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Abstract  Evaluation of fish stock status is a key 
step for fisheries management. Tuna Regional Fisher-
ies Management Organizations (t-RFMOs) are mov-
ing towards management strategy evaluation (MSE), 
a process that combines science and policy and 
depends on technical aspects, developed by scientists, 
designed to meet management objectives established 
by managers and other stakeholders. In the Indian 
Ocean, the current management advice for swordfish 
(Xiphias gladius) is based on an ensemble of 24 mod-
els considering four areas of uncertainty about the 
stock dynamics. There is an ongoing MSE process for 
swordfish, and this paper describes the methodology 

being applied for the conditioning of the operating 
model (OM), including model selection and valida-
tion. In the MSE, nine sources of uncertainty were 
considered, each being characterized by 2–3 levels. 
A partial factorial design was employed to reduce the 
number of models from a full factorial design to those 
needed to encompass the overall uncertainty. A selec-
tion and validation process was carried out, filtering 
models that converged, showed good predictive skills, 
and provided plausible estimates. Overall, the esti-
mated spawning stock biomass (SSB) relative to SSB 
at maximum sustainable yield (MSY), and fishing 
mortality (F) relative to FMSY encompasses the esti-
mates of the stock assessment ensemble at the most 
optimist area of the distribution. The MSE for sword-
fish is an ongoing process that is expected to provide 
more robust management advice in the future. Further 
developments to the OM can still occur, but the meth-
ods presented herein can be applied to this, or other 
species, MSE processes.

Keywords  Diagnostics · Model validation · 
Filtering · t-RFMO · Xiphias gladius · Indian Ocean

Introduction

Effective natural resource management is a complex 
process that involves a comprehensive understand-
ing of both the natural dynamics of resources and the 
human element of decision-making and management 
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(Bunnefeld et al. 2011). In the marine realm, fisheries 
management must deal with multiple (e.g., biological, 
ecological, economical, and social), and often con-
flicting, objectives (Kell et al. 2007). Evaluating fish 
stocks status and providing harvest limits is one of the 
key elements of the fisheries management cycle. His-
torically, these evaluations have been based in a sce-
nario where a stock assessment is used to characterize 
the system using a set of “best” assumptions which 
are considered to be true (Punt and Donovan 2007; 
Punt et  al. 2016) and uncertainty evaluated through 
confidence intervals and sensitivity tests (Butterworth 
2008). Scientific management advice is then provided 
based on projections under constant catch or fish-
ing mortality or through a harvest control rule (But-
terworth 2008). Under this scenario, uncertainty is 
either not considered, or not explicitly incorporated 
in the evaluation process (Kell et al. 2007). Attempts 
to better capture assessment uncertainty and increase 
the robustness of advice provision have recently 
made progress (Jardim et  al. 2021; Ducharme-Barth 
and Vincent 2022), but formal ways of incorporating 
uncertainty into scientific management measures are 
still lacking (Punt and Donovan 2007). To overcome 
these issues, fisheries management advice is moving 
from the “best assessment” approach to a manage-
ment strategy evaluation (MSE) approach.

MSE is a simulation framework based on the oper-
ating model (OM) which is a set of models that repre-
sent the uncertainties about the stock and the fisheries 
dynamics. For the construction of the OM it is nec-
essary to identify the suitable range of uncertainties 
and condition, i.e. fit, the models to existing observa-
tions. These are used to simulation-test management 
procedures (MPs), in order to identify those MPs that 
meet management objectives with a high probability 
and are robust to uncertainty (Kolody et  al. 2019). 
An MP includes the management action, through 
a decision rule or harvest control rule (HCR), but 
also the processes of data collection and analysis to 
obtain an indicator of stock status (Kell et al. 2007). 
This process uses a closed-loop simulation with feed-
back between the two systems, that allows to provide 
advice that is robust to uncertainty and assess trade-
offs of different MPs according to their performance 
relative to the identified management objectives.

Management strategy evaluation was pioneered by 
the International Whaling Commission in the 1980s, 
that first started to calculate potential catch limits 

for commercial whaling and determine actual strike 
limits for aboriginal subsistence whaling (Punt and 
Donovan 2007). From the early 1990s the use of MSE 
expanded and has been applied to several fisheries; for 
example, in South Africa, Australia, USA, New Zea-
land and the European Union (Punt et al. 2016; ICES 
2020; de Moor et  al. 2022). MSE efforts have been 
mainly focused on domestic fish stocks, but regional 
fisheries management organizations (RFMOs) have 
also applied MSE for international fisheries manage-
ment, for example Greenland halibut (Reinhardtius 
hippoglossoides) in the Northwest Atlantic Fisheries 
Organization (NAFO) (NAFO 2021).

In the case of large migratory species, that are 
exploited in both international and national waters 
of many nations, their international management is 
regulated by the tuna RFMOs (t-RFMOs). There are 
5 t-RFMOs worldwide, namely one in the Atlantic 
(ICCAT—International Commission for the Conser-
vation of Atlantic Tunas), one in the Indian Ocean 
(IOTC—Indian Ocean Tuna Commission), two in 
the Pacific (WCPFC—Western and Central Pacific 
Fisheries Commission, and IATTC—Inter-American 
Tropical Tuna Commission) and one responsible for 
the southern bluefin tuna stock (CCSBT—Commis-
sion for the Conservation of Southern Bluefin Tuna). 
All t-RFMOs have begun to implement MSE pro-
cesses, with multiple MSEs coexisting in the major-
ity of them (Anonymous 2018) and several having 
been adopted. The CCSBT was the first to pursue an 
MSE and to adopt a fully specified management pro-
cedure tested under MSE, namely in 2011 for south-
ern bluefin tuna (Thunnus maccoyii) (Hillary et  al. 
2016). The IOTC adopted an HCR for skipjack in 
2016 (IOTC 2016a) and technical work has contin-
ued towards the implementation of an MP1. For North 
Atlantic albacore, managed by ICCAT, an HCR was 
adopted in 2017, that was converted to a fully speci-
fied MP in 2021 (ICCAT 2021). More recently, MPs 
have been tested under MSEs for the Atlantic bluefin 
tuna (Thunnus thynnus) (ICCAT 2022), Indian Ocean 
bigeye tuna (Thunnus obesus) (IOTC 2022a, 2022b), 
Western Central Pacific skipjack (WCPFC 2022), and 

1  During the revision process of the manuscript, IOTC has 
adopted a management procedure for skipjack (Resolution 
24/07) and swordfish (Resolution 24/08).
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North Pacific albacore, adopted both by IATTC and 
WCPFC (IATTC 2023; WCPFC 2023).

Conducting an MSE proceeds along several steps 
(Punt et al. 2016). Amongst the first steps of a MSE, 
from the technical point of view, is identifying uncer-
tainties and developing operating models (OMs). A 
recent review on the OM design in t-RFMOs, Sharma 
et  al. (2020) highlighted common issues that could 
be improved in their technical development, focus-
ing particularly on the operating model development. 
Although various species used some strategies for 
model selection and validation, it was noticed that 
there was a lack of consistency on these practices, 
and it is important to guarantee that the key uncer-
tainties identified are included in a coherent manner.

In order to address this issue, the purpose of this 
work is to outline the procedure that has been used to 
condition, select, and validate an operating model for 
Indian Ocean swordfish, as well as how uncertainties 
have been incorporated and examined using a variety 
of diagnostic techniques. The paper herein encapsu-
lates the research work that is being conducted for 
swordfish MSE in the Indian Ocean. The expected 
benefits of having a stock managed through manage-
ment strategy evaluation are presented and a summa-
rization about the importance of interactions between 
scientists and managers and how this occurs in the 
case of IOTC is provided.

Operating model development

Stock assessment

The operating models of the Indian Ocean sword-
fish were constructed based on the stock assessment 
model used to assess this species. The most recent 
stock assessment was conducted in 2020 and followed 
the previous assessments from 2017 using similar 
specifications. The assessment is based on Stock Syn-
thesis 3 (Methot and Wetzel 2013) which is an age-
structured integrated statistical population dynamics 
model. The population model is sex-specific, with 
ages ranging from 0 to 30 + years and spatially disag-
gregated into four areas with no movement dynamics 
between areas. Data is available for the period from 
1950 to 2018. It integrates several sources of fish-
eries and biological data, including catch informa-
tion from 15 fisheries, defined by gear and area, and 

length composition data for 14 of them. For complete 
details of the model configurations see Fu (2020) and 
IOTC (2020). Management advice is currently based 
on the results of a combination of model configura-
tions, including two options on age and growth (spine 
or otolith-based age estimates), three values for the 
Beverton-Holt stock-recruit relationship steepness 
(h), two values for recruitment variability (σR), and 
alternative effective sample sizes of length composi-
tion data (ESS). These resulted in an ensemble of 24 
models.

Within this stock assessment model ensemble, 
fishing mortality rates (F) increased sharply from 
the 1950s, and then decreased after the 2000s, being 
stable from the 2010s. The spawning stock biomass 
(SSB) decreased sharply between the 1990s through 
to the 2000s, having increased slightly since 2010 
(Fig. 1). The stock was considered in 2018 (last year 
of data) not to be overfished and not subject to over-
fishing, with the final SSB above the value that pro-
vides the maximum sustainable yield (MSY) and F 
estimated to be lower than the F at MSY.

Structural uncertainties

The 2017 session of the IOTC Working Party on 
Methods (WPM) (IOTC 2017a) discussed and pro-
posed an initial set of elements likely to be respon-
sible for model uncertainty, subsequent to the 2017 
stock assessment. Nine factors were identified as key 
uncertainties for the Indian Ocean swordfish stock. 
A first iteration of OM conditioning was performed 
based on the 2017 stock assessment (Rosa et al. 2018; 
Mosqueira et  al. 2017). The stock assessment was 
updated in 2020 (see section above), but the identified 
uncertainties remained unchanged. The factors and 
the levels of each factor are presented in Table 1 and 
summarized below.

Selectivity: In this document, selectivity refers 
to population selectivity, which is a measure of the 
length- (or age-) specific mortality due to fishing, 
resulting from both contact selectivity and availability 
(Sampson 2014). Selectivity determines how catch is 
removed from the population and influences estimates 
of stock productivity. In the swordfish stock assess-
ment and for the MSE work, two possible functional 
forms were considered for the selectivity-at-length of 
the longline fleets, namely a double normal in which 
selectivity decreases in the older ages, and a logistic 
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function in which selectivity remains flat after reach-
ing its asymptote. It is common in stock assessments 
to include at least one fleet with an asymptotic selec-
tivity, as having only dome shaped curves can pro-
duce a “cryptic” biomass that is not in accordance 
with the observed proportion of larger fish. The two 
alternatives considered were to assume: 1) a logistic 
selectivity for the Japanese longline fleet while the 
other longline fleets are estimated to have a double 

normal selectivity; 2) all longline fleets had a logistic 
selectivity.

Steepness (h): Steepness from the Beverton and 
Holt stock-recruit relationship (SRR) is the frac-
tion of virgin recruits produced by 20% of the virgin 
spawning stock (Mace and Doonan 1988). Steep-
ness is indicative of stock productivity and therefore 
resilience of the stocks, with higher values indi-
cating higher productivity. It is a very influential 
parameter which is difficult to estimate in most stock 

Fig. 1   Time series of 
recruitment (in thousands), 
spawning stock biomass 
(SSB in 1000 tonnes), catch 
(in tonnes) and fishing 
mortality for the 24-stock 
assessment model ensemble 
used for management 
advice of Indian Ocean 
Swordfish. The black line 
represents the median, 
the dark shaded red the 
75% quantiles and the 
light shaded red the 95% 
quantiles

Table 1   Summary view of the variables and levels of each variable considered as sources of uncertainty for the Indian Ocean 
swordfish operating model grid

a Using the Lorenzen (1996) equation with otolith-based age estimates from Farley et al. (2022); bCPUE—catch per unit of effort; 
cJPN late—Japanese CPUE series from 1994 to 2018; dEU.PRT—Portuguese CPUE series from 2000 to 2018; eTaiwanese CPUE 
series from 1994 to 2018

Variable Values

Selectivity Double normal Logistic
Steepness (h) 0.6 0.75 0.9
Growth and maturity Slow growth, late maturity—spine-based estimates from 

Wang et al. (2010)
Fast growth, early maturity—otolith-

based estimates from Farley et al. 
(2022)

Mortality (M) 0.2 0.3 Sex-specifica

Sample size of length fre-
quency data (ESS)

2 20

Recruitment variability 
(sigmaR)

0.2 0.6

CPUEb scaling Area effect × Surface Catch Biomass
CPUE series JPN latec + EU.PRTd JPN late TWN latee

Catchability increase (LLQ) 0% 1%/year
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assessments, as data usually do not have information 
about it. Therefore, in most tuna and billfish assess-
ments it is a parameter fixed at a certain value. Three 
values were considered for this parameter, with one 
being the same as what was used in the base case 
stock assessment model (h = 0.75), and plausible 
lower and upper values for the species, namely h = 0.6 
and h = 0.9.

Recruitment variability: Recruitment deviates, 
i.e. how much recruitment has deviated from the 
expected from the SRR, are usually regarded as pro-
cess error in statistical catch-at-age models as there 
are various, usually unexplained, reasons why the 
estimated recruitment differs from the expected. 
Recruitment deviates are modeled as a lognormal 
distribution with a mean = 0 and an associated stand-
ard deviation. Recruitment deviation (sigmaR) is the 
standard error of the recruitment deviates in log space 
and is usually fixed in stock-assessments that use 
penalized likelihood such as Stock Synthesis. For the 
MSE purpose, two levels were applied, 0.2 and 0.6. 
Increasing recruitment variability may not influence 
current stock status, but will inflate future recruitment 
variability in projections (Kolody et al. 2019).

Growth and maturity: Growth and maturity are 
very important parameters in stock assessment. 
Growth processes will interact with other processes in 
the estimation of fishing mortality and is an impor-
tant factor for key reference quantities (e.g. MSY) 
(Maunder et al. 2016), while maturity estimates allow 
for the estimation of the proportion of the population 
that is able to reproduce. In the case of swordfish, 
there are concerns in age estimation with differences 
being found between age estimates obtained from 
spines versus those coming from otoliths, particularly 
for older/larger individuals (Farley et al. 2022). This 
uncertainty also undermines the age at maturity rela-
tionship. A slow growth and late maturity option was 
considered based on the estimates from spines pro-
vided by Wang et al. (2010), and alternatively a faster 
growth with earlier maturation was based on the oto-
lith estimates from Farley et al. (2022). In both cases, 
sex-specific growth estimates are used as swordfish 
exhibit a marked difference in growth between males 
and females.

Natural mortality: Natural mortality is difficult 
to estimate and is commonly unknown for many fish 
stocks despite its importance in estimating the stock 
productivity (Punt et al. 2021). Given the difficulties 

in estimating this parameter, it is common to fix 
it at a certain value, or values at age. There are a 
broad range of M values assumed in other sword-
fish assessments worldwide, ranging from at least 
0.2–0.5. Three alternatives for M were considered 
for the MSE operating model grid, with two con-
stant across ages (M = 0.2 and M = 0.3) and a third 
with age and sex-specific M based on the Lorenzen 
equation (Lorenzen 1996). The age specific mortal-
ity was scaled so that M at age at maturity (age 6) 
was 0.25.

Sample size of length frequency data: Two main 
data inputs into Stock Synthesis are standardized 
catch-per-unit-effort (CPUE) and length compo-
sition data. These two sources of data inform the 
model about the stock dynamics and the effects of 
fishing at length. In the stock assessment, all length 
composition strata from all fleets were weighted 
relative to the number of fish measured, with the 
maximum sample size capped at 20. For the model 
grid the alternative was to down weight the length 
composition data further by capping the sample size 
at 2. As the weights in the total likelihood of the 
different data sources are related, by down weight-
ing the length frequency data, the weight of the 
CPUE series is being upweighted, meaning there is 
the assumption of less confidence in the length data 
and more on the CPUEs.

CPUE series: Available CPUE series used in the 
stock assessment showed conflicting trends both 
between fleets and within fleets between areas. The 
base case considered in the assessment used the Japa-
nese late CPUE series (1994–2018), replaced by the 
Portuguese index from 2000 to 2018 in the Southwest 
area (SW), and with an overlap in years 2000–2003. 
This was maintained in the OM grid, and two addi-
tional options were added: 1) using the Japanese 
CPUE (1994–2018) for all areas, and 2) using the 
Taiwanese CPUE (1994–2018), also replaced in the 
SW by the Portuguese index (2000–2018, with an 
overlap in the years 2000–2003).

CPUE scaling: The stock assessment assumed a 
stock residing in four areas/quadrants of the Indian 
Ocean (NW, NE, SW, SE), and CPUE scaling was 
used to convert the area specific CPUE indices to rel-
ative abundance indices that are comparable among 
areas (Hoyle and Langley 2020). Three alternatives 
for scaling the CPUEs were considered, namely scal-
ing by area, by catch or by biomass of each region. 
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The biomass-based estimates were derived by fitting 
region-specific models which included only regional 
fishery catches and observations, and the resulting 
stock biomass in each region were used to provide 
information on regional abundance distribution in the 
spatially disaggregated Indian Ocean model.

Catchability increase: Two scenarios were consid-
ered for the effective catchability of the CPUE. One 
assumes that the fleets have not improved their ability 
to fish for swordfish over time, or that any increase 
had been captured by the CPUE standardization pro-
cess (0% increase). The alternative scenario considers 
a 1% per year increase in catchability which repre-
sents potential technology changes not accounted for 
in the statistical CPUE standardization methods and 
is therefore added to the CPUE indices to reflect this.

Conditioning

Following the choice of uncertainties to be consid-
ered and their range, models must be conditioned, 
i.e. operating model parameters are estimated by fit-
ting to available data. In the specific case of Indian 
Ocean swordfish, the OM was constructed around 
the Stock Synthesis population model used in the 
stock assessment. A full factorial design, where all 
interactions between all factor levels in Table 1 was 
considered, resulting in 2592 Stock Synthesis models 
that would compose the OM. The approach explored 
below results from the application of a partial fac-
torial design to decrease the number of models that 
compose the OM. Decreasing the number of model 
runs has two objectives: 1) reducing redundancy, as a 
full factorial design can result in some models provid-
ing essentially the same information about the popu-
lation, and 2) reducing the computational demand as 
running the models and their diagnostics is highly 
computationally demanding, and this demand would 
also apply to the projections period and the applica-
tion of the management procedure (MP).

Software implementation

The Indian Ocean swordfish MSE code is based on 
the FLR Project R library for quantitative fisher-
ies science (Kell et al. 2007). All analysis were con-
ducted with R (R Core Team 2022). Presented work 
in this document refers to the development of the 

operating model up to the end of 2021 and is avail-
able in a public Github repository.2

Partial factorial design

Partial factorial designs require only a fraction of the 
runs of a full factorial, while preserving many of its 
attributes in cases where conducting the full facto-
rial design becomes unmanageable (Lawson 2015). 
In the current case, it can be considered that 3-way 
(and higher) interactions are rare and that models in 
the full factorial design might be redundant, not pro-
viding any new information on stock trajectories, 
therefore the partial factorial design was applied. Sev-
eral design sizes were evaluated, using the R package 
“AlgDesign” (Wheeler 2022). The minimax normal-
ized variance (Ge) was analyzed as a measure of effi-
ciency with respect to the optimal approximate the-
ory design, with design sizes ranging from 50 to 250 
(Fig. 2). Ge varies between 0 and 1, with 1 indicating 
an optimal design. A cut-off of 0.95 was defined as 
the minimum acceptable Ge to choose the number of 
model runs. In this case, 108 model runs were chosen 
to represent the uncertainties in stock dynamics, as 
increasing the number of models does not appear to 
appreciably improve Ge.

Model diagnostics and selection

Model validation and filtering after conditioning 
should occur, through checking for several model 
diagnostics that evaluate model fits to data. For the 
108 models, a drop one-off analysis (i.e. where up to 
five years of each model are dropped and the model 
refitted) was performed, and a set of diagnostics cal-
culated (see Supplementary materials for an exam-
ple). Based on model diagnostics and key population 
dynamic features, a four-step model selection was 
conducted to exclude models, or at least to flag mod-
els that could be considered less plausible.

Model convergence: The first step was to identify 
models with non-convergence issues. Convergence 
is assessed by the inversion of the Hessian matrix, 
and the value of final gradient of the objective func-
tion at the solution, from here forward mentioned as 
convergence level. Carvalho et  al. (2021) suggested 

2  https://​github.​com/​iotcw​pm/​SWO

https://github.com/iotcwpm/SWO
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0.0001 as a threshold for the convergence level, not-
ing that a small gradient might not be an absolute 
requirement. In this case, the frequency distribution 
of convergence levels was plotted (Fig. 3) to assess a 
plausible threshold that could be applied to these sets 
of models, as few models were below the proposed 
threshold. Based on this distribution the suggested 
threshold is of 0.001, resulting in 14 excluded models 
(out of 108).

Plausibility of population quantities: The second 
step is to identify models that yield unrealistic popu-
lation quantities, for example, virgin biomass or stock 
status in the last year of data. In the case of swordfish, 

it is unlikely that the virgin population biomass is 
above 400,000 tons (Fig.  4) and that the stock sta-
tus (SSB2018/SSBMSY) in the last assessment year is 
higher than 3 (Fig. 4) as this would indicate a stock 
that is in too pristine state considering the known 
exploitation history. Only three models out of the 108 
from the partial factorial design did not meet these 
assumptions.

CPUE predictive skill: The model-free hindcasting 
technique (HCXval) uses cross-validation to compare 
observations to their predicted future values (Kell 
et  al. 2016; Carvalho et  al. 2021). The prediction 
skill of a model is then computed from the prediction 

Fig. 2   Minimax normal-
ized variance expressed as 
an efficiency with respect 
to the optimal approximate 
theory design (Ge) for an 
increasing number of trials. 
The triangle represents 
the sampling design of 
108 model runs chosen to 
be sufficient to represent 
the uncertainties in stock 
dynamics for the Indian 
ocean swordfish

Fig. 3   Frequency distribu-
tion of the convergence 
level for the 108 model 
runs. The solid line rep-
resents the applied cut-off 
value (1e − 3) and the 
dashed line the 1e − 4
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residuals. A robust statistic for evaluating the predic-
tion skill can be constructed using the mean absolute 
scaled error (MASE) of Hyndman et  al. (2006). A 
MASE score larger than 1 indicates the model does 
only as well as a random walk at predicting the quan-
tity, while a value of 0.5 indicates the model is twice 
as good as a random walk. In the projection period 
CPUEs will most likely be used, either as part of 
model based or empirical MPs, therefore it is impor-
tant that CPUEs have adequate prediction skills. The 
MASE score from the CPUEs was used as one of the 
filters for this model validation and selection proce-
dure. MASE scores were computed using package 
“ss3diags” in R (Winker et  al. 2021). For the OMs, 
the stock is spatially distributed in four areas, how-
ever the projection model does not have spatial struc-
ture (only one area is considered). In this case, the 
CPUE from one of the areas would have to be scaled 

to represent the four areas. Given that the NW region 
presented the CPUEs with lowest MASE score (i.e. 
better prediction skill), runs with a MASE score > 1 
for the CPUE series from this region were also con-
sidered to be excluded from the operating model (26 
models).

Catch data update: Finally, the fourth step for 
model validation and selection was to investigate if 
the model can sustain the level of total catch observed 
after the last year in the model fit. There is a lag 
between the assessment year and the last data year 
(i.e. the stock assessment was conducted in 2020 
and the last year of data was 2018), so it could hap-
pen that some models do not support the most recent 
catches. In the case of swordfish, the catch of 2019 

Fig. 4   Distribution of 
the 108 models estimated 
values of a virgin spawning 
stock biomass (SSB0) and b 
SSB in 2018 relative to SSB 
at maximum sustainable 
yield (SSB2018/SSBMSY). 
Dashed lines represent the 
minimum and maximum 
values observed in the 2020 
stock assessment and the 
solid line represents the 
applied cut-off
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and 20203 was input into the models and all models 
could support these catches.

Operating model

Key quantities exploration

Given the selection objectives presented above, from 
the 108 models 41 were excluded, and therefore 67 
models are considered to constitute the operating 
model. Two key quantities were explored that repre-
sent scale (SSB0) and final year stock status (SSB2018/
SSBMSY) (Fig.  5). An ANOVA was used to test for 
differences in SSB0 and SSB2018/SSBMSY between 
each considered uncertainty axis. It is noted that vir-
gin spawning stock biomass (SSB0) is mostly influ-
enced by mortality, steepness, sigmaR, CPUE scaling 

and selectivity (Table 2), while the status of the stock 
(SB2018/SSBMSY) is being mostly affected by mortal-
ity, steepness, ESS, LLQ, CPUE scaling and selectiv-
ity (Table 2).

Time series of the OM

The overall time series plot of the final OM 
(67 runs) shows values for abundance and fish-
ing mortality to be widely distributed around the 
stock assessment. The operating model covers and 
expands the range of these uncertainties in compari-
son with the stock assessment (Fig. 6), being some-
what more pessimistic. The SSB estimates from the 
stock assessment tend to be on the higher end of the 
SSB estimates from the OM grid, while the F esti-
mates from the stock assessment tend to be on the 
lower end of the OM grid.

Similarly to the stock assessment, most OM mod-
els show a stock status in the final year (SSB2018/
SSBMSY) higher than 1, meaning that stock is not 3  Catch data available at https://​iotc.​org/​WPB/​20/​Data/​03-​NC.

Fig. 5   Comparison of virgin spawning stock biomass (SSB0) 
and SSB in 2018 relative to SSB at maximum sustainable 
yield (SSB2018/SSBMSY) by level of each uncertainty factor. 
The dashed lines show the minimum and maximum values of 
SSB0 and SSB2018/SSBMSY, respectively, returned by the stock 
assessment grid. L: age based mortality; sigmaR: recruitment 
variance; ESS: Sample size of length frequency data; LLQ: 
Catchability increase; F: otolith-based growth and maturity 
estimates from Farley et  al. (2022); W: spine-based growth 

and maturity estimates from Wang et  al. (2010); J: Japanese 
catch-per-unit-of-effort (CPUE) series from 1994 to 2018; 
J + P: Japanese CPUE series from 1994 to 2018 replaced by the 
Portuguese CPUE series from 2000 to 2018 in the Southwest 
(SW) area; T + P: Taiwanese CPUE series from 1994 to 2018 
replaced by the Portuguese CPUE series from 2000–2018 in 
the Southwest (SW) area; A: area; B: biomass; C: catch; DN: 
double normal; Log: logistic

https://iotc.org/WPB/20/Data/03-NC
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overfished. However, the OM grid does provide 
additional scenarios where the stock is overfished 
(SSB2018/SSBMSY < 1) and where overfishing (F2018/
FMSY > 1) is occurring. Those additional uncertainties 
are not accounted for in the current stock assessment 
grid (Fig. 7).

Discussion and conclusions

Potential advantages on the use of MSE have been 
previously described (Butterworth 2008; Hillary 
et al. 2016; Punt et al. 2016; Miller et al. 2019; Hol-
mes and Miller 2022). These advantages include: 
1) explicit incorporation of uncertainty and natural 
variability into management; 2) management objec-
tives that are set at the onset of the process leading 
to a more transparent decision-making process when 
setting TACs; 3) management that responds to stocks 
growth and decline in a suitable manner; 4) improved 
involvement of stakeholders contributing for a bet-
ter implementation and the possibility to move from 
the assessment management cycle allowing both 
scientists and managers to focus on other scientific 
or management issues. Additionally, the design of 

the OMs, either from the reference set or robustness 
tests with extreme scenarios, can help guide further 
research regarding its associated uncertainty. From a 
fisheries perspective, having an adopted HCR or MP 
allow fisheries to have a higher likelihood of obtain-
ing seafood sustainability certifications, as is the case 
for some skipjack fisheries in the Indian Ocean which 
have obtained the Marine Stewardship Council certifi-
cation (e.g. Maldives pole & line skipjack tuna (MSC 
2023); Echebastar Indian Ocean purse seine skipjack 
tuna fishery (MSC 2024)), which can provide a com-
petitive advantage over non-certified fisheries.

De Moor et al. (2022) argue that even in the case 
of declaration of exceptional circumstances, i.e. con-
ditions that were not tested at the time of MP devel-
opment, an adopted MP can still have more ben-
efits than the conventional assessment approach and 
provide some recommendations from the lessons 
learned in the 30 years’ experience of MSE in South 
Africa. A successful case of MSE in the t-RFMO 
world is the southern bluefin tuna, where an MP was 
adopted in 2011 (and revised in 2019) with the aim 
of rebuilding the stock; since the implementation 
the stock status has improved and catch limits have 
been increasing (CCSBT 2023). Besides southern 

Table 2   Deviance tables of 
ANOVAs to test the effects 
of the various uncertainty 
parameters on virgin 
spawning stock biomass 
(SSB0) and SSB in 2018 
relative to SSB at maximum 
sustainable yield (SSB2018/
SSBMSY)

For each parameter it is 
indicated the degrees of 
freedom (Df), the sum of 
squares (Sum sq), the mean 
sum of squares (Mean Sq), 
the F-test statistic and the 
significance (p-value). 
P-values in bold represent 
significant differences at 
P =  < 0.05

Df Sum Sq Mean Sq F stat P-value

Response: SSB0

M 2 1.00 × 10^11 5.02 × 10^10 51.83 < 0.001
Steepness 2 1.27 × 10^10 6.34 × 10^9 6.55 < 0.05
sigmaR 1 3.92 × 10^10 3.92 × 10^10 40.43 < 0.001
ESS 1 3.49 × 10^9 3.49 × 10^9 3.60 > 0.05
LLQ 1 1.01 × 10^8 1.01 × 10^8 0.10 > 0.05
Growth and maturity 1 1.89 × 10^9 1.89 × 10^9 1.96 > 0.05
CPUE 2 2.08 × 10^9 1.04 × 10^9 1.07 > 0.05
CPUE scaling 2 2.70 × 10^10 1.35 × 10^10 13.93 < 0.001
LLsel 1 4.95 × 10^10 4.95 × 10^10 51.10 < 0.001
Response: SSB2018/SSBMSY

M 2 1.784 0.892 14.62 < 0.001
Steepness 2 8.336 4.168 68.31 < 0.001
sigmaR 1 0.015 0.015 0.24 > 0.05
ESS 1 0.847 0.847 13.88 < 0.001
LLQ 1 0.865 0.865 14.18 < 0.001
Growth and maturity 1 0.006 0.006 0.10 > 0.05
CPUE 2 0.004 0.002 0.04 > 0.05
CPUE scaling 2 0.405 0.203 3.32 < 0.05
LLsel 1 2.077 2.077 34.03 < 0.001
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bluefin tuna, adoption of MP in t-RFMOs is relatively 
recent. Implementation of MPs in IOTC, IATTC and 
WCPFC is at more incipient stages and in ICCAT 
two MPs have been implemented in 2021 and 2023 
(Table  3). For the Atlantic, Northen albacore is in 
good stock status and TACs have been increasing, 

while bluefin tuna is at its first management cycle this 
has led to an increase of the TAC for the eastern stock 
and a maintenance of TAC in the western. Stability 
has also been considered in all adopted MPs which 
include constraints in TAC or effort, depending on the 
management output provided by the MP, allowing for 

Fig. 6   Time series of 
spawning stock biomass 
(SSB in 1000 tonnes) and 
fishing mortality (F) for the 
Indian Ocean swordfish, 
from the stock assessment 
model ensemble (sa, in 
red), and the 67 model runs 
that compose the operating 
model (om, in blue). The 
solid lines represent the 
median, the darker shades 
the 75% quantiles and 
the light shades the 95% 
quantiles

Fig. 7   Kobe plot show-
ing current spawning stock 
biomass (SSB) relative to 
SSB capable of producing 
maximum sustainable yield 
(MSY) (SSB/SSBMSY) 
and fishing mortality (F) 
relative to F capable of 
producing MSY (F/FMSY) 
for the 24 stock assessment 
models (sa, grey) and the 67 
operating model runs (om, 
black). The Kobe plot is 
divided into four quadrants 
divided at SSB = SSBMSY 
and F = FMSY, graphically 
representing whether the 
stock is overfished (values 
relative to SSB/SSBMSY) 
and/or subject to overfish-
ing (values relative to F/
FMSY)
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gradual changes in case there is the need to increase 
or reduce the fishing opportunities.

As MSE processes are on the margin between sci-
ence and policy, its development depends not only on 
the technical development by scientists but also on 
the involvement of stakeholders, as many decisions in 
this process are related to management (Miller et al. 
2019). The same authors highlight the importance of 
the interactions and communication between scien-
tists and managers for effective and successful MSE 
processes. The yield and status of IOTC mandatory 
species is monitored against a set of predetermined 
benchmarks, and one of the primary management 
objectives is to maintain stocks at or above target lev-
els and avoid breaching the limited reference point 
with high probability. In a binding resolution, the 
IOTC recognizes that the management strategy evalu-
ation framework is the best available tool to identify 
pathways to achieving management goals. To date, 
management advice for most IOTC stocks still relies 
on routine stock assessments, and agreement on the 
best model is difficult to reach, especially for stocks 
with a high degree of uncertainty, sometimes eroding 
confidence in the management advice derived from 
the assessment and in which case members may opt 
out of management measures. The Commission has 
supported using MSE as a tool to assess conserva-
tion and management strategies since 2010, and it has 
invested a significant amount of resource in develop-
ing species-specific MSE.

In IOTC, the Technical Committee on Manage-
ment Procedures (TCMP) was established in 2016 
to facilitate the dialogue between scientists and deci-
sion-makers to enhance the response by the Com-
mission regarding the MSEs in development (IOTC 
2016b). The roles of scientists and managers were 
defined by TCMP in 2017 (IOTC 2017b), with sci-
entists having the tasks of identifying uncertainties, 
conditioning the OM and test of MP and presenting 
results, while managers are tasked to define manage-
ment objectives, performance statistics and selecting 
MPs. Since 2016, an HCR control has been used to 
set the yearly catch limit for skipjack tuna, and in 
2022, a full management mechanism was put in place 
for bigeye tuna. In these situations, the role of stock 
assessment has changed from advising on catches to 
assessing stock status and determining whether any 
extraordinary events have occurred that would render 
the management procedure invalid. Moving from the 

stock assessment cycles and the requirement to meet 
the TAC output by the BET MP has prompt the IOTC 
Commission to dedicate more time to allocation crite-
ria determination, which has been until now lacking. 
Absence of allocation criteria has led to compliance 
issues with skipjack tuna HCR, with catches exceed-
ing the total TAC for several years. The Commission 
has learned from this and for BET a temporary alloca-
tion was set while concurrently developing the alloca-
tion criteria. Ultimately, having an allocation scheme 
will enhance transparency in TAC setting since it has 
been pre-agreed upon, eliminating the need to revisit 
discussions for TAC settings at each management 
cycle. For swordfish significant advances have been 
made on the technical development of the operating 
model as shown in this work, but also on the deci-
sion-making, with the definition of interim reference 
points (IOTC 2015), tuning objectives and constrains 
to be applied in the MP (IOTC 2021).

On the technical development, the operating model 
of the management strategy evaluation of swordfish 
in the Indian Ocean is being developed through a grid 
design that expands the model ensemble from the lat-
est stock assessment to cover a wider range of uncer-
tainties. As in our case, most MSEs being conducted 
in t-RFMOs are developed using grid designs based 
on the accepted stock assessment for the species 
(Sharma et  al. 2020). Although this is currently the 
most common approach, some examples exist where 
this is not the case. For example, for bluefin tuna in 
ICCAT a tailor-made model was developed (Carru-
thers et  al. 2016) and for skipjack in IOTC the OM 
used to test the currently adopted HCR is constructed 
from a combination of life-history and stock assess-
ment informed priors using the feasible stock trajec-
tories algorithm (Bentley and Adam 2016). Work 
is also ongoing on the application of Approximate 
Bayesian Computation methods to condition OMs 
that are decoupled from the stock assessment model 
for the Indian Ocean albacore stock (IOTC 2022b).

Hillary et  al. (2021) noted that having a high 
dependence on the stock assessment model can be 
problematic if there is no accepted stock assessment, 
or if an adequate suite of OMs based on the stock 
assessment cannot be established. Additionally, hav-
ing an OM that is based on the stock assessment may 
lead to an inclination to update the OM each time 
the stock assessment is conducted. A clear set of 
rules should be established to assess the necessity of 
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revising the OM when an updated assessment is con-
ducted (Sharma et al. 2020). For example, Preece and 
Willams (2022) consider that the stock assessment 
estimates of key reference points should be within 
the 90% probability interval of the projections of the 
operating model, as a test for evidence of exceptional 
circumstances in relation to new information on the 
status of the stock that may warrant a revision of the 
MSE/MP. Nevertheless, and as stated by Hillary et al. 
(2021), having an OM that is based on an accepted 
stock assessment as is the case presented in this work, 
does have some advantages: i) highly flexible stock 
assessment packages being already available, ii) a 
plausible model has already been fitted to the availa-
ble data with estimates of key parameters for OM pro-
jections, and iii) there is familiarity and understand-
ing within the relevant fora of the stock assessment.

In the case of Indian Ocean swordfish, scientific 
management advice was based on a 24-model grid 
which explored several uncertainties (Fu 2020; IOTC 
2020) and was used as a base for the operating model 
as a consequential action. The OM herein described 
leads, in general, to a more pessimistic view of the 
stock status compared to the results of the stock 
assessment ensemble. Although the results of the 
stock assessment are in the envelope of values of the 
OM, those tend to be more optimistic, with all mod-
els from the stock assessment resulting in a stock that 
is not overfished (SSB2018/SSBMSY > 1) nor suffering 
from overfishing (F2018/FMSY < 1). The fact that the 
OM developed in this MSE framework provides not 
only scenarios identical to the stock assessment, but 
also some others that are more pessimistic, is due to 
the levels of the uncertainty variables that have been 
included, and their combinations, leading to scenarios 
of a less productive stock that is more susceptible to 
fishing pressure. This will probably lead to a man-
agement procedure needing to be more conservative 
to achieve management objectives, for example, hav-
ing lower total allowable catches to keep or bring the 
stock into the not overfished nor overfishing area with 
a greater probability.

It can be challenging to decide which uncertainties 
should be included in an MSE because doing so could 
result in underrepresenting those uncertainties and 
inadequate testing of the chosen MP (Kolody et  al. 
2019). However, in practice it can be impractical to 
manage all uncertainties and, in those cases, the most 
plausible and most consequential for the dynamics 

should be chosen (Punt et al. 2016). Five sources of 
uncertainty can be considered to be included in an 
MSE: i) process uncertainty, ii) parameter uncer-
tainty, iii) model uncertainty, iv) implementation 
uncertainty and, v) observation uncertainty (Punt 
et al. 2016). In the present case study, the uncertain-
ties considered for the OM conditioning can be clas-
sified as model uncertainty (other forms of uncer-
tainty are being considered at other stages of the 
MSE development, e.g. implementation uncertainty 
in future catches) and expanded from the assessment 
in the number of considered factors. Specifically, 
four factors were considered in the stock assessment 
ensemble vs nine in the OM ensemble, resulting in 
a large grid if considering the full factorial design. 
Most commonly the OMs are based on running the 
main effects, i.e. choosing a “base” case and chang-
ing one factor at a time (Punt et al. 2016), but partial 
factorial designs have also been applied previously 
(Schweder et al. 1998; Kolody and Jumppanen 2021), 
and this is also the case of the Indian Ocean swordfish 
MSE presented here.

Setting up a grid with all factors, levels and their 
interactions provides a wider uncertainty range and 
is simpler to construct but might lead to models with 
unlikely combinations of parameters. Consideration 
to the correlations between factors could also be con-
sidered to exclude runs with such unlikely combina-
tions. Analyzing the effect of each uncertainty in key 
parameters that are likely to influence MP could also 
be applied to reduce the model runs in the reference 
set, i.e. a set of models that has a higher plausibility 
and/or influence in MP performance. Less influential 
uncertainties could be used as “robustnes tests”, i.e. 
a set of models that are less likely or less influential 
in MP performance but to which the MP should also 
be robust too. In the present case, univariate analysis 
of variance was conducted to determine the influence 
of the uncertainties in scale (SSB0) and final year 
stock status (SSB2018/SSBMSY). It should be noted 
that to run this analysis a large or larger number of 
models still must be run to assess the effect of each 
uncertainty.

In our case study the most influential factors were 
the values of natural mortality, steepness, shape of 
the selectivity curve, and the scaling of the CPUEs 
between areas which affected both the scale and the 
stock status in the final year. The least influential 
factors were the choice of CPUE and growth and 
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maturity, which had no significant impact in either 
scale or stock status. The effective sample size of the 
length frequency data and the catchability increase 
was found to affect the stock status but not the scale 
of the stock, while recruitment variability had the 
opposite effect, by affecting the scale of the stock 
but not its status in the initial year of the projections. 
Similar results were found for North Atlantic sword-
fish regarding mortality, steepness, and catchability 
increase; however for recruitment variability there 
were contrasting results (Hordyk et al. 2021). In both 
cases, higher mortality rates and steepness values had 
lower estimates of SSB0 and higher estimates of stock 
status, and increasing catchability did not influence 
the scale of the stock but resulted in lower estimates 
of stock status. Regarding recruitment variability, this 
did not influence the scale of the stock in the case of 
the North Atlantic swordfish, while increasing the 
recruitment variability in the Indian Ocean swordfish 
lead to an increase in SSB0. This is important to the 
evaluation of MP performance due to the significant 
asymmetries in risk associated with common uncer-
tainties in population models (Hordyk et al. 2019).

In a revision of operating model development in 
t-RFMOs, Sharma et al. (2020) noted that in several 
MSEs, filtering was performed to exclude models that 
produced implausible dynamics, but a standardized 
procedure is still missing. The joint t-RFMO MSE 
working group emphasized that the OMs need to be 
conditioned adequately, and that standard automated 
model fit diagnostics should be applied to ensure the 
consistency between the model and the data (Anony-
mous 2018). With this regard, a 4-step filtering frame-
work is presented in this work using Indian Ocean 
swordfish as a case study, where automated diagnos-
tic tools for Stock Synthesis were run to exclude oper-
ating models that did not meet the validation criteria. 
Future work could also be developed for the applica-
tion of OM weighting scheme based on the predic-
tion skill of the CPUEs as applied in Mosqueira and 
Brunel (2022). It is expected that further changes to 
the OM can still occur, however the procedures for 
OM validation and filtering can still be of use for this, 
and other species, MSE development.
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