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Managing populations of wild harvested species requires the ability
to regularly provide accurate abundance assessments. For most marine
species, changes in abundance can only be monitored indirectly, using
methods reliant on harvest-based indices, with significant inherent
limitations surrounding the estimation and standardization of harvest
effort. Tropical tunas are some of the most exploited marine species in the
world and are among several species in critical need of alternative methods
for estimating abundance. Addressing this concern, we developed the
Associative Behaviour-Based abundance Index (ABBI), designed to provide
direct abundance estimates for animals, which exhibit an associative
behaviour with aggregation sites. Its implementation in the western Indian
Ocean on skipjack tuna (Katsuwonus pelamis), yellowfin tuna (Thunnus
albacares) and bigeye tuna (Thunnus obesus), revealed similar trajectories
in their relative abundance. The ABBI stands as a potentially promising
alternative to enhance traditional tropical tuna stock assessments methods,
as well as a new opportunity to assess the abundance of other wild species
that display an associative behaviour with physical structures found in
their natural environment.

1. Introduction

Abundance is undeniably one of the most fundamental ecological parameters
for decision making in the management and conservation of harvested species
[1]. However, obtaining reliable abundance estimates for animal populations
is typically problematic, especially for highly mobile species with extensive
habitats [2]. In many cases, scientifically designed surveys have insufficient
spatial and temporal coverage to achieve a comprehensive assessment of
species abundance [3], largely due to budget or technical constraints [4].
When direct measurements of population size prove too challenging, indirect
measures, which track changes in the overall population trends through
proxies of their abundance, are commonly used to monitor wild species [5].
For commercially important fish species, catch and effort data are often the
primary source of information used to monitor temporal changes in popu-
lation size [6,7]. However, these data sources generally suffer from major
limitations relating to the unknown changes in fish catchability and fishing
efficiency, which both introduce substantial uncertainties into assessments of
the species abundance trends [8]. For many fisheries, the development of
alternative population assessment methods has become a critical challenge for
ensuring their sustainable management [9].

© 2024 The Author(s). Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.


http://orcid.org/
http://orcid.org/0000-0003-1778-4326
http://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2024.1132&domain=pdf&date_stamp=2024-08-20
https://doi.org/10.1098/rspb.2024.1132
https://doi.org/10.6084/m9.figshare.c.7403389
https://doi.org/10.6084/m9.figshare.c.7403389

With their extensive oceanic distribution and highly migratory behaviour, tropical tunas are a typical example of an n
exploited marine species group in critical need of alternative methods for estimating abundance. Skipjack (Katsuwonus pelamis),
yellowfin (Thunnus albacares) and bigeye tuna (Thunnus obesus) support one of the world’s largest and most valuable fisheries
[10,11] and are of key socio-economic importance for both developed and developing countries [12]. However, it is currently
estimated that 10% of the total tuna catch comes from overfished stocks and 4% from stocks at intermediate levels of abundance
[10].

Currently, the most widely used abundance estimates used in tropical tuna fisheries in all oceans rely on the catch-per-unit-
effort (CPUE) indices derived from annually collected catch and effort data from fisheries [13]. The CPUE measures the amount
of catch relative to the fishing effort expended. The term ‘effort’ encompasses various aspects of fishing activity, such as the
duration of fishing, the number of hooks used or other measures of the labour invested in the fishing process. The assessment
of abundance based on the CPUE is reliant on the conceptual proportionality it shares with abundance through catchability: a
constant that describes how effectively a given unit of fishing effort captures the species. However, there is broad agreement
that the interpretation of abundance indices derived from CPUE can provide misleading signals about actual trends in tuna
species abundance. These are largely attributed to variations in tuna catchability resulting from numerous factors distorting
catch rates, which then require complex standardization processes [6-8,14,15].

Standardized longline CPUEs provide the primary relative abundance indices for the stock assessment of yellowfin and
bigeye tuna in both the Atlantic and Indian Oceans, as well as in the Pacific Ocean (both the for the Western and the Eastern
stocks). However, contraction of effort in specific regions over time and changes in fishing strategies within this fishery pose
additional challenges for accurately assessing abundance indices through the longline fisheries data [7,16]. Furthermore, tuna
longline fisheries only account for a negligible proportion of the total skipjack tuna catch in all oceans. Consequently, despite
skipjack tuna being the most important commercial species of tropical tuna fisheries, reliable indices for their stock assessments
remain critically deficient. The main challenges in deriving reliable CPUE indices from tropical tuna purse-seine fisheries data
consist in accounting for the frequent integration of new technologies on-board, the industrial purse seine vessels and for the
continuous evolution of their fishing strategies, which make effort estimates difficult to conduct [17,18]. Since the 1990s, the
development of this fishery has relied heavily on the use of artificial floating objects (FOBs) known as drifting fish aggregating
devices (DFADs). DFADs are specifically designed to facilitate the capture of tropical tunas by capitalizing on their natural
associative behaviour which results in the formation of multi-species aggregations around FOBs in the open ocean [18-21].
From early on in their development, DFADs were equipped with technology to facilitate their remote tracking, as locating
them was key for fishers [22]. Currently, they also all include satellite-linked echosounder buoys that provide remote and near
real-time information on the aggregations of tuna beneath them [23]. DFADs now contribute to more than half of the global
tuna catch [18,19], with skipjack tuna (between 20 and 60 cm [18,24,25]) accounting for the majority of associated catch (57-82%),
followed by mostly small or juvenile yellowfin (14-25%) and bigeye tuna (4-28%), across an interquartile size range of 47-73 cm
and 49-69 cm fork length (FL), respectively [19,26,27]. The non-random nature of DFAD fishing has caused major disruptions in
traditional purse seine CPUE indices. Developed prior to the widespread use of DFADs, these indices considered the number of
search days as a unit of effort and did not incorporate the influence of remote reception of information on DFAD positions and
associated biomasses [28].

Mark-recapture techniques generally provide complementary pieces of information used in assessing tuna abundance and
their stock status. Mark-recapture involve the capture, tagging and release of a subset of individuals from a population,
followed by port sampling to determine the proportion of tagged individuals among recaptures, providing the basis for
estimates of the total population size, and other important information on the biology and migration of tuna species [29,30].
Tagging programmes are a common tool used by scientists and tuna regional fisheries management organizations (RFMOs) to
improve their understanding of tropical tuna stocks. However, factors such as post-release mortality from tagging, tag shedding
[31-33], poor tag reporting [34] and unknown dispersal dynamics of tagged tuna within the population [35,36] bring several
levels of uncertainty that underpin their use for abundance estimates. Large-scale tuna tagging initiatives are also hampered by
logistical challenges, high costs and significant resource investments. As a result, in most tuna RFMOs, conventional tagging
data can only be collected on an episodic basis.

More recently, advances in molecular genetics have introduced an innovative approach based on a modified mark-recapture
framework where ‘recaptures’ are kin rather than individuals. The approach, known as close-kin mark recapture (CKMR), uses
the kinship relationship between randomly sampled tunas to estimate spawning stock biomass [37-39]. Despite its significant
potential, CKMR remains experimental for tropical tunas, with early studies highlighting the challenges associated with sample
size requirements for accurate population estimates [40—42].

In summary, robust indices for stock assessments of tropical tuna species are notably lacking across all oceans. Of particular
concern is the Indian Ocean, the second largest tuna fishing region in the world [43]. Over the past decades, there has been
a notable rise in the use of DFADs in this region, influenced by a number of factors including the impact of piracy on purse
seine operations, the increased catch rates on DFADs compared to free-swimming schools (i.e. sets on tuna schools that are
not associated with FOBs) and the introduction of total allowable catch for yellowfin tuna since 2016 (IOTC Resolution 16/01),
and for bigeye tuna since 2023 (IOTC Resolution 23/04) [27,44-46]. Recent assessments indicate that both the bigeye and
yellowfin tuna populations in this ocean are overfished and experiencing overfishing [47]. These sustainability concerns are
further compounded by persistent challenges related to ongoing uncertainties in catch estimates, CPUE indices, conventional
tagging data and reliance on assumptions about spatial structure and connectivity, all of which significantly undermine stock
assessments [42,48]. Consequently, the pursuit of alternative methods for estimating tuna abundance has been identified as a
critical objective within the work plan of the Indian Ocean Tuna Commission (IOTC) [49].
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Within this context, this study presents a novel methodology that exploits the associative behaviour of tropical tunas, [ 3]
quantified using data from satellite-linked echosounder buoys attached to DFADs [50] and electronic tagging experiments, to
provide direct estimates of their abundance: the Associative Behaviour-Based abundance Index (ABBI). Implemented in the
western Indian Ocean, the ABBI yields abundance estimates for the three major tropical tuna species that associate with FOBs,
skipjack and yellowfin and bigeye tuna. In a broader context, the ABBI introduces a promising methodological framework
for exploring population trends of various wild species that naturally exhibit associative behaviour with living and non-living
aggregation sites, based on a limited set of metrics describing their associative dynamics.

2. Methods
(a) The ABBI framework

The associative behaviour of tropical tuna species implies that, at any given time ¢, the overall abundance (N(t)) in an area with
p FOBs results from the sum of the abundances of their associated component (X,(t)) located nearby FOBs and unassociated
(X,(t)) component, located away from FOBs (i.e. free-swimming tuna schools).

N(t) = Xo(t) + Xu(t) 2.1)

Within a given study region and time period, the estimated size of the associated component of the tuna population (X,) can be
estimated as follows:

A A

X, = WfP (22)
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Where m is the estimated average tuna biomass associated with a FOB, ]A“ represents the estimated proportion of FOBs with
tuna aggregations and p the estimated number of FOBs in the region/period of interest. Previous studies [51] demonstrated

that the ratio between the estimated size of the associated component and the estimated total population (N) can be derived
by measuring the uninterrupted period of time that tunas spend either associated with, or unassociated from a FOB, i.e. the
average continuous residence time (CRT) and the average continuous absence time (CAT):

N
X,  CRT
{  CRT+ CAT 23)

Combining equations (2.1)—(2.3), the total population can then be estimated as follows:

R NAVN CAT

N=mf p(l + _CRT) 2.4)
As the associative dynamics of tuna [52,53] are dependent on species and size, equation (2.4) is applicable on a species and size
classes basis, where the same associative behaviour with FOBs is expected. Furthermore, considering the above equations, the

size of the unassociated component of the tuna population can be estimated as follows:

A CAT ARA

Xu = WWL (2.5)

Estimating abundance from the ABBI framework as provided by equation (2.4) requires a set of input data which is currently
available for the three major tropical tuna in the Indian ocean. The abundance estimates were conducted in the western Indian
Ocean, between 2013 and 2021, using a spatio-temporal stratification of 10° x 10° and quarter-year (figure 1). ABBI indices
of abundance were estimated within each stratum for each species and population components (estimated total population
(equation 2.4); estimated size of the associated component (equation 2.2); estimated size of the unassociated population
(equation 2.5)). For yellowfin and bigeye tuna, only the component of the population related to small individuals (weight
under 10 kg) was considered. This corresponds to the main size category caught at FOBs (see electronic supplementary material,
figure S1) and for which data on residence and absence times have been measured [54].

For each species, ABBI abundance indices over the entire study area were estimated from the average of the quarterly ABBI
indices obtained over the available strata, resulting in a final index representing the average abundance per 10° x 10° square,
quarter and species. Finally, ABBI relative abundance indices were provided using the ABBI abundance indices of the first
available quarter of 2013 (i.e. the first quarter in which the input dataset for the implementation of ABBI was available) as
reference.

(b) Estimated number of floating objects (p)

Drifting FOBs considered in this study consist of two main categories: DFADs and ‘other objects’. The DFAD category contains
man-made FOBs specifically designed and deployed by fishers to encourage tuna aggregations, while the ‘other objects’
category includes natural drifting objects (e.g. branches or logs) and anthropogenic debris (artificial objects resulting from
human activities related or not to fishing). Due to the availability of DFAD location data changing over time, the estimation of
the total number of FOBs within each time-area unit followed two different approaches.
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Figure 1. Spatial stratification of the study area. The abundance estimates were conducted individually in each of the five regions identified by the abbreviation ‘Reg..
Then, an average abundance index for the entire study area was derived.

From 2013 to 2019, time series of the total number of FOBs were constructed from the echosounder buoys database hosted
by the Observatoire des Ecosystemes Pélagiques Tropicaux Exploités (Ob7/IRD/MARBEC). The dataset consists of position data
collected by the "‘Marine Instruments’ echosounder buoys deployed on DFADs by the French fleet in the Indian Ocean. First,
the average number of buoys was calculated from this database, for each spatio-temporal stratum (10° er quarter). Then, total
numbers of FOBs (DFADs and ‘other objects’) in the different strata were estimated by applying multiplication factors taking
into account the number of DFADs belonging to other purse seine fleets, as well as the ‘other objects’ category (see details in
electronic supplementary material, S1).

From 2020 to 2021, the estimation of FOBs number have benefitted from the recent availability of echosounder buoys data
from tuna purse-seine vessels provided by the IOTC Secretariat [55]. This dataset consists of the monthly average of the number
of operational buoys (i.e. echosounder buoys that remotely transmit their position) for each 1° x 1° cell of the Indian Ocean.
The total number of FOBs in the different strata was then estimated by aggregating the data according to the level considered
in the spatio-temporal strata of the study, and applying a raising factor to account for the number of ‘other objects’. Electronic
supplementary material, S1 and figure S2 provide complete details of the methodology and estimates of the number of FOBs in
the study area, respectively.

(c) Estimated FOB-associated tuna biomass ()

The average biomasses of skipjack, small yellowfin and small bigeye tunas (size category under 10 kg) around a FOB were
derived from purse seine catch-per-set data reported in the vessel logbooks of the French fleet (electronic supplementary
material, table S1). In order to improve the accuracy of the estimated catches, FOB-associated catches-per-set reported in vessel
logbooks were corrected using a dedicated procedure referred to as levels 1 and 2 of the T3 processing [56-58]. Level 1 adjusts
the catch-per-set values declared in vessel logbooks using landing notes, to improve the accuracy of catch estimates provided by
skippers. Level 2 estimates the species and size compositions of FOB sets based on port sampling data.

Since landing notes were available for all fishing trips, Level 1 was applied to correct the reported catch-per-set of all FOB
sets recorded in vessel logbook data. Level 2, on the other hand, was applied only to the FOB sets conducted during the fishing
trips that were sampled at landing. These FOB sets are referred to as ‘sampled FOB sets’.

Species compositions (i.e. percentages of catches by species and size category in the sampled FOB sets) were averaged
by stratum, with a minimum threshold of 20 available sampled FOB sets per strata. Where species composition values were
missing for a given stratum, they were generated using their corresponding estimated marginal means (aka least-squares
means), following a procedure described in the electronic supplementary material, S2.

Finally, the average biomasses of skipjack, small yellowfin and small bigeye tunas (size category under 10 kg) associated with
a FOB (m) were calculated for each stratum by multiplying the average catch-per-set of all FOBs (including both sampled and
not-sampled sets, all adjusted through the Level 1 of the T3 processing) by the average species composition. Only the strata with
at least 20 FOB sets (including both sampled and not-sampled sets) were retained for the estimation of m and the derivation of
the ABBI indices.

The catch and species composition data provided by the Ob7 were collected under the Data Collection Framework (Reg.
2017/1004 and 2016/1251) funded by IRD and the European Union. Electronic supplementary material, figure S3 shows the time
series of the FOB-associated biomasses () obtained for each of the three species and size categories, across the various spatial
strata considered.
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(d) Estimated proportion of FOBs occupied by tunas (f)

The proportions of FOBs occupied by tuna were estimated from the acoustic data collected by the Marine Instruments M3I
satellite-linked echosounder buoys deployed on FOBs monitored by the French tuna purse seine fleet in the western Indian
Ocean (also available from the OB7 hosted echosounder buoys database). This model of buoy has an integrated echosounder
device (frequency 50 kHz, power 500 W, beam angle of 36°), which provides acoustic information on the biomass associated
with the FOB, with a detection threshold of 1 tonne [50]. This detection threshold was considered satisfactory as it ensured

consistency between the datasets of estimated FOB occupancy rate ()A‘) and associated biomass (1) estimated from catch data
because fishing operations are seldom carried out on FOBs with less than one tonne of associated tuna biomass (approximately
0.5% of the fishing sets performed by French tuna purse seine fleet in the Indian Ocean). Processing acoustic data from
buoys using a machine learning algorithm, whose accuracy has been demonstrated (85%) in the Indian Ocean [50], allowed
for geolocated times series of tuna presence/absence data under FOBs. Then, the initial segments immediately following the
deployment of the FOBs, consisting of tuna absence data, were excluded from the analysis as they reflect the FAD colonization
period [59].

Daily presence/absence data were used to derive the estimated proportion of FOBs with tuna associated (?). This was
expressed as the number of FOBs (equipped by an M3I buoy) occupied by tunas, divided by the total number of M3I buoys
available in the database, calculated on a daily basis. A threshold of at least 30 available M3I buoys per day was considered
when calculating the daily proportion of FOBs occupied by tuna across the spatial strata. Electronic supplementary material,
table S1 provides the average daily numbers of available M3I buoys over the full study area for each quarter.

The buoy technology remains limited in its ability to discriminate between the various tuna species [23]. Nevertheless, this
limitation can be overcome to achieve finer-grained details on FOB occupancy at a species level. This is achieved by combining

the estimated fraction of FOBs occupied by tunas (]A‘) with the rate of occurrence of each species in FOB aggregations obtained
from FOB catches and sampling data, according to the following equation:

fi=1 5 26)

where J?, denotes for the estimated proportion of FOBs occupied by the tuna species i, and 7 represents the ratio of the number
of FOB associated sets that resulted in a catch greater than or equal to 1 tonne of the species in question, to the total number
of FOB sets. This ratio was estimated on a quarterly basis, within each 10° x 10° spatial stratum, using data from port sampling
programs. A minimum number of 20 available sampled fishing sets per strata was considered for the ratio calculation. Missing
occurrence values for a given stratum were estimated from a binomial model using year, quarter and spatial strata as predictors

(electronic supplementary material 3). The time series of f are presented in the electronic supplementary material, figure 54 for
each of the three species.

(e) Continuous residence time

The CRT values were provided by the acoustic tagging experiments carried out around DFADs in the study area by Govinden et
al. [54], whose estimates of the CRTs of skipjack (49 cm FL on average) and small yellowfin and bigeye tunas (62 and 53 cm FL
on average, respectively) around a DFAD were 4.6 + 4.8 days, 6.7 + 7.8 days, and 7.6 + 7.2 days, respectively.

(f) Continuous absence time

At the time of the study, only CRTs were measured for the three species on DFADs. However, acoustic tagging experiments
conducted in arrays of anchored Fish Aggregating Devices (AFADs) showed that CATs decrease for decreasing distances among
AFADs, due to an increased AFAD encounter rate by tuna at higher AFAD densities [60]. Based on these findings, the following
Ansatz relating the average CAT to the number of FOBs (p) was used:

1
CAT = — (2.7)

op
where ¢ is a parameter that depends on the probability of associating to one of the estimated pFOBs. To assess the sensitivity
of the ABBI to ¢ values, the range of 2 x 10” and 6 x 107 that produces average CATs ranging between 10 and 30 days,
consistent with the findings from acoustic tagging studies [60-62], was considered for the abundance assessments (electronic
supplementary material, figure S5). A detailed section on the significance and the order of magnitude of ¢ is provided in
electronic supplementary material 5.

3. Results

In the Western Indian Ocean, the ABBI estimates revealed similar trajectories in the abundances of the three tuna spe-
cies (skipjack, yellowfin and bigeye tuna) considered in this study, both in terms of total abundance (figure 2; electronic
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supplementary material, figure S6) and associated versus non-associated components (electronic supplementary material, figure [ 6 |
S7). Overall, the abundance of the three species experienced two minima, both followed by a steady increase. The first minimum
occurred in 2014, and was particularly marked for skipjack and yellowfin tuna. The second minimum, observed in 2020,
predominantly affected bigeye (figure 2).

When examined in relative terms (figure 2a—c), the ABBI showed very low sensitivity to the values of the parameter (¢) used
in setting the ranges of CAT for all species. In contrast, the orders of magnitude of the absolute ABBI estimates (figure 2d—)
remained closely linked to the ranges of CAT used. For average CATs, expected to be between 10 and 30 days (corresponding to
¢ values of 6 x 10° and 2 x 10, respectively), the ABBI estimates indicated average skipjack biomasses ranging between 30 700
+ 12500 tonnes and 71 500 + 27 300 tonnes per 10° x 10° square, over the study area and period. For the same area and period,
the ABBI estimates for the average biomasses of small yellowfin tuna ranged from 9300 + 4100 tonnes to 20 000 + 8300 tonnes
per 10° x 10° square and from 1200 + 800 tonnes to 2500 + 1500 tonnes per 10° x 10° square for small bigeye tuna. Globally, the
biomass levels of small bigeye tuna appeared to be around eight times lower than those of yellowfin tuna of the same size class.
Furthermore, the ratios between the associated and the total population revealed general increasing trends for all three species,
with maximum values reached between 2015 and 2016 (figure 3).

4. Discussion

We provide an innovative framework for estimating the abundance of tropical tuna populations based on their associative
behaviour with FOBs and the large-scale acoustic datasets collected through satellite-linked echosounder buoys deployed by
fishers. The ABBI approach allows for both an abundance assessment of the populations of interest and the calculation of
its associated and non-associated components. It presents a promising opportunity that circumvents the specific challenges
associated with estimating fishing effort, which hinder CPUE-based methods for assessing tuna abundance. While based on
a modelling framework that utilizes the associative behaviour displayed by animals at aggregation sites, the ABBI does not
require an understanding of the causative factors underlying this behaviour [51]. Conceptually, the behaviour of the animal
includes the various biotic and abiotic factors that modulate its residence and absence times in the array of aggregation sites,
and on which relies the calculation of the ratio between the ‘observable’ component of the population (i.e. the one that can be
easily sampled, namely the associated population) and the total population.

For tropical tunas, the data inputs for the ABBI framework have been facilitated through several technological developments
in recent decades. These include innovations in electronic tagging and tracking for studying fish ecology [54,63], and in the
tuna purse seine fishery, with the development of echosounder buoys. The utilization of the large-scale location and acoustic
datasets collected by echosounder buoys has created the unprecedented ability to monitor tuna aggregation dynamics at FOBs
[59], and thus constituted a critical element for the effective implementation of the ABBI methodology for these species. Two
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of the five key metrics used in the ABBI approach, namely the total number ( ﬁ) and the proportion of FOBs inhabited by

tuna (?), are derived from these devices. The current buoy models are also designed to provide estimates of the associated
biomass underneath the DFADs (m). However, at present, these estimates have been shown to be insufficiently accurate to be
used in scientific studies [50]. To circumvent these limits, in this study, the associated biomass was estimated from purse-seine
catch data under DFADs. The use of catch data to estimate tuna aggregation sizes can also imply potential biases, due to the
increasing fishing efficiency of purse seiners resulting from the use of echosounder buoys. Namely, the remote monitoring
of the DFAD-associated biomass could result in the selection of larger tuna aggregations, which could in turn bias the ABBI
abundance estimates. However, recent studies indicate that DFAD catches typically increase by only 2-2.5 tonnes per set
(equivalent to approximately 10% of the average catch-per-set at DFADs) when fishing operations are conducted on the vessel’s
owned DFADs equipped with an echosounder buoy [25]. Furthermore, the fishing strategies employed by the French purse
seine fleet, whose data were used in the study, still involve a high proportion of sets on foreign DFADs (i.e. DFADs that
do not belong to the vessel and are therefore not monitored through echosounder buoys) during the study period, thereby
mitigating this bias to a minor extent within the case study. Given the rapid and continuous advances in buoy technology
[22], it is reasonable to expect that current buoy models will evolve towards models with enhanced detection and estimation
performance, enabling direct estimation of DFAD-associated biomasses and removing the limitations from catch data.

Here, the ABBI framework illustrates the important contribution that unconventional data sources and technologies such
as echosounder buoys and electronic tagging can make towards improving the inputs in fish stock assessments. Tuna CRTs
are straightforward to measure using existing acoustic tagging technologies, where DFADs are instrumented with an acoustic
receiver (hydrophone) to record the presence of acoustically tagged fish (i.e. fish equipped with an acoustic emitter) in their
proximity. In this study, we utilized average CRT values recorded for each species during acoustic tagging experiments on
DFADs located in the study region [53]. Past acoustic tagging experiments conducted in different areas and FAD arrays have
shown that CRTs can vary not only according to the tuna species and size category [52,53], but also with the FOB density [60].
However, the magnitude of this variation remains relatively small compared with those observed for the CATs, for the tuna
species and life stages considered in this paper [54,63-66]. Additionally, this study does not consider other possible seasonal
and/or regional variations of CRTs, that may originate from local environmental variables (including tuna abundance), since
the available acoustic tagging data collected on DFADs [54,63] do not present a sufficient spatial and temporal coverage allow
to characterize them. The lack of comprehensive CRT data limits the ability of the ABBI to fully capture the complexity of
the behaviour of the animal population being studied. For tropical tunas, the substantial differences in magnitude between
documented CRTs and plausible ranges of CATs suggest a minimal influence of CRT variability on ABBI performance (see
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Figure 2. Estimates of the ABBI for the total populations (associated and non-associated components) of the three major tropical tuna species in the western Indian
Ocean under different values of ¢ (£s.e.). (a—c) Time series of the average relative abundances estimated over the five 10° X 10° regions shown in figure 1. (d—f) Time
series of the average absolute abundances estimated over the five 10° x 10° regions shown in figure 1. The shaded areas correspond to the average catches per 10° x
10° square of all the fishing gears targeting the species and life stages of the tunas considered, in the western Indian Ocean. SKJ: skipjack tuna, YFT (<10 kg): yellowfin
tuna under 10 kg and BET (<10 kg): bigeye tuna under 10 kg.
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Figure 3. Time series of the ratio of the average biomass of the associated component to the total average biomass estimated for different values of ¢ corresponding to
different ranges of CAT. All averages were estimated over the five 10° x 10° regions shown in figure 1. SKJ: skipjack tuna, YFT (<10 kg): yellowfin tuna under 10 kg and
BET (<10 kg): bigeye tuna under 10 kg.

the sensitivity analysis to different values of CRT in the electronic supplementary material 5 and figure S8). However, this
limitation underscores the need for extensive and systematic electronic tagging programs. Regular and large-scale electronic
tagging programmes will be essential to quantify such variations and to incorporate possible seasonal and regional changes of
tuna associative behaviour within the ABBI approach.

Furthermore, quantifying CATs remains challenging in DFAD arrays but is relatively easier in arrays of AFADs [61,67].
Results from electronic tagging experiments at anchored FADs coupled to models indicate decreasing CATs recorded for
increasing FOB densities [60,61]. Consequently, in the absence of CATs recorded in arrays of drifting DFADs, an inverse
proportionality relation was considered in the derivation of the ABBI index (equation 2.7). The robustness of the approach
was tested considering different values of the ¢ parameter (equation 2.7), taking into account plausible ranges of CATs
recorded in previous acoustic tagging studies. Globally, the relative ABBI indices show little sensitivity to variations of the ¢
parameters (figure 2a—). On the other hand, the ABBI absolute abundance indices show higher sensitivities to ¢. Although the
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ABBI is designed to produce absolute abundance estimates, the robustness of these estimates for tropical tuna is significantly [ 8 |
weakened by the assumptions surrounding the CAT values, currently representing one of the major constraints within the
approach. Increased efforts for additional field tagging studies (providing CAT values in arrays of DFADs) or further research
investigating the explicit relationship between this metric and FOB densities would be valuable in providing more accurate
estimates of tuna absolute abundance. However, it is noteworthy that, with the exception of bigeye tuna, the ABBI estimates of
absolute abundance provided in this study become increasingly consistent as ¢ values decrease. This is illustrated by the fact
that they significantly exceed the total catches reported in the same study area and time period for all gears, which currently
serve as the only available lower bound for tuna abundance. This would imply higher tuna absence times with drifting FADs
than with anchored FADs, the range of which was considered in this study in the absence of better scientific available data.

Accurate information on the spatial distribution and densities of FOBs is also critical. As DFADs are the predominant class of
FOBs [68], the geolocation data from their echosounder buoys [22,23,69] could allow the reconstruction of the densities of FOBs
at fine spatial and temporal scales. Since 2020, data on the number of operational buoys (i.e. echosounder buoys transmitting
their position and acoustic data to the purse seiners) have been collected by the Secretariat of the IOTC and made available
at a scale of 1° per month, ensuring more reliable estimates of the density of FOBs (IOTC Resolution 19/01). However, their
availability was relatively limited for the time period considered in this study and DFAD densities were estimated from other
data sources prior to 2020 (see electronic supplementary material, S1). Remarkably, despite the use of two different methods,
the global time series of the number of FOBs exhibits consistent trends across the full study period (electronic supplementary
material, figure 52), with no major breaks occurring around 2020. However, a higher seasonal variability can be observed for
the years prior to 2020. These seasonal patterns observed in the French fleet [70], which constitute the exclusive data source for
estimating the total number of FOBs prior to 2020, may have introduced additional variability in the abundance estimates. This
aspect deserves attention, particularly considering that tropical tuna stock assessments are typically conducted on a quarterly
time-step. However, this artificial variability can easily be smoothed by supplementing the dataset with additional buoys from
other fleets in the IOTC database, as demonstrated for the period after 2020.

Another important aspect in the derivation of the ABBI index is the choice of the spatio-temporal strata. The 10° per quarter
scale chosen in this study represents a trade-off between having enough data per stratum to estimate each of the relevant
variables (sampled species composition, number of FOBs and number of M3I echosounder buoys to estimate m, p and f in
equation 2.6) and ensuring homogeneous conditions (including the number of FOBs) at the spatio-temporal scale considered.
Despite in real systems homogeneity is difficult to achieve, the violation of this condition can be tested by inspecting relevant
behavioural metrics, such as the fraction of occupied FOBs. If major heterogeneities occurred within the strata and affected
tuna behaviour, we would expect to observe non-stationary trends in this metric. Stationarity tests on the time series of the
proportion of inhabited FOBs demonstrated that, across the spatial strata considered, this proportion is stationary for each
stratum (see electronic supplementary material 6 and figure S8), supporting the choice of the 10° per quarter scale for deriving
ABBI.

Overall, while absolute abundance estimates derived from the ABBI are possible, their current accuracy is globally con-
strained by availability and uncertainties surrounding CAT data. Conversely, the relative index, which exhibits little variability
to ¢, appears to demonstrate greater robustness, especially concerning skipjack and yellowfin tuna. Comparison of this index
with outputs from the Stock Synthesis 3 model (SS3) indicates significant correlations for these two species, as detailed in
electronic supplementary material, S7 and figure S10.

Despite the relatively short length of the available time series, our findings indicate a significant temporal similarity between
the abundance trends of skipjack, small yellowfin and small bigeye tunas in the Western Indian Ocean. These trends were
characterized by two episodes of declining abundance in the populations of all three species. The first coincided with the
general increase in the density of FOBs observed before 2015. The second has been ongoing since 2017-2018, despite a general
stabilisation in the number of FOBs following successive limitation measures introduced by the IOTC (IOTC Resolution 15/08
superseded by 17/08, 18/08, 19/02). Besides the likely influence of environmental factors, the fishing mortality resulting from
the DFAD purse seine fishery might well be among the key drivers of the observed synchronous population dynamics. As the
estimated biomass levels for each of these species appear to be very different, but show similar temporal trends, such a result
raises questions about the appropriateness of a species-specific management approach. For instance, in order to rebuild the
Indian Ocean yellowfin tuna stock, which is overfished and subject to overfishing, the IOTC has implemented management
measures since 2016, including catch limits for this species (Resolution 16/01 superseded by 17/01, 18/01, 19/01 and 21/01). For
the tuna purse-seine fisheries, these measures forced a change in the fishing patterns, with a notable shift towards targeting
skipjack tuna which are predominantly caught under FOBs [19]. A decrease in skipjack abundance resulting from this increased
fishing pressure would thus imply an effect of similar magnitude on the small individuals of the other two species, since they
all share similar abundance dynamics and are caught together when associated with FOBs. While skipjack are considered to be
more resilient to fishing pressure [71], such a strategic shift could have greater disruptive impacts on the juveniles of the two
other species due to the significant concerns that already surround the resilience of their stocks.

In summary, ABBI holds significant potential for improving abundance assessment of tropical tuna and, consequently stock
assessments and fisheries management. It also represents a convenient methodological framework for studying the populations
of all marine species that associate with FOBs [72]. These include pelagic sharks such as the vulnerable-listed silky shark,
Carcharhinus falciformis [73], and the critically endangered oceanic whitetip shark, C. longimanus [74], as well as other bony fish
species [75] which currently receive little or no attention from tuna RMFOs. Finally, the potential of ABBI is not limited to
marine species. It can be extended to a broader scope, covering various species which exhibit associative behaviour around
non-living or living entities (e.g. seabirds and cetaceans [76], facultative parasites and their hosts [77], fish and drifting algae
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[78], jellyfish [79] or whale sharks [80], etc.), and thus unlocks new prospects for population assessments of a wide range of wild
animal species.
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