2 16.3 46456 49966 84 2.49
F40-S40 98.8 100.0 100.0 95.5 73 28.9 45911 49624 89 2.51
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Table 5. The table of performance indicators summarized across iterations, simulation years, and operating models for the staff-proposed har-
vest control rule under a hypothetical 25% reduction in future recruitments. The columns have the same meanings as those in table 4.

Prob Prob Prob Prob Prob | Annual Annual | Fishery | CPUE

HCR dSBR>0.2 | SBR>0.077 | $>0.5Sysy | Kobe=green | AAVincatch | change =20 | PScatch | LLcatch | closure ratio

F30-520 95.4 99.0 99.8 88.5 7.2 1.5 38646 41096 38 1.76
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FIGURE 1. Annual catches (metric tons) of bigeye tuna in the eastern Pacific Ocean by gear and set type
in 1979-2024.

FIGURA 1. Capturas anuales (toneladas métricas) de atln patudo en el Océano Pacifico oriental, por tipo
de arte, en 1979-2024.
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FIGURE 2. The eight candidate harvest control rules compared in this management strategy evaluation.
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FIGURE 3. Dynamic spawning biomass ratio simulated under each candidate harvest control rule. The
black dots are for individual iterations, and the color line and color ribbon represent the mean and 80%

confidence interval, respectively.
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FIGURE 5. The violin plot for dynamic spawning biomass ratio simulated under each candidate harvest
control rule. The horizontal dashed line represents the soft limit reference point of 0.2.
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FIGURE 6. The violin plot for spawning biomass ratio simulated under each candidate harvest control rule.
The horizontal solid line represents the hard limit reference point of 0.077.
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FIGURE 7. The violin plot for the ratio of spawning biomass to spawning biomass at the maximum sustain-
able yield simulated under each candidate harvest control rule. The horizontal solid line represents the

hard limit reference point of 0.5.
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FIGURE 9. Annual total bigeye catch (mt) simulated under each candidate harvest control rule. The black
dots are for individual iterations, and the color line and color ribbon represent the mean and 80% confi-

dence interval, respectively.
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FIGURE 12. The time series of mean annual total bigeye catch (mt) simulated under each candidate har-

vest control rule
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FIGURE 14. Fishery closure (day) simulated under each candidate harvest control rule. The color line and
color ribbon represent the mean and 80% confidence interval, respectively.
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FIGURE 17. Dynamic spawning biomass ratio simulated under the staff-proposed harvest control rule with
(blue) and without (red) a 25% drop in future recruitments. The black dots are for individual iterations,
and the color line and color ribbon represent the mean and 80% confidence interval, respectively.
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FIGURE Al. Summary of area definitions for the longline (LL), floating-object (OBJ), and unassociated
(NOA) fishery fleets in the stock assessment of bigeye tuna in the EPO.
FIGURA Al. Resumen de las definiciones de areas para las flotas de las pesquerias palangrera (LL), sobre
objetos flotantes (OBJ) y no asociada (NOA) en la evaluacién del atun patudo en el OPO.
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FIGURE A2. Dynamic spawning biomass ratio simulated under the staff using the three candidate EMs.
The color line and color ribbon represent the mean and 80% confidence interval, respectively.
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FIGURE A4. Dynamic spawning biomass ratio for bigeye in the eastern Pacific Ocean simulated under

identical harvest control rule and recruitment deviations with (blue) and without (red) implementation
error. Doted lines represent individual iterations and solid lines represent the average across all iterations.

FIGURA A4. Cociente de biomasa reproductora dindmica para el patudo en el Océano Pacifico oriental

simulado bajo reglas de control de extraccion idénticas y desviaciones de reclutamiento con (azul) y sin

(rojo) error de implementacién. Las lineas punteadas representan iteraciones individuales y las lineas con-

tinuas
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