Ocean and Coastal Management 246 (2023) 106902

ELSEVIER

Contents lists available at ScienceDirect
Ocean and Coastal Management

journal homepage: www.elsevier.com/locate/ocecoaman

“Coastal
Management

Multiple lines of evidence highlight the dire straits of yellowfin tuna in the

Indian Ocean.

Kristina N. Heidrich ™", Jessica J. Meeuwig b Maria José Juan-Jord4 ¢, Maria L.D. Palomares ‘,

d

Daniel Pauly ¢, Christopher D.H. Thompson ™€, Alan M. Friedlander ', Enric Sala ©, Dirk Zeller

@ Sea Around Us - Indian Ocean, School of Biological Sciences, University of Western Australia, Crawley, WA, Australia
Y Marine Futures Laboratory, School of Biological Sciences, University of Western Australia, Crawley, WA, Australia

¢ Instituto Espanol de Oceanografia (IEO-CSIC), Servicios Centrales Madrid, Corazon de Maria 8, Madrid, Spain

4 Sea Around Us, Institute for the Oceans and Fisheries, University of British Columbia, Vancouver, Canada

¢ Pristine Seas, National Geographic Society, Washington DC, United States
f Hawai'i Institute of Marine Biology, University of Hawai'i, Kane’ohe, HI, United States

ARTICLE INFO ABSTRACT

Keywords: Yellowfin tuna (Thunnus albacares) are highly valued pelagic fisheries target species. Regional fisheries man-
Biomass trajectories agement organizations (RFMOs) are the principal mechanism that manage yellowfin tuna fisheries. Determining
2&1;‘;1 changes in population abundances is crucial for effective conservation and management. We use multiple

methods for monitoring biomass trends and evaluating the status of yellowfin tuna in each ocean basin and show
Fisheries management how additional, multiple lines of evidence can enhance our understanding of the conservation and exploitation
Pelagic species status of this species. Our analysis of regional biomass trajectories and Catch-MSY ' assessments corroborate the
RFMO findings of the most recent RFMO stock assessments suggesting yellowfin tuna in the Indian Ocean are in critical
condition, while the Eastern Pacific yellowfin tuna population shows the lowest levels of exploitation. These
results are supported by fisheries-independent data from baited remote underwater video systems (BRUVS),
showing that the Indian Ocean yellowfin tuna population is the least common, least abundant, and smallest
across all oceans. Our findings support previous claims of systematic and widespread overfishing of yellowfin
tuna in the Indian Ocean and thus confirm calls to reduce current fishing levels to ensure the long-term viability

Data-limited

Stock assessment

of the species.

1. Introduction

Tunas and other highly migratory species are vital to marine eco-
systems. They are characterized by rapid growth and high reproductive
output (Murua et al., 2017), generally making such species relatively
resistant to fisheries exploitation. The seven principal market tuna
species, yellowfin (Thunnus albacares), skipjack (Katsuwonus pelamis),
bigeye (Thunnus obesus), albacore (Thunnus alalunga), southern bluefin
(Thunnus maccoyii), Atlantic bluefin (Thunnus thynnus), and Pacific
bluefin tuna (Thunnus orientalis) are exploited globally, by small-scale (e.
g., Okemwa et al., 2023) and large-scale industrial fisheries (Heidrich
et al., 2023) in both developing and developed countries (FAO, 2020).
Global tuna fisheries reached an estimated total catch of 4.9 million
tonnes in 2020 (ISSF, 2022) contributing more than $40 billion to the
global economy yearly (McKinney et al., 2020). Global tuna assessments

suggest that populations have been declining since the 1950s mainly due
to increased fishing mortality (Cox et al., 2002; Juan-Jorda et al., 2011).
More recently, overall tuna biomass trajectories have appeared to sta-
bilize around Maximum Sustainable Yield (MSY)-based target reference
points, i.e., approaching the biomass that enables the population to
deliver MSY (B/Bysy) in response to adjusting global fishing mortalities
around target levels, i.e., the fishing mortality that provides MSY in the
long term (F/Fysy) (Juan-Jorda et al., 2022). However, some tuna
populations, e.g., Indian Ocean yellowfin and Atlantic bigeye tuna
remain overfished requiring strengthened management measures
(Juan-Jorda et al., 2022). Their overexploitation can have various
ecological consequences, including impacts on trophic integrity (Baum
and Worm, 2009), reduced ecosystem productivity (Sumaila et al.,
2011), and diminished resilience to environmental change (Srinivasan
et al., 2010; Ortuno Crespo & Dunn, 2017).
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Table 1
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Description of all fisheries-independent metric derived from BRUVS and fisheries-dependent metrics derived from RFMO fish stock assessments.

Dataset  Variable Description Years Data source
RFMO CPUE Abundance indices used in yellowfin tuna 2011-2020 IOTC: https://www.iotc.org/data/datasets/latest/nc?order=title&sort=desc (Source
index stock assessments datasets: YFT joint longline CPUE series, YFT EU purse seine CPUE series, Standardized
CPUE indices for yellowfin)
ICCAT: (ICCAT, 2019)
WCPEFC: https://oceanfish.spc.
int/en/ofpsection/sam/sam/216-yellowfin-assessment-results#2020
IATTC: (IATTC, 2022)
Biomass Estimates of biomass obtained from stock 1950/1975- IOTC: IOTC (2021)
assessment model runs used for 2020 ICCAT: (ICCAT, 2019)
management advice WCPEFC: https://oceanfish.spc.
int/en/ofpsection/sam/sam/216-yellowfin-assessment-results#2020
IATTC: (IATTC, 2022)
Length Length frequency data of catches provided 2011-2020 IOTC: https://www.iotc.org/data/datasets/latest/SF/YFT (Source dataset: IOTC-
by RFMOs, used as the basis for length DATASETS-LATEST-SF-YFT)
composition input data for stock ICCAT: https://iccat.int/en/accesingdb.html (Source dataset: T2CS - catch-at-size
assessments (estimated) — YFT)
WCPFC: https://oceanfish.spc.
int/en/ofpsection/sam/sam/216-yellowfin-assessment-results#2020
IATTC: (IATTC, 2022)
B/Busy The ratio of observed biomass to the biomass ~ 2011-2020  IOTC: (I0TC, 2013, 2014a, 20154, 2016, 2017, 2018, 2019a, 2020, 2021a)
that would provide maximum sustainable ICCAT: (ICCAT, 2019)
yield obtained from all stock assessment WCPEFC: https://oceanfish.spc.
model runs used for management advice int/en/ofpsection/sam/sam/216-yellowfin-assessment-results#2020
IATTC:(IATTC, 2013; 2014, 2015, 2016, 2017, 2018, 2019a, 2019b, 2020, 2021)
F/Fusy The ratio of observed fishing mortality to the 2011-2020 I0TC: (I0TC, 2013, 2014a, 2015a, 2019a, 2016, 2017, 2018, 2020, 2021a)
fishing mortality that would provide ICCAT: (ICCAT, 2019)
maximum sustainable yield obtained from WCPEFC: https://oceanfish.spc.
all stock assessment model runs used for int/en/ofpsection/sam/sam/216-yellowfin-assessment-results#2020
management advice IATTC: (IATTC, 2013; 2014, 2015, 2016, 2017, 2018, 2019a, 2019b, 2020, 2021)
RFMO Catch Catch time series publicly available from 1950-2020 IOTC: https://www.iotc.org/data/datasets/latest/NC-ALL (Source dataset: IOTC-
tuna RFMO database DATASETS-LATEST-NC-ALL)
ICCAT: https://iccat.int/en/accesingdb.html (Source dataset: T2CE)
WCPFC: https://www.wepfc.int/doc/annual-catch-estimates-data-files (Source datasets:
XLS_WCPFC)
IATTG: https://www.iattc.org/en-US/Data/Public-domain (Source dataset:
CatchBYMGOLoLa)
MSY Maximum sustainable yield obtained as 2011-2020 IOTC: (I0TC, 2013, 2014a, 2015a, 2016, 2017, 2018,2019a, 2020, 2021a)
output from stock assessment model runs ICCAT: (ICCAT, 2019)
used for management advice WCPEFC: https://oceanfish.spc.
int/en/ofpsection/sam/sam/216-yellowfin-assessment-results#2020
IATTC: (IATTC, 2013; 2014, 2015, 2016, 2017, 2018, 2019a, 2019b, 2020, 2021)
BRUVS Abundance = Mean relative abundance (MaxN) of 2012-2022 Marine Futures Lab (https://www.fishbase.se/bruvs/search.php)
yellowfin tuna recorded within each RFMO
Convention Area averaged across all sample
sites (set) and study locations.
Biomass Mean biomass calculated as weight * MaxN 2012-2022 Marine Futures Lab (https://www.fishbase.se/bruvs/search.php)
(weight = a*Length "b) of yellowfin tuna
recorded within each RFMO Convention
Area averaged across all sample sites (set)
and study locations.
Forklength ~ Mean fork length of yellowfin tuna recorded =~ 2012-2022 Marine Futures Lab (https://www.fishbase.se/bruvs/search.php)
within each RFMO Convention Area
averaged across all sample sites (set) and
study locations.
Prevalence Presence/absence data of yellowfin tuna 2012-2022 Marine Futures Lab (https://www.fishbase.se/bruvs/search.php)

from mid-water BRUVS

Tuna are capable of large trans-oceanic migrations, traversing mul-
tiple coastal countries’ waters and the High Seas, making them vulner-
able to small-scale and large-scale industrial fishing operations
(Maguire, 2006). This transboundary range is reflected in the interna-
tional cooperation for their conservation and management. Five tuna
Regional Fisheries Management Organizations (RFMOs), are tasked with
the management of tuna populations (De Bruyn et al., 2013). These are:
the Commission for the Conservation of Southern Bluefin Tuna in the
Southern Ocean (CCSBT), the International Commission for the Con-
servation of Atlantic Tunas (ICCAT) in the Atlantic Ocean, the Indian
Ocean Tuna Commission (IOTC) in the Indian Ocean, the Western and
Central Pacific Fisheries Commission (WCPFC) and the Inter-American
Tropical Tuna Commission (IATTC) in the Western and Eastern Pacific
Ocean, respectively. Yellowfin tuna are of considerable ecological and

commercial importance to numerous communities in developed and
developing countries, and remote islands worldwide (Bell et al., 2015;
Duggan and Kochen, 2016; McCluney et al., 2019). They are apex
predators, mainly inhabiting tropical and subtropical waters where they
form large schools (Block et al., 1997; Reygondeau et al., 2012). Glob-
ally they are primarily caught by industrial purse seine and baited-hook
longline fisheries, which support the cannery and sashimi markets
(Collette & Graves, 2019; Miyake et al., 2010). Yellowfin tuna also
support small-scale and recreational fisheries in many locations (Bell
et al.,, 2018; Coulter et al., 2020; Okemwa et al.,, 2023). This
multi-billion dollar common resource is one of the key species of the
Indian Ocean tuna fisheries and is subject to increasing fishing pressure
(Pecoraro et al., 2017; ICCAT, 2019; Minte-Vera et al., 2020; Vincent
et al., 2020; Wu et al., 2020). Stock assessments are fundamental for
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effective management advice to achieve fisheries and conservation ob-
jectives (Juan-Jorda et al., 2011; Aranda et al., 2012; Pecoraro et al.,
2017). Yellowfin tuna, as a major commercial target species, are regu-
larly assessed by four tuna RFMOs. Integrated stock assessments, such as
statistical age-structured assessments have become the dominant
method for assessing data-rich tuna stocks in tuna RFMOs (Maunder
et al., 2006). These models are used to estimate fisheries reference
points and evaluate current stock status with respect to these references
points (Maunder et al., 2006). These methods reflect population dy-
namics using information on relative abundance, length of the catch,
biology of the stock, and tag recaptures. Fisheries-dependent commer-
cial catch per unit effort (CPUE), remains the main source of abundance
information available for fishery stock assessments. The most recent
assessments found that yellowfin tuna is overfished (B < Bysy), and
subject to overfishing (F > Fygy) in the Indian Ocean, while the stocks in
the Atlantic and Pacific Oceans are not overfished and are not experi-
encing overfishing (ISSF, 2022, 2023).

Most tuna fisheries are operating at or close to optimum yields
(Bmsy), due to unprecedented increases in fishing capacity with no ex-
pected room for further growth (Juan-Jorda et al., 2022). Yellowfin tuna
biomass has declined globally by ~58% between the 1950s and 2006
(Juan-Jorda et al., 2011), with the most recent assessments suggesting
that populations are still decreasing globally, except for stabilizing
trends in the Western Pacific Ocean (Collette et al., 2021a; ICCAT, 2019;
Minte-Vera et al., 2020; Vincent et al., 2020; IOTC, 2021a; IOTC, 2022a,
b). Moreover, the most recent IUCN Red List assessment has down-
graded global yellowfin tuna from globally “Near Threatened” in 2011
to “Least Concern” in 2021 (Collette et al., 2011, 2021a), whereas the
Indian Ocean yellowfin tuna population remains “Vulnerable”, with
greater risk of extinction (Juan-Jorda et al., 2022).

Integrated fishery assessments are based on the amount and quality
of data for which substantial data input challenges and uncertainties
often remain, including biased size and abundance sampling (Maunder
et al., 2006; Pecoraro et al., 2020; IOTC, 2021b). Therefore, additional
sources of information on populations are an important consideration
and can complement core approaches when providing management
advice, even for relatively data-rich and regularly assessed stocks such
as yellowfin tuna (IOTC, 2021a). Data-limited fisheries-dependent stock
assessment methods, such as the CMSY '™ method (Froese et al., 2017,
2021), are increasingly recognized within tuna RFMOs, as they provide
an objective way to evaluate the impact of different assumptions on
stock status estimates and the value of information in the data, life
history parameters, and expert knowledge (Palomares et al., 2020).
Regional CMSY'" assessments have the advantage of providing
reasonable predictions of relative stock biomass status (B/Bysy) and
exploitation status (F/Fysy) based on limited data availability compared
with the formal integrated fish stock assessments (Froese et al., 2018).
Fisheries-independent, non-destructive techniques such as baited
remote underwater video systems (BRUVS) are another potential source
of additional information on populations. Stereo-BRUVS record biolog-
ical and ecological data such as relative abundance, size, biomass, and
prevalence of pelagic species and have been utilized in survey locations
worldwide (Meeuwig et al., 2021). Data collected with BRUVS have
been used to investigate direct and indirect effects of fishing (Langlois
et al., 2012b) and the effects of fisheries closures (Mclean et al., 2011)
and could potentially yield a more holistic and unbiased picture of the
status of the populations when combined with fisheries-dependent data
and analyses.

In this analysis, we explore a range of methods for evaluating the
status of yellowfin tuna populations and evaluate to what extent they
corroborate or contradict the RFMO-derived stock status. The use of
multiple lines of evidence reduces bias and strengthens the confidence in
the scientific conclusions that are drawn. Scientific advice can be based
on a range of data sources and assessment methods. The combination of
experimental, observational, and modelling data can provide a more
comprehensive understanding of the phenomenon under investigation.
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Moreover, the replication of results using different methods, techniques
or equipment can help to validate or contradict original findings and
thereby also confirm or deny the validity of additional methods tested
and their potential for application in data-limited situations. We use
three methods to provide additional lines of evidence to enhance our
understanding of the conservation and exploitations status of yellowfin
tuna, which include estimating the overall rates and extent of declines in
biomass using Bayesian generalized linear models (Juan-Jorda et al.,
2011), conducting CMSY"* assessments based on RFMO catch and
CPUE data (Froese et al., 2021), and estimating video-derived preva-
lence, abundance, biomass, and size data from a large-scale global
dataset of mid-water BRUVS (https://www.fishbase.se/bruvs/search.ph
p). We expect strong positive correlations between biomass metrics (e.
g., total abundance, biomass, B/Bysy) derived from official RFMO stock
assessments and the multiple lines of evidence. Furthermore, we expect
strong negative correlations between exploitation metrics (i.e., catch,
F/Fysy) from traditional assessments and biomass metrics derived from
the additional lines of evidence. The inclusion of multiple lines of evi-
dence aims to provide more robust insights into the status of the
exploited species. Recommendations to improve outcomes for yellowfin
tuna, based on the insights gained from these multiple lines of evidence,
are also provided.

2. Methods
2.1. RFMO fishery data and stock assessment compilation

We compiled the most recent yellowfin tuna stock assessments and
assessment reports from the four relevant tuna RFMOs and extracted the
trajectories of catch, length of catches, CPUEs and the estimates of MSY,
biomass, B/Bysy, and F/Fysy from their model runs (Table 1). Some
assessments generated various biomass trajectories from different
models or model scenarios, and multiple CPUE (i.e., abundance indices)
were available for single yellowfin tuna populations, when data were
collected with different gears. In those cases, we standardized time se-
ries using the BCRUMB method in R (Winker et al., 2020, https://github.
com/henning-winker/Jara). The use of this Bayesian population
state-space model is a standard approach for averaging relative abun-
dance indices for IUCN Red List assessments (Sherley et al., 2020) and
has been used for the estimation of global declines in oceanic sharks and
rays (Pacoureau et al., 2021), as well as demersal fish and invertebrates
(Tsikliras et al., 2021). We then averaged biomass values for each yel-
lowfin tuna population across ten years to match the BRUVS dataset. The
stock assessments compiled here assume a single yellowfin tuna stock
for each tuna RFMO, although distinct spawning areas and genetic dif-
ferences may imply individual stocks or significant heterogeneity in
yellowfin tuna distributions (Pecoraro et al., 2018; Vincent et al., 2020;
Munoz-Abril et al., 2022; Relano and Pauly, 2022).

2.2. Analysis and additional lines of evidence for evaluating the status of
yellowfin tuna

We applied three methods to provide additional lines of evidence
into the stock status of yellowfin tuna, which included (1) an analysis of
regional biomass trajectories with the objective of estimating the overall
rates and extent of declines in biomass of yellowfin tuna between 1950
and 2020, (2) a CMSY ™" assessment based on RFMO catch and catch per
unit effort (CPUE) data with the objective of testing the performance of
data-limited stock assessment methods to data-rich large pelagic species
such as yellowfin tuna and the potential of providing a complementary
estimate of stock status to the current RFMO fishery stock assessments,
and (3) an analysis using a large-scale global dataset of mid-water
BRUVS with the objective of providing fishery-independent estimates
of prevalence, abundance, biomass, and size data of the yellowfin tuna
populations for the most current period (2010-2020).
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Table 2

Ocean and Coastal Management 246 (2023) 106902

BRUVS sampling data. Metrics at each sample location all univariate metrics are shown as untransformed mean values. Sampling effort (Number of sets), mean
abundance, biomass, fork length, and prevalence of yellowfin tuna with associated standard error (SE) for all locations sampled.

Yellowfin tuna RFMO Location Number of mean TASE meanTB TBSE meanFL FLSE mean
population Sets TA Prevalence
Indian 10TC Bremer Canyon 40 0 0 0 0 0 0%
British Indian Ocean Territory 109 0.003 0.003 0.029 0.029  79.295 0 1%
Cocos Island - Australia 22 0 0 0 0 0 0%
Geographe Bay 67 0 0 0 0 0 0%
Gracetown 60 0 0 0 0 0 0%
Maldives 39 0 0 0 0 0 0%
Montebello Islands 40 0.165 0 0.289 0 41.541 0 5%
Ningaloo Reef 56 0.061 0.057 0.122 0.114  43.027 2.163 3%
Ashmore Reef - NW Australia 40 0 0 0 0 0 0%
Long Reef - NW Australia 39 0 0 0 0 0 0%
Perth Canyon 82 0 0 0 0 0 0%
Pilbara 106 0 0 0 0 0 0%
Recherche Archipelago - East 22 0 0 0 0 0 0%
Recherche Archipelago - 22 0 0 0 0 0 0%
Central
Recherche Archipelago - West 22 0 0 0 0 0 0%
Rowley Shoals 11 0 0 0 0 0 0%
Shark Bay 69 0.011 0.011 0.114 0.114  79.295 0 1%
Mean IOTC 0.013 0.009  0.029 0.017  60.799 10.689 1%
Atlantic ICCAT St Helena and Ascension 131 0.338 0.134 4.423 1.859 92.134 0.873 11%
Islands
Azores Islands 31 0 0 0 0 0 0%
Ilhas Selvagen 19 0 0 0 0 0 0%
Tristan da Cunha Islands 27 0 0 0 0 0 0%
Uruguay 5 0.050 0 0.536 0 79.295 0 20%
Mean ICCAT 0.078 0.066  0.992 0.864 85.715 6.419 6%
Western Pacific WCPFC  Far North Queensland 33 0.006 0.006 0.063 0.063 79.295 0 3%
French Polynesia 10 0 0 0 0 0 0%
Gambier Islands 10 0 0 0 0 0 0%
New Caledonia 32 0 0 0 0 0 0%
Niue 20 0.030 0 0.592 0 98.655 0 5%
Palau 30 0 0 0 0 0 0%
Rapa Iti and Marotiri 18 0.185 0 1.985 0 79.295 0 6%
Timor 24 0 0 0 0 0 0%
Tonga 9 0 0 0 0 0 0%
Mean WCPFC 0.017 0.014 0.203 0.155 85.748 6.453 2%
Eastern Pacific IATTC Clipperton Island 17 0.147 0 8.134 0 101.654 0 18%
Galapagos 50 1.253 0 24.506 0 110.169 0 22%
Malpelo 16 2.700 0 58.170 0 107.111 0 56%
Osa Peninsula 34 0.047 0 0.178 0 59.260 0 6%
Revillagigedo 25 2.880 0 45.476 0 103.779 0 28%
Mean IATTC 1.004 0.491  19.495 9.074  96.3955 9.396 26%

2.2.1. Analysis of biomass trajectories

We estimated the annual rate of biomass change from 1950 to 2020
and the overall reduction in biomass as a percentage of 1950 estimates
using the methodology of Juan- Jorda et al. (2022, for more detail see
Supplementary Information). We used the available time series of yel-
lowfin tuna biomass for the ICCAT (n = 4 series), the IOTC (n = 48
series), the WCPFC (n = 72 series), and the IATTC assessment models (n
= 92 series, Table 1). We ran this analysis from the earliest to the latest
available biomass value and also from 2006 onwards, to compare trends
with the trends analysis performed in Juan-Jorda et al. (2011). Knowl-
edge about trends in biomass and catch time series, as provided along-
side management advice by tuna RFMOs are an important consideration
when presenting scientific understanding of the status of stocks (ICCAT,
2019; Minte-Vera et al., 2020; Vincent et al., 2020; Collette et al., 2021b;
IOTC, 2021a; Magnusson et al., 2023).

2.2.2. CMSY'" assessments

We applied the updated Monte Carlo method of Catch-MSY
(CMSY'™) of Froese et al. (2021) to estimate biomass, exploitation
rate, MSY, and related fisheries reference points from catch, resilience,
and qualitative stock status information for data-rich yellowfin tuna
stocks in each REMO area. CMSY ' was used to evaluate the degree to
which consistent results can be achieved across a suite of different
assessment methods. Furthermore, the evaluation of data-rich pelagic

stocks with data-limited methods such as CMSY " can provide insights
into the potential effectiveness of data-poor methods in situations where
data are indeed limited (Kokkalis et al., 2017; Wiedenmann et al., 2019).
This method relies on catch and abundance (i.e., CPUE) time series,
prior ranges of resilience (r) and carrying capacity (K), and possible
ranges of stock sizes in the first and final years of the time series. Prior
input parameters for the CMSY'" runs were defined using expert
opinion and were informed by official tuna RFMO assessments to reduce
potential bias and imprecision.

2.2.3. Analysis of fisheries-independent data using BRUVS

We analysed video-derived prevalence, abundance, biomass, and
size data from a large-scale global dataset of stereo-baited remote un-
derwater video systems (BRUVS) curated by the Marine Futures Lab.
Mid-water BRUVS are deployed in longline configurations of sets of 3-5
rigs at 10 m depth with 200 m of surface line between them and are
deployed in water with seabed depths of 20 m to 5000 m. Methods on
calculating the parameters are given in the Supplementary Information.
This dataset contained 955 records of yellowfin tuna across 1387 sets
from a total of 106,347 records of pelagic animals from 5 global surveys
at 36 locations (Table 2, https://www.fishbase.se/bruvs/search.php).
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Fig. 1. Catch and biomass time series (B/Bysgy) for (A) the Indian Ocean Tuna
Commission (IOTC), (B) the International Commission for the Conservation of
Atlantic Tunas (ICCAT), (C) the Western Central Pacific Fisheries Commission
(WCPFC), and (D) the Inter-American Tropical Tuna Commission (IATTC) from
1950 to 2020. The biomass time series displayed here are outputs from the
JARA model, which used raw biomass time series sourced from the individual
tuna RFMOs as input values.

2.3. Comparative analysis of fishery assessment metrics and BRUVS
metrics across RFMO convention areas

We plotted biomass and catch of yellowfin tuna by year for each
RFMO to examine trends between 1950 and 2011, and between 2011
and 2021 to match the BRUVS dataset. We further plotted B/Bysy, F/
Fumsy, and reported catch relative to MSY by year for each RFMO over the
ten years covered by the BRUVS dataset. A traffic light system indicated
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whether the ratio of estimated B/Bysy and F/Fysy was sustainable
(green), on the MSY mark (yellow), or unsustainable (red) regarding the
assumed sustainability ratio of B/Bygy and F/Fygy of 1. Similarly, the
traffic system highlighted when the reported catch was less than (green),
equal to (yellow), or greater than (red) the recommended MSY.
Furthermore, we tested for differences between yellowfin tuna pop-
ulations for each of the univariate metrics of TA, TB, and FL derived
from BRUVS using Permutational Analysis of Variance (PERMANOVA)
based on Euclidean distance resemblance matrices of logip (x+1)
(Oksanen, 2010). Numerous studies demonstrate the advantages of
PERMANOVAs for extracting ecological patterns from BRUVS-based
sampling carried out under various habitat circumstances and water
column positions (e.g., Zintzen et al.,, 2012; Santana-Garcon et al.,
2014).

2.4. Correlation analysis between multiple lines of evidence

We calculated the Pearson correlation coefficient (r) between yel-
lowfin tuna stock status metrics derived from RFMO fishery stock
assessment (i.e., B/Bysy, F/Fusy, MSY, CPUE, length, biomass), [UCN
Red List assessments, biomass trend analysis (i.e., the average rate of
change and the extent of decline), CMSY " assessments (i.e., B/Bysy, F/
Fumsy, MSY, CPUE, biomass), and BRUVS data (i.e., biomass, abundance,
prevalence, length) to determine how well they corroborated each other
(stats package, R Core Team, 2022). We used average values of catch,
MSY, B/Bumsy, and F/Fysy, and biomass over the ten years of interest
(2010-2020). Correlation coefficients were assigned to three categories
“strong” (abs(r) > 0.6), “moderate” (0.2 < abs(r) < 0.6), and “weak”
(abs(r) < 0.2) based on the rule-of-thumb of collinearity between in-
dependent variables, set at r = 0.6 (Havlicek and Peterson, 1976).
Subsequently, strong and moderate significant correlations were
assessed based on consistencies with expectations. We used a p-value of
0.10 as guidance rather than as a test of significance, given the small
sample size of four RFMOs (significance values were set at 0.1*, 0.05**,
0.01%%).

3. Results
3.1. Catch and biomass trends analysis between 1950 and 2020

All four tuna populations showed varying patterns of declining yel-
lowfin tuna biomass with increasing reported catch (Fig. 1A-D). Yel-
lowfin tuna biomass, on average, declined by ~54% globally between
1950 and 2020, with an average annual rate of change of — 1.3% y !
(Table 3). The Indian Ocean yellowfin tuna stock experienced the
greatest decline in biomass among all the stocks, with a 70.3% decline
from 1950 to 2020, compared to a 65.3% decline in the Western Pacific
and a 64.4% decline in the Atlantic Ocean. The Eastern Pacific Ocean
experienced the least severe decline in adult biomass since 1950, with a
decrease of 17.6%

(Fig. 1 A-D, Table 3). The fastest annual rates of decline within the 69
years analysed here occurred in the Indian Ocean (—1.7% y 1), followed
by the Western Pacific Ocean (—1.6% y’l) (Table 3). We compared our
updated biomass trend analysis results with those reported by
Juan-Jorda et al. (2011). We found that the annual rate and extent of
biomass change since 1950 varied between areas (Table 3). This may
suggest that the biomass for the various ocean basin-scale stocks of
yellowfin tuna may be slowly stabilizing in many of the ocean basins,
often around the general management objective defined in the present
study as Bysy

In recent years (Table 3). Most ocean basins suggest biomass levels
above or slightly above the Bysy level as measured here, except for the
Indian Ocean stock, which suggests biomass levels below the presently
used Byigy measure (Fig. 2). The most severe declines in adult yellowfin
tuna biomass since 2006 occurred in the Indian Ocean (—18.4%), fol-
lowed by the Atlantic Ocean (—16.6%). The Eastern Pacific Ocean



K.N. Heidrich et al.

Table 3
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Comparison of the average yearly rate of change and the extent of decline in biomass between 1950 and 2020 of yellowfin tuna populations derived in this study and

those derived in Juan Jorda et al. (2011) only including data from 1950 to 2006.

Yellowfin tuna Average yearly rate of change Difference Average extent of change [%] Difference Average yearly rate of ~ Average extent of
populations [%] between studies ~ between 1950 and 2020 between studies  change between 2006 ~ change between
[%] [%] and 2020 [%] 2006 and 2020 [%]
Between Between 1950 Between Between 1950
1950 and and 2006 1950 and and 2006
2020 Juan-Jorda 2020 Juan-Jorda
This study et al. (2011) This study et al. (2011)
Atlantic -1.5 -1.8 16.7 —64.4 —62.9 -2 —-1.5% -16.6
population
Western Pacific -1.6 -1.3 -21.5 —65.3 -52.1 -25 0.6% 7.4
population
Indian -1.7 -2 15.6 -70.3 —66.7 -5 —-1.5% -18.4
population
Eastern Pacific -0.5 —0.6 16.7 -17.6 —29.6 12 —0.3% —-4.7
population
Average -1.3 —-1.4 6.9 —54.4 —53 —-1.5 —-0.7 —-8.1
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Fig. 2. Traffic light plots for fisheries thresholds of current biomass (B) relative to biomass at maximum sustainable yield (Bysy), current fishing mortality (F) relative
to fishing mortality at maximum sustainable yield (Fysy), and reported catch relative to maximum sustainable yield (MSY, black line) by tuna RFMO: (A) IOTC, (B)
ICCAT, (C) WCPFC, and (D) IATTC. Red, yellow, and green indicate below (red), met (yellow), or above threshold (green) for B/Bysy and above (red), met (yellow),
or below threshold (green) for F/Fysy and reported catch vs. MSY. Black lines indicate limits of 1 for the B/Bysy and F/Fysy graphs and MSY extracted from official

RFMO stock assessment reports.

experienced the least severe declines since 2006 (—4.7%) compared to
the other tuna RFMOs. In contrast, adult yellowfin tuna biomass has
increased by 7.4% in the Western Pacific Ocean since 2006 (Table 3).

3.2. Traffic lights for biomasses, fishing mortalities, and catches vs.
fisheries reference points

We summarized the current exploitation status for the four yellowfin
tuna populations over the last ten years based on the biological reference
points B/Bysy and F/Fysy and reported catch derived from tuna RFMO
stock assessment reports to match the temporal scale of the available
BRUVS data (Fig. 2). Our traffic light classification indicated that the

ratio of B/Bysy generally fell below the Bygy limit of one 70% of the time
in the evaluated ten-year period for the IOTC, 30% of the time for the
ICCAT, and 60% of the time for the IATTC, but remained above the Bysy
level for the WCPFC throughout the period considered (Fig. 2A-D). The
ratio of current fishing mortality F/Fysy consistently exceeded the level
of Fygy in the IOTC for the last 6-7 years but remained below the
threshold in the other three RFMOs for all but one year in the IATTC
(Fig. 2A-D). The reported catch also consistently exceeded MSY in most
years for the Indian Ocean yellowfin tuna population (Fig. 2A), with the
yellowfin tuna in the Atlantic showing similar patterns of catches having
exceeded.

The estimated MSY since 2017 (Fig. 2 B). Annual catches typically
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Table 4
Comparison of fishery metrics and stock status derived from catch-based assessments (CMSY) and the fishery stocks assessment adopted in each tuna
RFMO.
Yellowfin tuna Fishery CMSY RFMO fishery stock  Difference CMSY stock status RFMO stock status
populations Metric t ts
Indian population B/Bmsy 0.83 0.87 5%
F/Fusy 137 1.32 4%
MSY 382,000 394,000
Busy 1,486,000 1,333,000
Atlantic population B/Bmsy 1.17 1.17 0%
0,
i/il;rv:[(sv 2'2829’000 (1)2916, 208 7% Stock is not overfished and not experiencing overfishing
Busy 3,529,000 814,000
Western Pacific B/Bumsy 1.1 2.43 55%
1 *
population F/Fysy 1.07 036 197% Stock is not qverﬁshed apd
MSY 598,000 1,091,000 not experiencing overfishing
Busy 2,168,000 858,700
Eastern Pacific B/Bumsy 1.35 1.57 14%
population
F/Fumsy 0.53 0.67 21% Stock is not overfished and not experiencing overfishing
MSY 329,000 288,000
Busy 1,332,000 371,787

met or slightly exceeded MSY levels of catch until 2019 in the Western
Pacific yellowfin tuna population, when MSY levels were suddenly
increased by ~35% (https://oceanfish.spc/int/en/ofpsection/sam/sam
/216-yellowfin-assessment-results#2020, Fig. 2C). In contrast, the
catch in the Eastern Pacific yellowfin tuna population has not exceeded
RFMO stock assessment derived MSY levels during the past decade
(Fig. 2D).

3.3. CMSY'™" assessments

The fisheries metrics and stock status derived from the CMSY "™ as-
sessments were the most optimistic for the yellowfin tuna stock in the
IATTC convention Area, with B/Bysy at 1.35 and F/Fysy at 0.53,

[ 10TC - Indian Ocean Tuna Commission

ICCAT - International Commission for the Conservation
of Atlantic Tunas

| WCPFC - Western and Central Pacific Fisheries Commission
N 1ATTC - Inter-American Tropical Tuna Commission

[ Overlap Area of IATTC and WCPFC

indicating that the stock is not overfished and not experiencing overf-
ishing (Table 4, Fig. S1). Similarly, yellowfin tuna in the Atlantic Ocean
is not overfished (B/Bysy = 1.17) and not subject to overfishing (F/Fysy
= 0.89) (Table 4, Fig. S1). In contrast, Indian Ocean yellowfin tuna is
overfished (B/Bysy = 0.83) and experiencing overfishing (F/Fysy =
1.37, Table 4, Fig. S1). The Western Pacific yellowfin tuna is not
overfished (B/Bysy = 1.1) but experiencing overfishing (F/Fysy = 1.07,
Table 4, Fig. S1).

3.4. Regional variation in yellowfin tuna population metrics derived from
mid-water BRUVS

Yellowfin tuna were observed at 14 (29%) of the 44 global locations

Fig. 3. Observed distribution of yellowfin tuna (Thunnus albacares) as sampled with BRUVS across the four tuna Regional Fisheries Management Organization
convention areas. Green circles indicate mid-water BRUVS records with yellowfin tuna present, with light green indicating low abundance, medium green indicating
moderate abundance, and dark green indicating high abundance; white circles indicate BRUVS records without yellowfin tuna. Sampling effort is indicated by the
diameter of each location marker and represents the number of mid-water stereo-BRUVS deployments (range: 17-655).
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Fig. 4. Mean values for log( transformed values of BRUVS-derived metrics of yellowfin tuna (A) total abundance (TA), (B) total biomass (TB), (C) fork length (FL),
and (D) prevalence by RFMO Convention Area. The horizontal line in the middle of the box indicates the median value of the scores; the box itself marks the
interquartile range (IQR; 25th (Q1) and 75th (Q3) percentile around the median). The vertical lines mark the maximum and minimum values (expressed as Q3 + 1.5
x IQR). Values more than 1.5 box-lengths from the lower edge of the box, so-called outliers, are designated with a circle.

surveyed by the Marine Futures Lab since 2014 (Fig. 3; Table 2,
Table S1). The mean sampling depth over which BRUVS sampling
occurred was 694 m. Yellowfin tuna were observed in locations with
seabed depth ranges from 37 m to 2400 m, with no yellowfin tuna
observed in samples with seabed depths >2500 m. This fisheries-
independent BRUVS dataset suggests that yellowfin tuna in the Indian
Ocean are the least common, least abundant, have the lowest biomass,
and are the smallest yellowfin tuna in the currently limited global
BRUVS dataset, whereas yellowfin tuna in the Eastern Pacific are the
most common, most abundant, have the largest biomass, and largest
individuals in the global BRUVS dataset (Fig. 4). Future expansion of
BRUVS sampling locations will enhance these fisheries-independent
surveys to enable further confirmation or revision.

The RFMO populations differed significantly in relative abundance
(MaxN) (PERMANOVA: R? = 0.43, p-value = 0.001) and largely fell into
three groups of relatively high, medium, and low abundance. The IOTC
and WCPFC showed the lowest relative abundances, with 0.013 and
0.017 individuals per BRUVS set, respectively, and mean prevalence of
1% and 2%, respectively. The ICCAT recorded a mean relative abun-
dance of yellowfin tuna of 0.078 per BRUVS set and a 6% prevalence
(Table 2). The IATTC, recorded the most yellowfin tuna with a mean
MaxN of 1.004 and a 26% prevalence (Table 2).

Pairwise comparisons indicated that mean abundance was signifi-
cantly greater at IATTC than IOTC (pairwise PERMANOVA: R? = 0.41,
p-value = 0.002), and WCPFC locations (pairwise PERMANOVA: R2 =
0.36, p-value = 0.011), all other pairwise comparisons were non-
significant (Table S2).

IATTC locations had the highest mean biomass of 19.5 t +9.074 SE,

followed by ICCAT locations with a mean biomass of 0.992 t + 0.864 SE
per sample (Table 2). The lowest mean biomass was detected in the
IOTC, with a mean of 0.029 t +£0.017 SE. Pairwise comparisons indi-
cated that the mean biomass of yellowfin tuna was significantly higher
in the IATTC than in the IOTC (pairwise PERMANOVA: R? = 0.45, p-
value = 0.001), and the WCPFC (pairwise PERMANOVA: R? = 0.39, p-
value = 0.005). Additionally, we found significantly higher mean
biomass of yellowfin tuna in the ICCAT than in the IOTC (pairwise
PERMANOVA: R? = 0.2, p-value = 0.042). All other pairwise compari-
sons were non-significant (Table S2). The BRUVS database contains 195
yellowfin tuna length measurements at the point of MaxN. The overall
length distribution ranged from 23.1 to 220.2 cm, with an overall mean
of 81.8 =+ 2.85 SE cm. The largest mean FL was 96.4 cm + 9.4 SE in the
IATTC and the smallest mean FL was 60.8 cm + 10.7 SE cm in the IOTC
(Table 2). The greatest range in FL was 35.8 cm-201.9 cm in the IATTC.
Mean FL varied significantly among locations (PERMANOVA: R? = 0.31,
p-value = 0.003). Pairwise comparison indicated that mean FL was
significantly larger in the IATTC than in both the IOTC (pairwise PER-
MANOVA: R2 = 0.49, p-value = 0.001), and the WCPFC (pairwise
PERMANOVA: R? = 0.31, p-value = 0.019). All other pairwise com-
parisons were non-significant (Table S2).

3.5. Comparative analysis of multiple lines of evidence

We found good agreement between the F/Fygy ratios estimated by
the CMSY*"* assessments and those estimated by the respective stock
assessments performed by working groups in tuna RFMOs, with three
out of four CMSY '™ estimates reaching the same conclusion regarding
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Fig. 5. Pearson’s correlation coefficients between and within fisheries-independent population metrics (derived from BRUVS analysis) and fisheries-dependent
population metrics (derived from RFMO fishery assessments, CMSY assessments, and biomass trend analysis) of yellowfin tuna populations. Positive correlations
between variables are displayed in blue (01-1), negative correlations in red (—0.1 to —1), with strong correlations in opaque and moderate correlations in trans-

parent. No correlation between variables is shown as a white square. Only significant correlations are displayed with: p < 0.01***, p < 0.05*%, p < 0.1*. Metrics
include fork length (FL), relative stock biomass status (B/Bysy), exploitation status (F/Fysy), total biomass (TB), Maximum Sustainably Yield (MSY), total abun-

dance, (TA).

overfishing (F/Fysy > 1), deviating less than 25% from the RFMO as-
sessments (Table 4). Similarly, a comparison of the CMSY** and RFMO
assessment estimates of B/Bygy ratios revealed good agreement, with
100% of the CMSY ' estimates reaching the same conclusion as the
RFMO assessment estimates regarding overfished stock status (B/Bygy <
1) and three out of four CMSY " estimates deviating less than 15% from
the working group’s estimates (Table 4, Fig. S1). Thus, we considered
these results comparable to the official RFMO.

Assessment estimates used to provide fisheries management advice
and used them as fishery-dependent variables in our correlation anal-
ysis. Kobe plots from the CMSY'" assessments used to evaluate the
status of a stock based on the fishing mortality (F) and biomass (B)
associated with MSY (i.e., Fysy and Bysy) are provided in the supple-
mentary information (Fig. S1).

Generally, we observed the predicted positive and negative corre-
lations between the outcomes of the methods used to assess the con-
servation and fishery status of yellowfin tuna (Table S3). We found
highly significant positive correlations between biomass trends metrics
(i.e., the annual rate of change and extent of decline) and RFMO total
abundance (CPUE, r = 0.96, p = 0.04 and r = 0.65, p = 0.05, respec-
tively, Fig. 5, Tables S4 and S5). Biomass.

Trends from 2006 to 2020 derived from our analyses were also
significantly and highly correlated with BRUVS-derived abundance,
biomass, and prevalence (r = 1.0, p = 0.001,r = 1.0, p=0.01, r = 0.98,
p = 0.02, respectively, Fig. 5, Tables S4 and S5). Similarly, CMSY -
derived B/Bysy was significantly highly correlated with RFMO-derived
total abundance (r = 0.92, p = 0.08, Fig. 5, Tables S4 and S5).

Additionally, three metrics derived from the fishery-independent
BRUVS method were significantly highly correlated with RFMO-
derived total abundance: BRUVS abundance (r = 0.94, p = 0.06),
BRUVS biomass (r = 0.98, p = 0.02), and BRUVS prevalence (r = 0.99 p
= 0.01, Fig. 5, Tables S4 and S5). We also found highly significant
positive correlations between metrics derived for fork length from
RFMO assessments and BRUVS sampling (r = 0.9, p = 0.1, Fig. 5,
Tables S4 and S5). Furthermore, we found significant negative correla-
tions between CMSY**-derived F/Fysy and REMO-derived fork length
(r = —0.92, p = 0.08), and BRUVS-derived fork length (r = —0.99, p =

0.01). We confirmed this trend with REMO F/Fysy data; however, it was
only marginally significant for RFMO-derived fork length (r =-0.94, p =
0.06) (Fig. 5, Tables S4 and S5).

4. Discussion
4.1. The dire straits of Indian Ocean yellowfin tuna

Our analysis found that since 1950, the biomass of all global yel-
lowfin tuna stocks combined has decreased, on average, by 54 % across
the four globally assessed populations. The exploitation status of yel-
lowfin tuna populations across ocean basins ranges from not-fully
exploited (IATTC, ICCAT) to fully exploited (IOTC, WCPFC), where
any further increase in fishing effort would lead to overfishing. Tuna
biomass has declined largely due to overexploitation (Juan-Jorda et al.,
2022). However, concerns around perceived reliability of data in the
early years if fisheries may complicate the differentiation of
fishery-related declines in biomass and declines caused by non-fishery
factors. For instance, there is some evidence that sustained poor
recruitment and variability in recruitment may also lead to low
spawning stock biomass and consequently affect the productivity of fish
stocks (Sharma et al., 2020; Hampton and Fournier, 2001; Maunder
etal., 2006; Kolody et al., 2019). However, reduced catch levels can lead
to stabilized biomass trends, such as in the case of the WCPFC yellowfin
tuna population.

The yellowfin tuna population in the Indian Ocean basin, on the
other hand, is in critical condition, with current biomass and fishing
mortality levels well outside the levels supporting MSY (i.e., Bysy and
Fumsy). This implies that the Indian Ocean yellowfin tuna population is
both overfished (Bysy) and experiencing overfishing (Fysy), yet IOTC
fisheries thresholds have consistently been exceeded in the last decade.
We found that yellowfin tuna biomass in the Indian Ocean, has declined
by ~70% since 1950, at an annual rate of decline of ~1.7%. This yel-
lowfin tuna population has declined by a further 18% since the last
biomass trend analysis in 2011 (Juan-Jorda et al., 2011). From a con-
servation perspective, this decline is alarming and highlights the threat
to this population’s future health and productivity. Furthermore, the
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CMSY*'* assessment corroborated RFMO stock assessment results and
confirmed the Indian Ocean population is overfished and subject to
overfishing and the BRUVS analysis indicates that yellowfin tuna in the
Indian Ocean are the least common, least abundant, and the smallest
compared to other RFMO management regions. CMSY '™ assessments
may overestimate fishing mortality in some cases (Bouch et al., 2021)
and may not be ideal as a stand-alone measure for implementing man-
agement control (Kell et al., 2003) in situations where conventional
assessments can be undertaken. Yet, many of the world’s exploited fish
stocks, particularly vulnerable shark and ray species lack established
fisheries reference points (Froese et al., 2012; Zhou et al., 2012; Ortuno
Crespo et al., 2019). This absence of reference points makes it chal-
lenging to determine the extent of exploitation and the current status of
the stocks. It is not always economically feasible to conduct traditional
stock assessments for currently unassessed or unmonitored species or
stocks, necessitating the use of other methods to provide preliminary
estimates of abundance and status. Tuna RFMOs are mandated to
monitor, report, and manage all species under their legislation and they
have made progress in implementing stock assessments for functionally
important non-target species such as sharks using quantitative methods
for data-limited situations, including surplus production models
(CMSY ™, Froese et al., 2017; Heidrich et al., 2022). Here we treated the
CMSY't assessments as a complementary rather than competing
approach to official RFMO assessments, alongside other lines of evi-
dence such as the biomass trajectory and BRUVS analyses. This study
indicates that results from CMSY"" assessments of data rich yellowfin
tuna stocks mirror official tuna RFMO stock assessment results, thus
confirming the applicability of data-limited assessment methods to the
large number of currently unassessed stocks and species. Our findings
support previous claims of systematic and widespread overfishing of
yellowfin tuna in the Indian Ocean threatening its future productivity
(ISSF, 2022, 2023). We support calls to adapt management strategies
accordingly to reduce the current level of fishing of this valuable
resource to ensure its long-term sustainability (Chassot et al., 2019;
Rattle, 2021).

The most recent IUCN Red List assessment downlisted yellowfin tuna
from globally “Near Threatened” in 2011 to “Least Concern” in 2021
(Collette et al., 2011, 2021a). Yet, the risk of extinction varies regionally
for yellowfin tuna populations: Atlantic and Pacific populations of yel-
lowfin tuna are classified as “Least Concern”, but the Indian yellowfin
tuna population is listed as “Vulnerable”, with recent steep declines in
biomass (Collette et al., 2021a). Both RFMO fishery stock assessments
and regional Red List assessments suggest the status of the Indian Ocean
yellowfin tuna population to be in worse condition than those in other
oceans (I0OTC, 2021a; Juan-Jorda et al., 2022). Fisheries stock assess-
ments determine stock status comparing current biomasses of the stocks
to Bysy levels, which are already based on exploited stocks (i.e., IATTC,
ICCAT), or based on spawning biomass depletion ratios (i.e., IOTC,
WCPFC). IUCN Red List assessments, on the other hand, measure pop-
ulation declines within the last three generations lengths of the species,
to determine its risk of extinction (Collette et al., 2021a). As such, any
large historical declines in biomass are not accounted for in both fishery
and extinction risk assessments. We recommend quantifying and
monitoring declines ideally from unexploited status, to account for
shifting baselines (Pauly, 1995), to avoid loss of ecological knowledge,
and assess progress towards conservation goals. Furthermore, sampling
in ‘pristine’ locations alongside fished locations could mitigate potential
bias.

4.2. Challenges of formal stock assessments and the use of fisheries
independent methods

Estimating the status of fish stocks can be very challenging, not least
due to biases in fisheries-dependent input data, i.e., nominal catch, size
frequency data, and abundance indices (i.e., CPUE), such as sampling
error in data collection, e.g., sample size, location and frequency, and
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large uncertainties around biological processes, i.e., growth and natural
mortality still exist (Geehan & Pierre, 2015; Pecoraro et al., 2017;
Heidrich et al., 2022). Consequently, there are increasing number of
studies developing and testing the use of fisheries-independent data
derived from acoustic and aerial surveys to examine the spatial and
temporal distribution of tropical tuna and non-tuna-like species associ-
ated with FADs (Lopez et al., 2017; Orue et al., 2020) and develop
indices of abundance for tropical tuna stock assessments (Melvin et al.,
2018; Santiago et al., 2020).

Here we add BRUVS to this suite of fisheries-independent method-
ologies. Our findings support previous research that identified BRUVS as
a suitable, standardized, and non-extractive fishery-independent
method for characterizing fish assemblages (Langlois et al., 2012b;
White et al., 2013; Cappo et al., 2006; Langlois et al., 2012b; Santa-
na-Garcon et al., 2014b; Brooks et al., 2011; Goetze & Fullwood, 2013).
We confirm that surveys using mid-water BRUVS can yield information
on the relative abundance and size composition of migratory species
such as yellowfin tuna that complements and confirms results from
fisheries-dependent datasets. This fisheries-independent method has the
potential to support large scale sampling of finer-scale population
structures for widely distributed species at targeted locations de-coupled
from fishing operations. This will be particularly important, because,
despite the documentation of genetic differentiation within the Pacific
(Grewe et al., 2015), Atlantic (Pecoraro et al., 2018), and Indian oceans
(Grewe et al., 2020; Artetxe-Arrate et al., 2021), current species evalu-
ation at the ocean basin scale might mask exacerbated declines in
sub-populations that exhibit varying responses to fishing and may
require separate evaluations and management measures (Pecoraro et al.,
2017; Artetxe-Arrate et al., 2021; Munoz-Abril et al., 2022). Mid-water
BRUVS may enable finer-scale management to more effectively
accommodate the development, response to fishing pressures, and re-
covery potential of various subpopulations. Non-lethal methods such as
BRUVS are also appropriate for areas where the use of
fisheries-dependent methods is constrained, such as in marine protected
areas (Langlois et al., 2012a, 2012b). The 2022 agreement at the Con-
ference of Parties (COP15) of the Convention on Biological Diversity to
place 30% of the oceans in marine protected areas by 2030 will drive the
need for fisheries-independent monitoring of marine populations.

Mid-water BRUVS have limitations. The current limited sampling
area of BRUVS may not be representative of the wide-ranging distribu-
tions of yellowfin tuna populations and may not accurately reflect global
populations. Sampling effort was mainly restricted to EEZ waters and
excludes key locations, such as the Western Indian Ocean, where, most
recently, the majority of industrial fishing effort for large pelagic species
such as yellowfin tuna is concentrated (ICCAT, 2019; Minte-Vera et al.,
2020; Collette et al., 2021a; IOTC, 2021a; Magnusson et al., 2023).
However, prior to the 1970s, yellowfin tuna and other large pelagic
species were also targeted and caught by fishing vessels in coastal wa-
ters, and there remains recreational fishing of yellowfin tuna within 50
km from shore in many places in the world (IOTC, 2009, Patterson,
2021). That we are finding low to no abundances of yellowfin tuna in
these near-coastal pelagic EEZ waters where this species once was pre-
sent or even abundant may be a sign of shrinking areas of occupancy
with associated declining population sizes as per IUCN RedList Criteria
(Collette et al., 2011, 2021a; IUCN, 2012). Current BRUVS sampling
locations do not provide a comprehensive and representative coverage
of the entire current distribution area of yellowfin tuna, however, our
analysis showed that patterns of stock status provided by tuna RFMO
assessments were confirmed. Future expansions of BRUVS sampling
locations will improve these independent surveys of abundance.
Furthermore, the BRUVS deployed here are limited to the epipelagic
zone, a trade-off between ease of use and capturing a broader range of
vertical habitat. Considering these challenges, the data used here must
be treated with caution. However, mid-water BRUVS retain all the
characteristics that have made camera-based sampling a versatile and
efficient method for non-destructive marine monitoring and should be
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considered in future management measures to strengthen the scientific
advice for data-rich and data-limited large pelagic species. Future
widespread application of this technology across diverse biological and
anthropogenic gradients can provide enough data to detect trends in
biomass and the abundance of widely-distributed species with large
migration patterns and will further increase the utility of this approach
(Letessier et al., 2017).

4.3. The stalled management of Indian Ocean yellowfin tuna

Indian Ocean yellowfin tuna have been overfished at least since
2015, and scientists have repeatedly warned that if fishing pressure is
not reduced, the population might collapse within a few years (Winker
et al., 2019; Rattle, 2021). The IOTC started to develop and adopt
conservation and management measures to recover yellowfin tuna,
including catch limits (IOTC, 2017), mandatory statistical reporting
requirements (Res. 15.02), target and limit reference points (Res.
15/10), and a ban on discards (Res. 19/05) (IOTC, 2011, 2014, 2015a,
2015b, 2015¢, 2019a, 2019b). Yet the RFMO assessments, together with
our findings from multiple lines of evidence, indicate that the yellowfin
tuna in the Indian Ocean is still not being managed to ensure the sus-
tainability of the fishery. At its 25th session in 2021, the IOTC agreed on
an interim rebuilding plan for the species and established a catch limit of
401,011 MT (Hillary et al., 2021). However, even that catch limit
exceeded the 2021 estimated MSY of 349,000 MT (IOTC, 2021b). Ac-
cording to a new more reliable assessment, a catch reduction of at least
30% from 2020 levels is required to be confident in the Indian Ocean
population’s recovery (Sinan and Bailey, 2020; IOTC, 2021b), more than
double the largest reductions outlined in 2017 (I0TC, 2017).

Europe, as the larger contributor to yellowfin catches, has a key re-
sponsibility to lead the recovery of the species, yet, the EU refuses to
comply with any further catch reductions until a number of IOTC ob-
jectors comply with the measure, risking further declines of the popu-
lation (Global Tuna Alliance, 2021; Walker, 2021). The EU has also
recently decided to object the implementation of an annual 72-day
prohibition of drifting FADs in the Indian Ocean, proposed by member
countries due to the increasing use of FADs over the past two decades
which has raised serious concerns about their effects on the environ-
ment. This decision jeopardizes the long-term health of the fishery, and
decisive actions need to be taken to ensure the successful implementa-
tion of the much-needed temporary ban. Moreover, the EU Commission
calls for the relaxation of so-called margins of tolerance, i.e., the dif-
ference between logbook catches and landing declaration, to 25% (Eu-
ropean Commission, 2021), which could foster misreporting (IOTC,
2021a) and further jeopardize the reliability of species-specific catch
data necessary for reliable stock assessments and adequate management
advice. However, differentiating between small yellowfin and bigeye
tuna caught by purse seine fleets can be challenging and misidentifica-
tion can be as high as 30% (Pedrosa-Gerasmio et al., 2012; Pecoraro
et al., 2017, 2020).

4.4. The strength of using multiple lines of evidence to provide scientific
advice and recommendations to improve the management of Indian Ocean
yellowfin tuna

In this study we combined quantitative and qualitative data (i.e.,
CMSY'™), integrated different types of data sources (i.e., fisheries-
dependent and fisheries-independent), replicated and validated orig-
inal findings using different modelling methods (i.e., CMSY** stock
assessments) to strengthen the scientific advice for yellowfin tuna.
Multiple lines of evidence are often used to provide more robust and
reliable scientific advice and we showed that the additional methods
presented in this manuscript, i.e., biomass trend analysis, CMSY++ as-
sessments, and BRUVS assessments cross-validate each other and the
official tuna RFMO stock assessment results. We further note that these
methods can improve confidence, accuracy, transparency, and
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understanding of the complex large pelagic fishery and population dy-
namics. The fisheries-dependent and fisheries-independent data, ana-
lyses, and assessments in our study can therefore be used to strengthen
the scientific advice for yellowfin tuna. However, improvements in
scientific research are insufficient on their own to ensure advancements
in the long-term management and sustainability of yellowfin tuna
populations. This can only be achieved by strong governance based on
the best available scientific advice. Stricter management measures may
include reduction in fishing capacity, the treatment of MSY as a limit
reference point, and the implementation of effective catch limits (Kell
et al., 2003; Maunder and Harley, 2006; Mooney-Seus and Rosenberg,
2007; Caddy, 1995). Total allowable catches (TACs) are highly effective
in rebuilding overfished populations (Pons et al., 2017). Yet, only the
ICCAT has applied TACs for the regionally-managed yellowfin tuna
populations in the Atlantic Ocean (ICCAT, 2021) while managers in
other tuna RFMOs continue to debate how to allocate catch quotas (Seto
et al., 2021). We emphasize the urgency of finding a way to reduce In-
dian Ocean yellowfin tuna catches by at least the recommended 22% to
halt and reverse their decline.

Reduced TACs should be complemented with further management
measures, i.e., minimum size regulations and seasonal and spatial dy-
namic closures to ensure recovery to sustainable levels (Pons et al.,
2017). Positive effects of marine protected areas (MPAs) have been
documented for many species, including large pelagics, both for the
recovery of species within reserves as well as increased catches in
adjacent fisheries (Dueri and Maury, 2013; Di Lorenzo et al., 2016;
Medoff et al., 2022). However, larval dispersal and increased mobility of
species may limit these benefits (Hampton et al., 2023). We further
recommend that the IOTC member countries prioritize the imple-
mentation of appropriate control systems and the improvement of the
IOTC management framework to manage tropical tuna populations
sustainably in the long term by de-incentivizing FAD fishing, investing
in far higher levels of on-board monitoring and sampling (Banks et al.,
2016), and enhancing controls at landing sites instead of relaxing the
margin of tolerance to 25%, as demanded by the EU tropical purse seine
fishing fleets. More stringent management practices must be imple-
mented to reduce overall fishing capacity, rebuild overfished pop-
ulations, and enforce other regulations to reduce the collateral damage
these fisheries cause to marine ecosystems and ensure the recovery and
long-term viability of large pelagic species.

5. Conclusion

Thomas Huxley was wrong. Clearly, one of the “great sea fisheries”,
the yellowfin tuna in the Indian Ocean, is in dire straits. Multiple lines of
evidence corroborate that yellowfin tuna in the Indian Ocean is in poor
status being exploited unsustainably. We highlight the urgency of
implementing and enforcing management measures that reduce catches
and fishing mortality and aid biomass recovery. High value and global
demand coupled with rising fishing capacity and fishing mortality are
exacerbating the pressure on yellowfin tuna populations that are at best,
already fully exploited or, in the case of the Indian Ocean, overexploited
(ISSF, 2022). Now more than ever, robust, urgent, and strict measures
and actions are required to ensure that yellowfin tuna overfishing is
stopped and that binding precautionary total catch limits are put in
place to improve the Indian Ocean yellowfin tuna resources.

Statements
Author contributions
KH completed the data synthesis and analysis and drafted, reviewed

and edited the manuscript. JJM advised on methods, reviewed and
edited the manuscript. All authors reviewed and edited the manuscript.



K.N. Heidrich et al.
Funding

This research was supported by an Australian Government Research
Training Program (RTP) Scholarship. KH was also supported by the
Forrest Research Foundation. The research of the Sea Around Us has
been supported by the Oak Foundation, the Paul M. Angell Family
Foundation, the Marisla Foundation, the David and Lucile Packard
Foundation, the Minderoo Foundation and Bloomberg Philanthropies.
However, no specific or dedicated funds were provided to support this
specific research project. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the funding organiza-
tions as they had no involvement in the design or production of the
study. Open access publishing facilitated by The University of Western
Australia, as part of the Wiley - The University of Western Australia
agreement via the Council of Australian University Librarians.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

We would like to thank many scientists and national and interna-
tional organizations for providing access to stock assessment fisheries
data to carry out this work. The stock assessment data were provided by
the IATTC, IATTC, and WCPFC. We particularly thank Carolina Minte-
Vera, Gorka Merino, and John Hampton for the provision of RFMO
stock assessment data used for the analysis in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ocecoaman.2023.106902.

References

Aranda, M., Murua, H., De Bruyn, P., 2012. Managing fishing capacity in tuna regional
fisheries management organisations (RFMOs): development and state of the art. Mar.
Pol. 36 (5), 985-992. https://doi.org/10.1016/j.marpol.2012.01.006.

Artetxe-Arrate, 1., Fraile, L., Farley, J., Darnaude, A.M., Clear, N., Dettman, D.L.,
Murua, H., 2021. Otolith §180 composition as a tracer of yellowfin tuna (Thunnus
albacares) origin in the Indian ocean. Oceans 2 (3), 461-476.

Banks, R., Muldoon, G., Fernandes, V., 2016. Analysis of the costs and benefits of
electronic fisheries information systems applied in FFA countries and identification
of the legislative, regulatory and policy supporting requirements. Port Douglas, QLD:
poseidon Aquatic Resource Management. http://consult-poseidon.com/fishery-re
ports/1155%20WWF%20EFIS_11032016_Final 7%200.pdf.

Baum, J.K., Worm, B., 2009. Cascading top-down effects of changing oceanic predator
abundances. J. Anim. Ecol. 78 (4), 699-714. https://doi.org/10.1111/j.1365-
2656.2009.01531.x.

Bell, J.D., Allain, V., Allison, E.H., Andréfouét, S., Andrew, N.L., Batty, M.J., Hanich, Q.,
2015. Diversifying the use of tuna to improve food security and public health in
Pacific Island countries and territories. Mar. Pol. 51, 584-591.

Bell, J.D., Albert, J., Amos, G., Arthur, C., Blanc, M., Bromhead, D., Itano, D., 2018.
Operationalising access to oceanic fisheries resources by small-scale Fishers to
improve food security in the Pacific Islands. Mar. Pol. 88, 315-322. https://doi.org/
10.1016/j.marpol.2017.11.008.

Block, B., Keen, J., Castillo, B., Dewar, H., Freund, E., Marcinek, D., Farwell, C., 1997.
Environmental preferences of yellowfin tuna (Thunnus albacares) at the northern
extent of its range. Mar. Biol. 130, 119-132. https://doi.org/10.1007/
s002270050231.

Bouch, P., Minto, C., Reid, D.G., 2021. Comparative performance of data-poor CMSY and
data-moderate SPiCT stock assessment methods when applied to data-rich, real-
world stocks. ICES J. Mar. Sci. 78 (1), 264-276.

Brooks, E.J., Sloman, K.A., Sims, D.W., Danylchuk, A.J., 2011. Validating the use of
baited remote underwater video surveys for assessing the diversity, distribution and
abundance of sharks in the Bahamas. Endangered Species Res. 13 (3), 231-243.

12

Ocean and Coastal Management 246 (2023) 106902

Caddy, J.F., 1995. Reference points for fisheries management. FAO Fisheries Technical
Paper No. 347, 83.

Cappo, M., Harvey, E., Shortis, M., 2006. Counting and measuring fish with baited video
techniques-an overview. In: Lyle, C.D., Furlani, J.M., Buxton, D.M. (Eds.), Cutting-
edge technologies in fish and fisheries science. Australian Society for Fish Biology,
pp. 459-463. https://doi.org/10.2331/suisan.76.459.

Chassot, E., Lucas, V., Lucas, J., Assan, C., Santiago, J., 2019. Outburst of FAD Fishing
Following Quota Implementation: the Case of Indian Ocean Yellowfin Tuna.
Seychelles Fishing Authority. https://www.iattc.org/GetAttachment/7al51aa5-4a
9f-4078-9a41-ecf42b269e3a/0TM-33-01a_Outburst-of-FAD-fishing-following-
quota-implementation.pdf.

Collette, B., Graves, J., 2019. Tunas and Billfishes of the World. Johns Hopkins
University Press, Baltimore, MD, USA, p. 351. https://doi.org/10.56021/
9781421431574.

Collette, B., Acero, A., Amorim, A., Boustany, A., Ramirez, C., Cardenas, G., Ju, E., 2011.
The TUCN red list of threatened species 2011. Thunnus albacares. https://doi.org/
10.2305/IUCN.UK.2011-2.RLTS.T21857A9327139.en.

Collette, B., Boustany, A., Fox, W., Graves, J., Juan Jorda, M., Restrepo, V., 2021a. The
TUCN Red List of Threatened Species 2021: e. T21857A46624561. Thunnus
albacares. https://doi.org/10.2305/IUCN.UK.2021-2.RLTS.T21857A46624561.en.

Collette, B., Boustany, A., Fox, W., Graves, J., Juan Jorda, M., Restrepo, V., 2021b. The
TUCN Red List of Threatened Species 2021: e.T21860A46913402. Thunnus thynnus.
https://doi.org/10.2305/IUCN.UK.2021-2.RLTS.T21860A46913402.en.

Coulter, A., Cashion, T., Cisneros-Montemayor, A.M., Popov, S., Tsui, G., Le Manach, F.,
Pauly, D., 2020. Using harmonized historical catch data to infer the expansion of
global tuna fisheries. Fish. Res. 221, 105379 https://doi.org/10.1016/j.
fishres.2019.105379.

Cox, S.P., Essington, T.E., Kitchell, J.F., Martell, S.J., Walters, C.J., Boggs, C., Kaplan, I.,
2002. Reconstructing ecosystem dynamics in the central Pacific Ocean, 1952 1998.
II. A preliminary assessment of the trophic impacts of fishing and effects on tuna
dynamics. Can. J. Fish. Aquat. Sci. 59 (11), 1736-1747.

De Bruyn, P., Murua, H., Aranda, M., 2013. The precautionary approach to fisheries
management: how this is taken into account by tuna Regional Fisheries Management
Organisations (RFMOs). Mar. Pol. 38, 397-406. https://doi.org/10.1016/j.
marpol.2012.06.019.

Di Lorenzo, M., Claudet, J., Guidetti, P., 2016. Spillover from marine protected areas to
adjacent fisheries has an ecological and a fishery component. J. Nat. Conserv. 32,
62-66. https://doi.org/10.1016/j.jnc.2016.04.004.

Dueri, S., Maury, O., 2013. Modelling the effect of marine protected areas on the
population of skipjack tuna in the Indian Ocean. Aquat. Living Resour. 26 (2),
171-178. https://doi.org/10.1051/alr/2012032.

Duggan, D.E., Kochen, M., 2016. Small in scale but big in potential: opportunities and
challenges for fisheries certification of Indonesian small-scale tuna fisheries. Mar.
Pol. 67, 30-39.

European Commission, 2021. Report on the proposal for a regulation of the European
Parliament and of the Council amending Council Regulation (EC) No 1224/2009,
and amending Council Regulations (EC) No 768/2005, (EC) No 1967/2006, (EC) No
1005/2008, and Regulation (EU) No 2016/1139 of the European Parliament and of
the Council as regards fisheries control. Amendement 81 - Proposal for a regulation.
Article 1 — paragraph 1 — point 11. Regulation (EC) No 1224/2009. Article 14 —
paragraph 4 — subparagraph 1.

FAO, 2020. The State of World Fisheries and Aquaculture 2020-Sustainability in Action.
Italy, Rome. http://www.fao.org/3/ca9229en/ca9229en.pdf.

Froese, R., Zeller, D., Kleisner, K., Pauly, D., 2012. What catch data can tell us about the
status of global fisheries. Mar. Biol. (N. Y.) 1283-1292.

Froese, R., Demirel, N., Coro, G., Kleisner, K.M., Winker, H., 2017. Estimating fisheries
reference points from catch and resilience. Fish Fish. 18 (3), 506-526. https://doi.
org/10.1111/faf.12190.

Froese, R., Winker, H., Coro, G., Demirel, N., Tsikliras, A.C., Dimarchopoulou, D., Matz-
Liick, N., 2018. Status and rebuilding of European fisheries. Mar. Pol. 93, 159-170.
https://doi.org/10.1016/j.marpol.2018.04.018.

Froese, R., Demirel, N., Coro, G., Winker, H., 2021. User guide for CMSY++. GEOMAR,
Germany, p.17. http://oceanrep.geomar.de/52147/.

Geehan, J, Pierre, L, 2015. Review of the statistical data and fishery trends for tropical
tunas. In: IOTC Proceedings. Montpellier, France, 23-28 October 2015, IOTC-2015-
WPTT17-07, 35 p.

Global Tuna Alliance, 2021. Six Countires Intent to Object IOTC Catch Limits Could
Threaten the Sustainability of Yellowfin Tuna Stock. https://www.globaltunaallian
ce.com/six-countries-intent-to-object-iotc-catch-limits-could-threaten-the-sustainabi
lity-of-yellowfin-tuna-stock/.

Grewe, P.M,, Feutry, P., Hill, P., Gunasekera, R., Schaefer, K.M., Itano, D., Davies, C.R.,
2015. Evidence of discrete yellowfin tuna (Thunnus albacares) populations demands
rethink of management for this globally important resource. Sci. Rep. 5 (1), 16916
https://doi.org/10.1038/srep16916.

Goetze, J.S., Fullwood, L.A.F., 2013. Fiji's largest marine reserve benefits reef sharks.
Coral Reefs 32, 121-125.

Grewe, P., Feutry, P., Foster, S., Aulich, J., Lansdell, M., Cooper, S., Krug, L. i, 2020.
Genetic population connectivity of yellowfin tuna in the Indian Ocean from the
PSTBS-IO Project. IOTC-2020-WPTT22(AS)12 REV1. In: Mahé, Seychelles: Indian
Ocean Tuna Commission.

Hampton, J., Fournier, D.A., 2001. A spatially disaggregated, length-based, age-
structured population model of yellowfin tuna (Thunnus albacares) in the western
and central Pacific Ocean. Mar. Freshw. Res. 52 (7), 937-963.

Hampton, J., Lehodey, P., Senina, I., Nicol, S., Scutt Phillips, J., Tiamere, K., 2023.
Limited conservation efficacy of large-scale marine protected areas for Pacific
skipjack and bigeye tunas. Front. Mar. Sci. 9, 2817.


https://doi.org/10.1016/j.ocecoaman.2023.106902
https://doi.org/10.1016/j.ocecoaman.2023.106902
https://doi.org/10.1016/j.marpol.2012.01.006
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref2
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref2
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref2
http://consult-poseidon.com/fishery-reports/1155%20WWF%20EFIS_11032016_Final_7%200.pdf
http://consult-poseidon.com/fishery-reports/1155%20WWF%20EFIS_11032016_Final_7%200.pdf
https://doi.org/10.1111/j.1365-2656.2009.01531.x
https://doi.org/10.1111/j.1365-2656.2009.01531.x
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref5
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref5
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref5
https://doi.org/10.1016/j.marpol.2017.11.008
https://doi.org/10.1016/j.marpol.2017.11.008
https://doi.org/10.1007/s002270050231
https://doi.org/10.1007/s002270050231
http://refhub.elsevier.com/S0964-5691(23)00427-1/opt0bZcKEXH1s
http://refhub.elsevier.com/S0964-5691(23)00427-1/opt0bZcKEXH1s
http://refhub.elsevier.com/S0964-5691(23)00427-1/opt0bZcKEXH1s
http://refhub.elsevier.com/S0964-5691(23)00427-1/optXSBXcTTWDx
http://refhub.elsevier.com/S0964-5691(23)00427-1/optXSBXcTTWDx
http://refhub.elsevier.com/S0964-5691(23)00427-1/optXSBXcTTWDx
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref8
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref8
https://doi.org/10.2331/suisan.76.459
https://www.iattc.org/GetAttachment/7a151aa5-4a9f-4078-9a41-ecf42b269e3a/OTM-33-01a_Outburst-of-FAD-fishing-following-quota-implementation.pdf
https://www.iattc.org/GetAttachment/7a151aa5-4a9f-4078-9a41-ecf42b269e3a/OTM-33-01a_Outburst-of-FAD-fishing-following-quota-implementation.pdf
https://www.iattc.org/GetAttachment/7a151aa5-4a9f-4078-9a41-ecf42b269e3a/OTM-33-01a_Outburst-of-FAD-fishing-following-quota-implementation.pdf
https://doi.org/10.56021/9781421431574
https://doi.org/10.56021/9781421431574
https://doi.org/10.2305/IUCN.UK.2011-2.RLTS.T21857A9327139.en
https://doi.org/10.2305/IUCN.UK.2011-2.RLTS.T21857A9327139.en
https://doi.org/10.2305/IUCN.UK.2021-2.RLTS.T21857A46624561.en
https://doi.org/10.2305/IUCN.UK.2021-2.RLTS.T21860A46913402.en
https://doi.org/10.1016/j.fishres.2019.105379
https://doi.org/10.1016/j.fishres.2019.105379
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref15
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref15
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref15
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref15
https://doi.org/10.1016/j.marpol.2012.06.019
https://doi.org/10.1016/j.marpol.2012.06.019
https://doi.org/10.1016/j.jnc.2016.04.004
https://doi.org/10.1051/alr/2012032
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref19
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref19
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref19
http://refhub.elsevier.com/S0964-5691(23)00427-1/optVXILtrTqHb
http://refhub.elsevier.com/S0964-5691(23)00427-1/optVXILtrTqHb
http://refhub.elsevier.com/S0964-5691(23)00427-1/optVXILtrTqHb
http://refhub.elsevier.com/S0964-5691(23)00427-1/optVXILtrTqHb
http://refhub.elsevier.com/S0964-5691(23)00427-1/optVXILtrTqHb
http://refhub.elsevier.com/S0964-5691(23)00427-1/optVXILtrTqHb
http://refhub.elsevier.com/S0964-5691(23)00427-1/optVXILtrTqHb
http://www.fao.org/3/ca9229en/ca9229en.pdf
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref21
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref21
https://doi.org/10.1111/faf.12190
https://doi.org/10.1111/faf.12190
https://doi.org/10.1016/j.marpol.2018.04.018
http://oceanrep.geomar.de/52147/
http://refhub.elsevier.com/S0964-5691(23)00427-1/optUwDMmkypTW
http://refhub.elsevier.com/S0964-5691(23)00427-1/optUwDMmkypTW
http://refhub.elsevier.com/S0964-5691(23)00427-1/optUwDMmkypTW
https://www.globaltunaalliance.com/six-countries-intent-to-object-iotc-catch-limits-could-threaten-the-sustainability-of-yellowfin-tuna-stock/
https://www.globaltunaalliance.com/six-countries-intent-to-object-iotc-catch-limits-could-threaten-the-sustainability-of-yellowfin-tuna-stock/
https://www.globaltunaalliance.com/six-countries-intent-to-object-iotc-catch-limits-could-threaten-the-sustainability-of-yellowfin-tuna-stock/
https://doi.org/10.1038/srep16916
http://refhub.elsevier.com/S0964-5691(23)00427-1/optuFqsQfXHCQ
http://refhub.elsevier.com/S0964-5691(23)00427-1/optuFqsQfXHCQ
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref28
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref28
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref28
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref28
http://refhub.elsevier.com/S0964-5691(23)00427-1/optBTcfXabejL
http://refhub.elsevier.com/S0964-5691(23)00427-1/optBTcfXabejL
http://refhub.elsevier.com/S0964-5691(23)00427-1/optBTcfXabejL
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref29
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref29
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref29

K.N. Heidrich et al.

Havlicek, L.L., Peterson, N.L., 1976. Robustness of the Pearson correlation against
violations of assumptions. Percept. Mot. Skills 43, 1319-1334.

Heidrich, K.N., Juan-Jordd, M.J., Murua, H., Thompson, C.D., Meeuwig, J.J., Zeller, D.,
2022. Assessing progress in data reporting by tuna regional fisheries management
organizations. Fish Fish. 23 (6), 1264-1281. https://doi.org/10.1111/faf.12687.

Heidrich, K.N., Meeuwig, J.J., Zeller, D., 2023. Reconstructing past fisheries catches for
large pelagic species in the Indian Ocean. Front. Mar. Sci. 10 https://doi.org/
10.3389/fmars.2023.1177872.

Hillary, R., Williams, A., Preece, A., Jumppanen, P., 2021. Indian Ocean yellowfin tuna
management procedure evaluation update. Mahé, Seychelles Oct 2021: Indian Ocean
Tuna Commission, IOTC Working Party on Methods.

IATTC, 2014. Tunas and billfishes in the eastern Pacific Ocean in 2013. In: Fishery Status
Report No. 12. La Jolla, California, United States: Inter-American Tropical Tuna
Commission.

IATTC, 2015. Tunas and billfishes in the eastern Pacific Ocean in 2014. In: Fishery Status
Report No. 13. La Jolla, California, United States: Inter-American Tropical Tuna
Commission.

IATTC, 2016. Tunas and billfishes in the eastern Pacific Ocean in 2015. In: Fishery Status
Report No. 14. La Jolla, California, United States: Inter-American Tropical Tuna
Commission.

IATTC, 2017. Tunas and billfishes in the eastern Pacific Ocean in 2016. In: Fishery Status
Report No. 15. La Jolla, California, United States: Inter-American Tropical Tuna
Commission.

IATTC, 2018. Tunas and billfishes in the eastern Pacific Ocean in 2017. In: Fishery Status
Report No. 16. La Jolla, California, United States: Inter-American Tropical Tuna
Commission.

IATTC, 2019a. Report on the tuna fishery, stocks, and ecosystem in the eastern Pacific
Ocean in 2018. In: La Jolla, California, United States: Inter-americal Tropical Tuna
Commission.

IATTC, 2019b. Tunas and billfishes in the eastern Pacific Ocean in 2018. In: Fishery
Status Report No. 17. La Jolla, California, United States: Inter-American Tropical
Tuna Commission.

IATTC, 2020. Tunas and billfishes in the eastern Pacific Ocean in 2019. In: Fishery Status
Report No. 18. La Jolla, California, United States: Inter-American Tropical Tuna
Commission.

IATTC, 2021. Tunas and billfishes in the eastern Pacific Ocean in 2020. In: Fishery Status
Report No. 19. La Jolla, California, United States: Inter-American Tropical Tuna
Commission.

IATTC, 2022. Report on the tuna fishery, stocks, and ecosystem in the eastern Pacific
Ocean in 2021. In: La Jolla, California, United States: Inter-American Tropical Tuna
Commission.

ICCAT, 2019. Report of the 2019 ICCAT yellowfin tuna stock assessment meeting. In:
Grand-Bassam, Cote d’Ivoire, 8-16 July 2019: International Commission for the
Conservation of Atlantic Tunas.

ICCAT, 2021. Rec. 21-01 by ICCAT replacing rec. 19-02 replacing rec. In: 16-01 on a
Multi-Annual Conservation and Management Programme for Tropical tunas. Madrid,
Spain: International Commission for the Conservation of Atlantic Tunas.

I0TC, 2009. Report of the twelfth session of the scientific committee. IOTC-2009-SC-R
[E]. In: Seychelles, 30 November — 4 December 2009: Indian Ocean Tuna
Commission.

I0TC, 2011. Res. 11/04. Resolution on a regional observer scheme. In: Mahé, Seychelles:
Indian Ocean Tuna Commission.

I0TC, 2013. Report of the fifteenth session of the IOTC working party on tropical tunas.
In: IOTC-2013-WPTT15-R[E]. San Sebastian, Spain, 23-28 October 2013: Indian
Ocean Tuna Commission.

I0TC, 2014a. Report of the sixteenth session of the IOTC working party on tropical tunas.
In: IOTC-2014-WPTT16-R[E]. Bali, Indonesia, 15-19 November 2014: Indian
Ocean Tuna Commission.

IOTC, 2015a. Report of the 17th session of the IOTC working party on tropical tunas. In:
I0TC-2015-WPTT17-R[E]. Montpellier, France, 23-28 October 2015: Indian Ocean
Tuna Commission.

IOTC, 2015b. Res. 15/01. On the recording of catch and effort data by fishing vessels in
the IOTC Area of Competence. In: Mahé, Seychelles: Indian Ocean Tuna Commission.

IOTC, 2015c. Res. 15/02. Mandatory statistical reporting requirements for IOTC
contracting parties and cooperating non-contracting parties (CPCs). In: Mahé,
Seychelles: Indian Ocean Tuna Commission.

I0TC, 2016. Report of the 18th session of the IOTC working party on tropical tunas. In:
I0TC-2016-WPTT18-R[E]. Seychelles, 5-10 November 2016: Indian Ocean Tuna
Commission.

IOTC, 2017. Report of the 19th session of the IOTC working party on tropical tunas. In:
I0TC-2017-WPTT19-R[E]. Seychelles, 17-22 October 2017: Indian Ocean Tuna
Commission.

I0TC, 2018. Report of the 20th session of the IOTC working party on tropical tunas.
I0TC-2018-WPTT20-R[E]. In: Seychelles, 29 October — 3 November 2018: Indian
Ocean Tuna Commission.

I0TC, 2019a. Report of the 21st session of the IOTC working party on tropical tunas. In:
10TC-2019-WPTT21-R[E]. Donostia-San Sebastian, Spain, 21-26 October 2019:
Indian Ocean Tuna Commission.

IOTC, 2019b. Res. 19/01. On an interim plan for rebuilding the Indian Ocean yellowfin
tuna stock in the IOTC Area of Competence. In: Mahé, Seychelles. Indian Ocean Tuna
Commission.

I0TC, 2020. Report of the 22nd session of the IOTC working party on tropical tunas,
stock assessment meeting. In: IOTC-2020-WPTT22(AS)-R[E]_Rev1. Virtual
Meeting, 19-23 October 2020: Indian Ocean Tuna Commission.

13

Ocean and Coastal Management 246 (2023) 106902

I0TC, 2021a. Report of the 23rd session of the IOTC working party on tropical tunas. In:
I0TC-2021-WPTT23-R[E]. Virtual Meeting, 25-30 October 2021: Indian Ocean
Tuna Commission.

1I0TC, 2021b. Report on IOTC Data Collection and Statistics. Mahé. Indian Ocean Tuna
Commission, Seychelles.

1I0TC, 2022a. Executive Summary: Yellowfin Tuna (2022). Mahé. Indian Ocean Tuna
Commission, Seychelles.

I0TC, 2022b. Report of the 24th session of the IOTC working party on tropical tunas. In:
10TC-2022-WPTT24-R[E]. Virtual Meeting, 24-29 October 2022: Indian Ocean
Tuna Commission.

ISSF, 2022. Status of the world fisheries for tuna. Mar. 2022. In: ISSF Technical Report
2022-01. International Seafood Sustainability Foundation, Pittsburgh, PA, USA.
ISSF, 2023. Status of the world fisheries for tuna. Mar. 2023. In: ISSF Technical Report
2023-01. International Seafood Sustainability Foundation, Pittsburgh, PA, USA.
TUCN, 2012. IUCN Red List Categories and Criteria: Version 3.1. Second Edition. Gland,

Switzerland and Cambridge, UK: IUCN. Iv + 32pp.

Juan-Jorda, M.J., Mosqueira, 1., Cooper, A.B., Freire, J., Dulvy, N.K., 2011. Global
population trajectories of tunas and their relatives. Proc. Natl. Acad. Sci. USA 108
(51), 20650-20655. https://doi.org/10.1073/pnas.1107743108.

Juan-Jorda, M.J., Murua, H., Arrizabalaga, H., Merino, G., Pacoureau, N., Dulvy, N.K.,,
2022. Seventy years of tunas, billfishes, and sharks as sentinels of global ocean
health. Science 378 (6620), eabj0211. https://doi.org/10.1126/science.abjo211.

Kell, L., Die, D., Restrepo, V., Fromentin, J.-M., de Zarate, V.O., Pallares, P., 2003. An
evaluation of management strategies for Atlantic tuna stocks. Sci. Mar. 67 (S1),
353-370. https://doi.org/10.3989/scimar.2003.6751353.

Kokkalis, A., Eikeset, A.M., Thygesen, U.H., Steingrund, P., Andersen, K.H., 2017.
Estimating uncertainty of data limited stock assessments. ICES (Int. Counc. Explor.
Sea) J. Mar. Sci. 74 (1), 69-77.

Langlois, T., Harvey, E., Meeuwig, J., 2012a. Strong direct and inconsistent indirect
effects of fishing found using stereo-video: testing indicators from fisheries closures.
Ecol. Indicat. 23, 524-534. https://doi.org/10.1016/j.ecolind.2012.04.030.

Kolody, D.S., Eveson, J.P., Preece, A.L., Davies, C.R., Hillary, R.M., 2019. Recruitment in
tuna RFMO stock assessment and management: a review of current approaches and
challenges. Fish. Res. 217, 217-234.

Langlois, T.J., Fitzpatrick, B.R., Fairclough, D.V., Wakefield, C.B., Hesp, S.A., McLean, D.
L., Meeuwig, J.J., 2012b. Similarities between line fishing and baited stereo-video
estimations of length-frequency: novel application of kernel density estimates. PLoS
One 7 (11), e45973. https://doi.org/10.1371/journal.pone.0045973.

Letessier, T.B., Bouchet, P.J., Meeuwig, J.J., 2017. Sampling mobile oceanic fishes and
sharks: implications for fisheries and conservation planning. Biol. Rev. 92 (2),
627-646. https://doi.org/10.1111/brv.12246.

Lopez, J., Moreno, G., Ibaibarriaga, L., Dagorn, L., 2017. Diel behaviour of tuna and non-
tuna species at drifting fish aggregating devices (dFADs) in the Western Indian
Ocean, determined by Fishers’ echo-sounder buoys. Mar. Biol. 164 (3), 1-16.
https://doi.org/10.1007/500227-017-3075-3.

Magnusson, A., Day, J., Teears, T., Hampton, J., Davies, N., Castillo Jordan, C.,
Peatman, T., Scott, R., Scutt Phillips, J., McKechnie, S., Scott, F., Yao, N.,

Natadra, R., Pilling, G., Williams, P., Hamer, P., 2023. Stock assessment of yellowfin
tuna in the western and central Pacific Ocean: 2023. Kolonia, Federated States of
Micronesia: Western and Central Pacific Fisheries Commission.

Maguire, J.-J., 2006. The state of world highly migratory, straddling and other high seas
fishery resources and associated species. FAO Fisheries Technical Paper No. 495, 84.

Maunder, M.N., Harley, S.J., 2006. Evaluating tuna management in the eastern Pacific
Ocean. Bull. Mar. Sci. 78 (3), 593-606.

Maunder, M.N., Sibert, J.R., Fonteneau, A., Hampton, J., Kleiber, P., Harley, S.J., 2006.
Interpreting catch per unit effort data to assess the status of individual stocks and
communities. ICES (Int. Counc. Explor. Sea) J. Mar. Sci. 63 (8), 1373-1385. https://
doi.org/10.1016/j.icesjms.2006.05.008.

McCluney, J.K., Anderson, C.M., Anderson, J.L., 2019. The fishery performance
indicators for global tuna fisheries. Nat. Commun. 10 (1), 1641.

McKinney, R., Gibbon, J., Wozniak, E., Galland, G., 2020. Netting billions 2020: a global
tuna valuation. The Pew Charitable Trusts. https://www.pewtrusts.org/-/media
/assets/2020/10/nettingbillions2020.pdf.

Mclean, D.L., Harvey, E.S., Meeuwig, J.J., 2011. Declines in the abundance of coral trout
(Plectropomus leopardus) in areas closed to fishing at the Houtman Abrolhos Islands,
Western Australia. J. Exp. Mar. Biol. Ecol. 406 (1-2), 71-78. https://doi.org/
10.1016/j.jembe.2011.06.009.

Medoff, S., Lynham, J., Raynor, J., 2022. Spillover benefits from the world’s largest fully
protected MPA. Science 378 (6617), 313-316. https://doi.org/10.1126/science.
abn0098.

Meeuwig, J.J., Thompson, C.D.H., Forrest, J.A., Christ, H.J., Letessier, T.B., Meeuwig, D.
J., 2021. Pulling back the blue curtain: a pelagic monitoring program for the blue
belt. Front. Mar. Sci. 8, 649123 https://doi.org/10.3389/fmars.2021.649123.

Melvin, G., Munden, J., Finley, M., 2018. Development of fishery independent index of
abundance for Atlantic bluefin tuna in the Gulf of St Lawrence. Collective Volume of
Scientific Papers ICCAT 74 (6), 2570-2585.

Minte-Vera, C., Maunder, M.N., Xu, H., Valero, J., Lennert-Cody, C., Aires-da-Silva, A.,
2020. Yellowfin tuna in the eastern Pacific Ocean, 2019: benchmark assessment. In:
Paper Presented at the 11th Meeting of the Scientific Advisory Committee of the
IATTC. San Diego, California, United States: Inter-American Tropical Tuna
Commission..

Miyake, M.P., Guillotreau, P., Sun, C.-H., Ishimura, G., 2010. Recent developments in the
tuna industry: stocks, fisheries, management, processing, trade and markets. FAO
Fisheries Technical Paper No. 543, 125.


http://refhub.elsevier.com/S0964-5691(23)00427-1/sref30
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref30
https://doi.org/10.1111/faf.12687
https://doi.org/10.3389/fmars.2023.1177872
https://doi.org/10.3389/fmars.2023.1177872
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref34
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref34
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref34
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref35
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref35
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref35
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref36
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref36
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref36
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref37
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref37
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref37
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref38
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref38
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref38
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref39
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref39
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref39
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref40
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref40
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref40
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref41
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref41
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref41
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref42
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref42
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref42
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref43
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref43
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref43
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref44
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref44
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref44
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref45
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref45
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref45
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref46
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref46
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref46
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref47
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref47
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref47
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref48
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref48
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref49
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref49
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref49
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref50
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref50
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref50
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref52
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref52
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref52
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref53
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref53
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref54
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref54
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref54
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref57
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref57
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref57
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref58
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref58
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref58
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref59
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref59
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref59
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref60
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref60
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref60
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref61
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref61
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref61
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref63
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref63
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref63
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref64
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref64
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref64
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref65
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref65
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref66
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref66
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref67
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref67
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref67
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref68
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref68
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref69
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref69
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref70
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref70
https://doi.org/10.1073/pnas.1107743108
https://doi.org/10.1126/science.abj0211
https://doi.org/10.3989/scimar.2003.67s1353
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref75
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref75
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref75
https://doi.org/10.1016/j.ecolind.2012.04.030
http://refhub.elsevier.com/S0964-5691(23)00427-1/opt5yYz5kMqvP
http://refhub.elsevier.com/S0964-5691(23)00427-1/opt5yYz5kMqvP
http://refhub.elsevier.com/S0964-5691(23)00427-1/opt5yYz5kMqvP
https://doi.org/10.1371/journal.pone.0045973
https://doi.org/10.1111/brv.12246
https://doi.org/10.1007/s00227-017-3075-3
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref80
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref80
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref80
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref80
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref80
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref81
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref81
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref82
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref82
https://doi.org/10.1016/j.icesjms.2006.05.008
https://doi.org/10.1016/j.icesjms.2006.05.008
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref84
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref84
https://www.pewtrusts.org/-/media/assets/2020/10/nettingbillions2020.pdf
https://www.pewtrusts.org/-/media/assets/2020/10/nettingbillions2020.pdf
https://doi.org/10.1016/j.jembe.2011.06.009
https://doi.org/10.1016/j.jembe.2011.06.009
https://doi.org/10.1126/science.abn0098
https://doi.org/10.1126/science.abn0098
https://doi.org/10.3389/fmars.2021.649123
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref89
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref89
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref89
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref90
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref90
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref90
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref90
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref90
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref91
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref91
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref91

K.N. Heidrich et al.

Mooney-Seus, M.L., Rosenberg, A.A., 2007. Regional Fisheries Management
Organizations: Progress in Adopting Precautionary Approach and Ecosystem-Based
Management. Chatham House, London, UK, p. 153.

Munoz-Abril, L., Torres, M., d, L., Valle, C.A., Rubianes-Landézuri, F., Galvan-
Magana, F., Canty, S.W., Grewe, P.M., 2022. Lack of genetic differentiation in
yellowfin tuna has conservation implications in the Eastern Pacific Ocean. PLoS One
17 (8), €0272713. https://doi.org/10.1371/journal.pone.0272713.

Murua, H., Rodriguez-Marin, E., Neilson, J.D., Farley, J.H., Juan-Jorda, M.J., 2017. Fast
versus slow growing tuna species: age, growth, and implications for population
dynamics and fisheries management. Rev. Fish Biol. Fish. 27 (4), 733-773. https://
doi.org/10.1007/5s11160-017-9474-1.

Okemwa, G.M., Abubakar, A.A., Mzingirwa, F., Kimani, E.N., Kamau, J.N., Njiru, J.M.,
Sauer, W., 2023. Characterizing gear-based exploitation patterns of artisanal tuna
fisheries in the western Indian Ocean: a snapshot from Kenya. Regional Studies in
Marine Science 61 (102877). https://doi.org/10.1016/j.rsma.2023.102877.

Oksanen, J., 2010. Vegan: Community Ecology Package. http://vegan.r-forge.r-project.
org/.

Ortuno Crespo, G., Dunn, D.C., 2017. A review of the impacts of fisheries on open-ocean
ecosystems. ICES (Int. Counc. Explor. Sea) J. Mar. Sci. 74 (9), 2283-2297. https://
doi.org/10.1093/icesjms/fsx084.

Orue, B., Lopez, J., Pennino, M.G., Moreno, G., Santiago, J., Murua, H., 2020. Comparing
the distribution of tropical tuna associated with drifting fish aggregating devices
(dFADs) resulting from catch dependent and independent data. Deep Sea Res. Part II
Top. Stud. Oceanogr. 175, 104747 https://doi.org/10.1016/j.dsr2.2020.104747.

Pacoureau, N., Rigby, C.L., Kyne, P.M., Sherley, R.B., Winker, H., Carlson, J.K.,
Francis, M.P., 2021. Half a century of global decline in oceanic sharks and rays.
Nature 589 (7843), 567-571. https://doi.org/10.1038/s41586-020-03173-9.

Palomares, M., Froese, R., Derrick, B., Meeuwig, J., Noel, S.-L., Tsui, G., Pauly, D., 2020.
Fishery biomass trends of exploited fish populations in marine ecoregions, climatic
zones and ocean basins. Estuar. Coast Shelf Sci. 243, 106896 https://doi.org/
10.1016/j.ecss.2020.106896.

Patterson, Heather, 2021. Status of Australian Fish Stocks Report. Yellowfin tuna (2020)
Thunnus albacares. Australian Bureau of Agricultural and Resource Economics and
Sciences.

Pauly, D., 1995. Anecdotes and the shifting baseline syndrome of fisheries. Trends Ecol.
Evol. 10 (10), 430.

Pecoraro, C., Zudaire, 1., Bodin, N., Murua, H., Taconet, P., Diaz-Jaimes, P., Chassot, E.,
2017. Putting all the pieces together: integrating current knowledge of the biology,
ecology, fisheries status, stock structure and management of yellowfin tuna (Thunnus
albacares). Rev. Fish Biol. Fish. 27 (4), 811-841. https://doi.org/10.1007/s11160-
016-9460-z.

Pecoraro, C., Babbucci, M., Franch, R., Rico, C., Papetti, C., Chassot, E., Tinti, F., 2018.
The population genomics of yellowfin tuna (Thunnus albacares) at global geographic
scale challenges current stock delineation. Sci. Rep. 8 (1), 13890 https://doi.org/
10.1038/541598-018-32331-3.

Pecoraro, C., Crobe, V., Ferrari, A., Piattoni, F., Sandionigi, A., Andrews, A.J., Tinti, F.,
2020. Canning processes reduce the DNA-based traceability of commercial tropical
tunas. Foods 9 (10), 1372.

Pedrosa-Gerasmio, L.R., Babaran, R.P., Santos, M.D., 2012. Discrimination of juvenile
yellowfin (Thunnus albacares) and bigeye (Thunnus obesus) tunas using mitochondrial
DNA control region and liver morphology. PLoS One 7 (4), e35604.

Pons, M., Branch, T.A., Melnychuk, M.C., Jensen, O.P., Brodziak, J., Fromentin, J.M.,
Maunder, M.N., 2017. Effects of biological, economic and management factors on
tuna and billfish stock status. Fish Fish. 18 (1), 1-21. https://doi.org/10.1111/
faf.12163.

R Core Team, 2022. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Rattle, J., 2021. Blue and IPNLF Position Statement in Advance of the Special Session of
the Indian Ocean Tuna Commission. Seychelles: Indian Ocean Tuna Commission,
Victoria. https://policycommons.net/artifacts/1416224/blue-and-ipnlf-position-st
atement-in-advance-of-the-special /2030493/.

Relano, V., Pauly, D., 2022. Philopatry as a tool to define tentative closed migration
cycles and conservation areas for large pelagic fishes in the pacific. Sustainability 14
(9), 5577. https://doi.org/10.3390/5u14095577.

14

Ocean and Coastal Management 246 (2023) 106902

Reygondeau, G., Maury, O., Beaugrand, G., Fromentin, J.M., Fonteneau, A., Cury, P.,
2012. Biogeography of tuna and billfish communities. J. Biogeogr. 39 (1), 114-129.
https://doi.org/10.1111/j.1365-2699.2011.02582.x.

Santana-Garcon, J., Leis, J.M., Newman, S.J., Harvey, E.S., 2014. Presettlement
schooling behaviour of a priacanthid, the purplespotted bigeye Priacanthus tayenus
(priacanthidae: teleostei). Environ. Biol. Fish. 97, 277-283.

Santiago, J., Uranga, J., Quincoces, 1., Grande, M., Murta, H., Merino, G., Boyra, G.,
2020. A novel index of abundance of skipjack in the Indian ocean derived from
echosounder buoys. Mahé, Seychelles: Indian Ocean Tuna Commission, 20th
Working Party on Tropical Tunas IOTC.

Seto, K., Galland, G.R., McDonald, A., Abolhassani, A., Azmi, K., Sinan, H., Hanich, Q.,
2021. Resource allocation in transboundary tuna fisheries: a global analysis. Ambio
50, 242-259. https://doi.org/10.1007/5s13280-020-01371-3.

Sharma, R., Levontin, P., Kitakado, T., Kell, L., Mosqueira, 1., Kimoto, A., Ye, Y., 2020.
Operating model design in tuna Regional Fishery Management Organizations:
Current practice, issues and implications. Fish and Fisheries 21 (5), 940-961.

Sherley, R.B., Winker, H., Rigby, C.L., Kyne, P.M., Pollom, R., Pacoureau, N., Dulvy, N.K.,
2020. Estimating IUCN Red List population reduction: JARA—A decision-support
tool applied to pelagic sharks. Conserv. Lett. 13 (2), e12688.

Sinan, H., Bailey, M., 2020. Understanding barriers in Indian Ocean Tuna Commission
allocation negotiations on fishing opportunities. Sustainability 12 (16), 6665.
https://doi.org/10.3390/5u12166665.

Srinivasan, U.T., Cheung, W.W., Watson, R., Sumaila, U.R., 2010. Food security
implications of global marine catch losses due to overfishing. J. Bioecon. 12,
183-200. https://doi.org/10.1007,/510818-010-9090-9.

Sumaila, U.R., Cheung, W.W., Lam, V.W., Pauly, D., Herrick, S., 2011. Climate change
impacts on the biophysics and economics of world fisheries. Nat. Clim. Change 1 (9),
449-456. https://doi.org/10.1038/nclimate1301.

Tsikliras, A.C., Touloumis, K., Pardalou, A., Adamidou, A., Keramidas, I., Orfanidis, G.A.,
Koutrakis, M., 2021. Status and exploitation of 74 un-assessed demersal fish and
invertebrate stocks in the Aegean Sea (Greece) using abundance and resilience.
Front. Mar. Sci. 7, 578601.

Vincent, M., Ducharme-Barth, N., Hamer, P., Hampton, J., Williams, P., Pilling, G., 2020.
Stock assessment of yellowfin tuna in the western and central Pacific Ocean. Kolonia,
Federated States of Micronesia: Western and Central Pacific Fisheries Commission.

Walker, R., 2021. Six countries intent to object IOTC catch limits could threaten the
sustainability of yellowfin tuna stock. Available at: https://www.globaltunaalliance.
com/general/six-countries-intent-to-object-iotc-catch-limits-could-threaten-the-sus
tainability-of-yellowfin-tuna-stock/.

White, J., Simpfendorfer, C.A., Tobin, A.J., Heupel, M.R., 2013. Application of baited
remote underwater video surveys to quantify spatial distribution of elasmobranchs
at an ecosystem scale. J. Exp. Mar. Biol. Ecol. 448, 281-288.

Wiedenmann, J., Free, C.M., Jensen, O.P., 2019. Evaluating the performance of data-
limited methods for setting catch targets through application to data-rich stocks: a
case study using Northeast US fish stocks. Fish. Res. 209, 129-142.

Winker, H., Walter, J., Cardinale, M., Fu, D., 2019. A multivariate lognormal Monte-
Carlo approach for estimating structural uncertainty about the stock status and
future projections for Indian Ocean yellowfin tuna, IOTC-2019-WPTT21-51. In:
Mahé, Seychelles: 22nd Session of the IOTC Working Party on Temperate Tunas,
Indian Ocean Tuna Commission.

Winker, H., Pacoureau, N., Sherley, R., 2020. JARA: Just another red-list assessment’.
bioRxiv. https://doi.org/10.1101/672899.

Wu, Y.-L., Lan, K.-W., Tian, Y., 2020. Determining the effect of multiscale climate indices
on the global yellowfin tuna (Thunnus albacares) population using a time series
analysis. Deep Sea Res. Part II Top. Stud. Oceanogr. 175, 104808.

Zhou, S., Yin, S., Thorson, J.T., Smith, A.D.M., Fuller, M., 2012. Linking fishing mortality
reference points to life history traits: an empirical study. Can. J. Fish. Aquat. Sci. 69,
1292-1301.

Zintzen, V., Anderson, M.J., Roberts, C.D., Harvey, E.S., Stewart, A.L., Struthers, C.D.,
2012. Diversity and composition of demersal fishes along a depth gradient assessed
by baited remote underwater stereo-video. PLoS One 7 (10), e48522. https://doi.
org/10.1371/journal.pone.0048522.


http://refhub.elsevier.com/S0964-5691(23)00427-1/sref92
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref92
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref92
https://doi.org/10.1371/journal.pone.0272713
https://doi.org/10.1007/s11160-017-9474-1
https://doi.org/10.1007/s11160-017-9474-1
https://doi.org/10.1016/j.rsma.2023.102877
http://vegan.r-forge.r-project.org/
http://vegan.r-forge.r-project.org/
https://doi.org/10.1093/icesjms/fsx084
https://doi.org/10.1093/icesjms/fsx084
https://doi.org/10.1016/j.dsr2.2020.104747
https://doi.org/10.1038/s41586-020-03173-9
https://doi.org/10.1016/j.ecss.2020.106896
https://doi.org/10.1016/j.ecss.2020.106896
http://refhub.elsevier.com/S0964-5691(23)00427-1/optxMNxRZ7Hjw
http://refhub.elsevier.com/S0964-5691(23)00427-1/optxMNxRZ7Hjw
http://refhub.elsevier.com/S0964-5691(23)00427-1/optxMNxRZ7Hjw
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref100
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref100
https://doi.org/10.1007/s11160-016-9460-z
https://doi.org/10.1007/s11160-016-9460-z
https://doi.org/10.1038/s41598-018-32331-3
https://doi.org/10.1038/s41598-018-32331-3
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref103
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref103
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref103
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref104
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref104
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref104
https://doi.org/10.1111/faf.12163
https://doi.org/10.1111/faf.12163
https://www.R-project.org/
https://policycommons.net/artifacts/1416224/blue-and-ipnlf-position-statement-in-advance-of-the-special/2030493/
https://policycommons.net/artifacts/1416224/blue-and-ipnlf-position-statement-in-advance-of-the-special/2030493/
https://doi.org/10.3390/su14095577
https://doi.org/10.1111/j.1365-2699.2011.02582.x
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref110
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref110
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref110
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref111
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref111
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref111
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref111
https://doi.org/10.1007/s13280-020-01371-3
http://refhub.elsevier.com/S0964-5691(23)00427-1/optq5M0u3psQe
http://refhub.elsevier.com/S0964-5691(23)00427-1/optq5M0u3psQe
http://refhub.elsevier.com/S0964-5691(23)00427-1/optq5M0u3psQe
http://refhub.elsevier.com/S0964-5691(23)00427-1/optZwgMWc9sgg
http://refhub.elsevier.com/S0964-5691(23)00427-1/optZwgMWc9sgg
http://refhub.elsevier.com/S0964-5691(23)00427-1/optZwgMWc9sgg
https://doi.org/10.3390/su12166665
https://doi.org/10.1007/s10818-010-9090-9
https://doi.org/10.1038/nclimate1301
http://refhub.elsevier.com/S0964-5691(23)00427-1/optUoyfkPll5a
http://refhub.elsevier.com/S0964-5691(23)00427-1/optUoyfkPll5a
http://refhub.elsevier.com/S0964-5691(23)00427-1/optUoyfkPll5a
http://refhub.elsevier.com/S0964-5691(23)00427-1/optUoyfkPll5a
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref116
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref116
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref116
https://www.globaltunaalliance.com/general/six-countries-intent-to-object-iotc-catch-limits-could-threaten-the-sustainability-of-yellowfin-tuna-stock/
https://www.globaltunaalliance.com/general/six-countries-intent-to-object-iotc-catch-limits-could-threaten-the-sustainability-of-yellowfin-tuna-stock/
https://www.globaltunaalliance.com/general/six-countries-intent-to-object-iotc-catch-limits-could-threaten-the-sustainability-of-yellowfin-tuna-stock/
http://refhub.elsevier.com/S0964-5691(23)00427-1/optd9VmduCDrn
http://refhub.elsevier.com/S0964-5691(23)00427-1/optd9VmduCDrn
http://refhub.elsevier.com/S0964-5691(23)00427-1/optd9VmduCDrn
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref117
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref117
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref117
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref118
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref118
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref118
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref118
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref118
https://doi.org/10.1101/672899
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref120
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref120
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref120
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref121
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref121
http://refhub.elsevier.com/S0964-5691(23)00427-1/sref121
https://doi.org/10.1371/journal.pone.0048522
https://doi.org/10.1371/journal.pone.0048522

	Multiple lines of evidence highlight the dire straits of yellowfin tuna in the Indian Ocean.
	1 Introduction
	2 Methods
	2.1 RFMO fishery data and stock assessment compilation
	2.2 Analysis and additional lines of evidence for evaluating the status of yellowfin tuna
	2.2.1 Analysis of biomass trajectories
	2.2.2 CMSY++ assessments
	2.2.3 Analysis of fisheries-independent data using BRUVS

	2.3 Comparative analysis of fishery assessment metrics and BRUVS metrics across RFMO convention areas
	2.4 Correlation analysis between multiple lines of evidence

	3 Results
	3.1 Catch and biomass trends analysis between 1950 and 2020
	3.2 Traffic lights for biomasses, fishing mortalities, and catches vs. fisheries reference points
	3.3 CMSY++ assessments
	3.4 Regional variation in yellowfin tuna population metrics derived from mid-water BRUVS
	3.5 Comparative analysis of multiple lines of evidence

	4 Discussion
	4.1 The dire straits of Indian Ocean yellowfin tuna
	4.2 Challenges of formal stock assessments and the use of fisheries independent methods
	4.3 The stalled management of Indian Ocean yellowfin tuna
	4.4 The strength of using multiple lines of evidence to provide scientific advice and recommendations to improve the manage ...

	5 Conclusion
	Statements
	Author contributions

	Funding
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


