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ABSTRACT

The tropical area of the north-eastern Indian Ocean has historically been a prominent fishing ground for yellowfin tuna
Thunnus albacares (Bonnaterre, 1788). However, low effort from either Japanese or Taiwanese fleet in the last two decades
has driven some uncertainties in relative abundance estimates of yellowfin tuna, which affects the robustness of the current
stock analysis for an already declined population. Hence this study was carried out to bridge the research gap by utilising the
Indonesian scientific observer data from 2006-2021, which covers the north-eastern Indian Ocean. A delta-lognormal model
was adopted to fit the data, with the catch per unit effort as the response variable and year, quarter, moon phase, latitude
and longitude as known covariates. The optimal model was chosen using a backward method based on Akaike Information
Criterion (AIC) (Akaike, 1974), Bayesian Information Criterion (BIC) (Schwarz, 1978) and the values of the coefficient
of determination (R2). In general, the relative abundance of yellowfin tuna remained at a very low level, with an apparent
declining trend in the first decade, followed by a slight sign of recovery in the past three years. However, the increasing trend
was overshadowed by uncertainties, likely caused due to natural variation and low coverage in some years. Although the
series was considered short, it managed to picture the dynamics of the abundance of yellowfin tuna in the tropical area of the

north-eastern Indian Ocean, which is essential for conducting a more robust harvest strategy evaluation.
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Introduction

Yellowfin tuna Thunnus albacares (Bonnaterre, 1788)
is the most exploited tuna species in the world (Dortel et al.,
2015; Zhang et al., 2017; Nimit et al., 2020), including the
Indian Ocean. Historically, it has been the primary target
for Japanese longline fleets since the 1950s, followed by
Taiwanese, Korean and Indonesian fleets two decades later
(Sadiyah et al., 2011; Hoyle et al., 2018; Yeh et al., 2018).
Since the species is distributed in tropical and subtropical
waters throughout the world’s major oceans (Fonteneau,
2010), ithas also been targeted by artisanal fleets (Lan et al.,
2013) and industrial European purse seiners for the past
50 years (Baez ef al., 2020).

The annual total catch of yellowfin tuna in the Indian
Ocean has increased significantly since the 1980s. The
average annual catch between 2014 and 2018 was 404,655 t,
with the total yearly catch approximately 423,815 t
(IOTC, 2019) and the Indonesian fleet contributed at
least 10% (~40,000 t) (Fahmi ef al., 2020). Based on the
2021 assessment, the IOTC stated that the yellowfin stock
was overfished (IOTC-WPTT23, 2021), which lasted for
five years. However, the result was overshadowed by
uncertainties, especially when most indicators (e.g.
relative abundance) only refer to the western part of the
Indian Ocean, where high fishing pressure occurred since

the 1980s [IOTC-WPTT22(AS), 2020]. Meanwhile,
the condition in the north-eastern area, particularly of
Indonesian fleets, remained questionable since it was not
included in the analysis (Fu ef al., 2021).

As it is related to biomass, abundance indices
(e.g., catch per unit effort, CPUE) communicate crucial
information about the state of fish stocks. Additionally,
these indices are required to run simple models and are
beneficial as supplementary data in more complex stock
assessment models (Maunder and Punt, 2004). Usually,
it needs to be presented in the standardised form (i.e.
divided by the overall mean) to be compatible with other
countries’ datasets. Though several studies have been
published recently (Hoyle et al., 2018; Matsumoto, 2018;
Yeh et al., 2018), the calculation of standardised CPUE
has been impeded by a lack of precise data caught by other
fleets or in places where the Japanese/Taiwanese longline
fleet is absent (i.e., north-eastern Indian Ocean).

This paper hopes to resolve this issue by creating a
sub-regional yellowfin tuna abundance indicator based on
fishery-independent data from the Indonesian scientific
observer program. Such an indicator would help fill the
research gap of the yellowfin tuna abundance in the north-
eastern Indian Ocean.
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Materials and methods
Data origin and scrutiny

We used the Indonesian scientific observer data from
commercial tuna longline vessels based in Benoa Port,
Bali. The observer program began in 2005 as a result of
a collaboration between Australia and Indonesia [Project
FIS/2002/074 of the Australian Centre for International
Agricultural Research (ACIAR)]. From 2010 onwards, it
was continued by the Research Institute for Tuna Fisheries
(RITF).

The dataset provides the number of fishes caught by
species, the start time of the set, soak duration, overall
number of hooks, hooks between floats (HBF) and the
geographic location (latitude and longitude) where the
longlines were deployed. The mean annual fraction of
zero captures in the data was initially fairly high (60%)
and presumably overdispersed. Several methods were
used in an attempt to decrease overdispersion, such as:

»  Data from 2005 was removed from the study because
it was the start of the scientific observer program,
which lasted only seven months and was highly
likely to contain species misidentification;

»  Data from Tropical Indian Ocean (TIO) (Wu et al.,
2010) limited to 5°N to 20°S (north-eastern Indian
Ocean) only were used, due to low spatial and temporal
coverage outside the “core area” or main fishing
ground;

*  Excluded sets which did not contain yellowfin catch
for the whole trip, assuming no targeting.

Standardisation of catch per unit of effort

The number of yellowfin tuna caught per 100 hooks
was used to calculate the catch per unit of effort (CPUE).
Each daily record comprised temporal (year and month)
and spatial information (latitude and longitude) based on
where the set began, in addition to catch and effort data.
Previous analysis showed that the delta-lognormal model
is quite suitable for Indonesian scientific observer data
(Setyadji et al., 2021; Wujdi et al., 2021). Therefore, a
similar approach was applied in this study also. The
response variables for delta were log (CPUE) for the
positive sub-model and the proportion of positive catch
for the second sub-model. The final models used were:

Lognormal model for CPUE of positive catch:
log(CPUE) = p + Year + Quarter + HBF + Moon + Lat5 +
Lons + glognomal L (1)

Delta model for presence and absence of catch: PA = p +
Year + Quarter + HBF + Moon + Lat5 + Lon5 + &* ......(2)

where: Year : Available from 2006 to 2018, assigned as a
categorical variable;
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Quarter : Falls into four categories: 1 = January to March,
2 = April to June, 3 = July to September, 4 = October to
December, assigned as categorical variable;

Area : Defined as a continuous variable, area stratification
method was applied using 5x5 degree blocks latitude
(Lat5) and longitude (Lon5), assuming north-south and
east-west movement (Lan et al., 2020);

HBF : Number of hooks between floats. Assigned as 1
when HBF <10 hooks (surface longline) and 2 when HBF
>10 hooks (deep longline) following Sadiyah et al. (2012),
treated as a categorical variable;

Moon : Moon phase, accessible as a daily moon fraction
index for all recorded sets, with a range of 0 to 1 (from
new moon to full moon). The moon phase was calculated
using lunar package (Lazaridis, 2014). To account for the
effect of cyclic behaviour, the moon phase was defined by
the following function (Sadiyah et al., 2012):

Moon = sin(2m x Moon phase) + cos(2n x Moon phase)....(3)

For model selection, we used a stepwise method,
starting with a null model and introducing variables one
after one, choosing only the variable that resulted in
the lowest residual sum of squares. This procedure was
repeated until the residual sum of squares of the model did
not decrease as new variables were introduced. Finally,
explanatory variables were chosen using a backward
process based on Akaike Information Criterion (AIC)
(Akaike, 1974), Bayesian Information Criterion (BIC)
(Schwarz, 1978) and the values of the coefficient of
determination (R?).

The exponent of the adjusted means (least-square
means) of the year effects was used to estimate the area
specific standardised CPUE trends (Butterworth, 1996;
Maunder and Punt, 2004). The product of the standardised
CPUE of positive captures and the standardised
probability of positive catches gave the standardised
relative abundance index:

o

Relative abundance index = e'°&PUE) ( 5 ) e @
1+e”

where CPUE is the adjusted means (least-square means)

of the year effect for the lognormal model and P is the

adjusted means of the year effect for the delta model. All

maps and statistical analyses were carried out using R
software version 3.6.0 (R Core Team, 2021).

Results and discussion

Between 2006 and 2021, scientific observers
documented catch and operational data of tuna longline
commercial vessels from Indonesia. Post-cleaning, the
dataset contained 109 trips, 2735 sets, with nearly
3.5 million hooks (Table 1). Scrutineering process
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successfully reduced the proportion of zero catch per
set by approximately 4%, from 60.03 to 56.30%.
Positive catch in the north-eastern Indian Ocean was
mainly distributed around 10°-20°S and 105°-120°E
(Fig. 1), in the area between south of Indonesian and
Australian waters, which is notably known for native
fishing grounds for southern bluefin tuna Thunnus
maccoyii (Castelnau, 1872) (Farley et al., 2014).

The nominal catch rates of yellowfin tuna fluctuated
across the years. The series started strongly in 2006
(0.164+0.01) but dropped by half in 2007. Afterwards, it
recovered steadily for the next five years until it reached
its peak in 2012 (0.14+0.03). The trend relapsed negatively
until 2018, followed by a sign of recovery in the last three
years. High spike in 2019 (0.25+0.05) was caused by an
anomaly (sudden high catch in several sets), while low
values in 2011 (0.06+0.01) and 2020 (0.03+0.01) were
likely due to low deployment. The proportion of zero

Table 1. Summary of observed fishing effort from Indonesian
tuna longline fishery during 2006-2021. Results are
pooled and presented by year of observation. Operational
parameters are meanststandard deviations
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capture for yellowfin tuna, on the other hand, has steadily
increased from a low of 0.34+0.03 in 2006 to a high of
0.7240.04 in 2015, with an average of roughly 0.59+0.04
per year (Fig. 2).

On the final model selection, all effects remained and
were statistically significant, except for the moon phase
(Table 2). The step-wise procedure for the lognormal
model (positive observation) produced the best AIC, BIC
and good R? value, which were 2563.6, 2680.5 and 0.20,
respectively. On the contrary, although the delta model
(proportion of positive catch) did not perform as well
as the previous model, it still gave a reasonable result
wherein the best combination of AIC, BIC and R? values
were 3445.4,3575.5 and 0.08, respectively.

The relative abundance of yellowfin tuna between
2006-2021 revealed a repetitive pattern every 5-6 years
(Fig. 3). The series went down immediately after reaching
its first peak in 2006; however, it quickly recovered
until it attained the second highest in 2012. The trend
repeated from 2013 to 2019, in which, after recording its
highest value, it dropped down for two consecutive years.
However, the abundance seemed to show a positive trend
in the last seven years, a contrasting phenomenon when
the global stock is declining (IOTC-WPTT23, 2021). It is
to be noted that, high uncertainties remained a challenging
aspect when dealing with scientific observer data,
especially in 2012 and during the last three years. Low
spatial coverage, absence of deployment in some months
and financial constraint due to the Covid-19 outbreak are
touted to be the main culprits.

One drawback from utilising fisheries independent
data, such as scientific observers, is probably its lack
of temporal and spatial coverage. The excessive cost of
deployment (Maunder and Punt, 2004) and dependencies
on the government budget was likely the main reason.
With at least six to seven trips a year and around 200,000
hooks observed, it was far below (0.6%) the minimum
of 5% from total effort (i.e., total hooks deployed)

Year Trips Sets Total Hooks Mean Hooks Mean HBF
2006 11 289 399,871 1,383.64+12.77 11.10+0.26
2007 12 194 288,560 1,487.42424.77 14.41+0.34
2008 14 380 485,333 1,277.19£19.81  12.55+0.23
2009 13 288 328,718 1,141.38+13.82  12.18+0.29
2010 6 166 221,274 1,332.984+35.51  13.61+0.40
2011 3 105 110,384 1,051.28+£16.97  12.00+0.00
2012 7 116 136,311 1,175.09+£39.62  13.93+0.27
2013 7 210 231,990 1,104.71x14.11  12.40+0.15
2014 6 184 216,705 1,177.74+13.35 15.01+0.14
2015 5 150 174,655 1,164.37+11.81 14.15+0.26
2016 3 130 175,868 1,352.83+18.33  11.31+0.29
2017 3 107 128,228 1,198.39+18.11  15.98+0.15
2018 5 184 242,966 1,320.47+14.49  14.92+0.19
2019 8 109 137,611 1,262.49+16.39  8.72+0.41
2020 2 48 65,915 1,373.23+17.80  13.62+0.14
2021 4 75 102,979 1,373.054£31.51  10.12+0.45
0 4
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Fig. 1. Positive catch (black dots) and effort distribution (heatmap) of yellowfin tuna from scientific observer data 2006-2021
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Fig. 2. Nominal CPUE series (N/100 hooks) (left panel) and proportion of zero catch per set (right panel) of yellowfin tuna catch from

2006 to 2019. Error bars refer to standard errors

Tabel 2. Deviance table of the parameters used for delta-gamma approach. Upper panel for positive observation sub-model and lower
panel for the proportion of positive sub-model. The degrees of freedom (Df), deviation (Dev), residual degrees of freedom
(Resid. Df), residual deviance (Resid. Dev), F test statistic and the significance (p-value) were all given by each parameter

Df Deviance Resid. Df Resid. Dev F pGF)
NULL 1194 729.4586
Year 15 45.5997 1179 683.8588 6.1990 0.0000 ok
Quarter 3 28.7570 1176 655.1018 19.5468 0.0000 woAk
Cat HBF 1 59.7603 1175 595.3415 121.8612 0.0000 ok
Lat2 1 15.4346 1174 579.9069 31.4738 0.0000 woAk
Lon2 1 4.6724 1173 575.2345 9.5277 0.0021 **
Significance codes: 0 “***”0.001 “***0.01 **’0.05 0.1 < 1

Df Deviance Resid. Df Resid. Dev p(>Chi)
NULL 2734 3747.880
Year 15 158.0479 2719 3589.832 0.000 ok
Quarter 3 38.5992 2716 3551.233 0.000 ok
Cat HBF 1 104.8540 2715 3446.379 0.000 Hak
Lat2 1 36.6931 2714 3409.686 0.000 ok
Lon2 1 8.2633 2713 3401.422 0.004 **

Significance codes: 0 “***’0.001 “***0.01 ***0.05 0.1 “* 1
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Fig. 3. Standardised CPUE of yellowfin tuna calculated using
the delta-lognormal model with 95% confidence interval
(coloured area). Values were scaled by dividing their means

required by the Indian Ocean Tuna Commission (IOTC)
and Commission on Conservation of Southern Bluefin
Tuna (CCSBT). However, due to rebuilding the fisheries

logbook program since 2018, which still resulted in fairly
low coverage (<10%) (Geehan, 2018), the scientific
observer data would still be a key instrument in conducting
assessment in the future, particularly for tunas, billfishes
and some sharks species.

Earlier findings revealed that Indonesian tuna
longliners tend to make yellowfin the second main target
after bigeye tuna Thunnus obesus, especially for areas
above 20°S (Sadiyah ef al., 2011; Sadiyah and Prisantoso,
2011). Therefore, it vindicated the moderately low level of
zero catch per set (56.30%) shown in this study compared
to other bycatch, such as sharks (Shono, 2008; Wu et al.,
2021) and billfishes (Punt et al., 2015). On the other hand,
the nominal CPUE was relatively low (0.03-0.25 per 100
hooks) compared to other distant fishing nation’ fleets,
e.g. Taiwan (Yeh et al., 2018) and Japan (Matsumoto and
Hoyle, 2019) on a relatively similar scaling. The primary
cause might be driven by low primary productivity in the
north-eastern part of the Indian Ocean (Tripathy et al.,
2014) in particular, further challenged by the decreasing
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trend of marine phytoplankton for the last 16 years up
to a third due to apparent global warming (Roxy et al.,
2016). The conventional fishing practices which were
“inherited” from Taiwanese vessels since the 1990’s
(Yang et al., 2008), added with the preference of using
laminated wooden-based vessels (Suryanto and Wudianto,
2017), also increased the inability of Indonesian fishers to
compete with other foreign fleets, especially in the area
below 20°S which are known to have better abundance
(Michael et al., 2017).

All covariates have been influential in building the
final model, except the moon phase. It is understandable
because most of the sets were conducted in the early
morning (Setyadji et al., 2018), unlike the Turkish
gillnetters that started fishing at dawn and paused at full
moon period (Akyol, 2013). Further, previous studies
from Sadiyah et al. (2012) and Yeh and Chang (2011)
confirmed that the periodical movement of the moon did
not influence the relative abundance of yellowfin tuna.
Rather, it was more likely impacted by the hook’s depth,
spatial movement and temporal dynamics. Since the
average number of hooks between floats configuration
throughout the series was more than ten, which indicated
deep longline type (Yokawa et al, 2006; Sadiyah
et al., 2011), it was assumed that yellowfin tuna was
caught alongside bigeye tuna at the upper layers because
the probability of a fish being caught was inversely
proportional to increasing depth (Setyadji et al., 2016)
and also influenced by a combination of warmer waters
with higher sea surface height and lower eddy kinetic
energy values (Orue et al., 2020). On the other hand, the
north-south movement, which also plays a pivotal role,
was likely encouraged by the lower rate of dissolved
oxygen in the north during June-October due to the
rainy season (Mohri and Nishida, 2000). Thus high catch
was slightly diverted southward (Lee et al, 1999). In
addition, a west-east movement was also detected by a
large-scale tagging program, which in some cases
indicated a frequent trans-Atlantic movement (Fonteneau
and Hallier, 2015). This movement was incorporated in the
last stock assessment conducted by the IOTC Secretariat
(Fuetal,2021).

Although the series was considered short, it managed
to capture the dynamics of the abundance of yellowfin
tuna in the tropical waters of the north-eastern Indian
Ocean, whereas other fleets’ coverage was relatively
low in the last two decades (Kitakado et al., 2021). The
apparent trend has not deviated much with other studies
from Japan (Matsumoto, 2018) and Taiwan (Yeh et al.,
2019) within the similar area of interest, whereas it was
relatively stable at a very low level. Exception for the last
three years, when high fluctuations occurred, was possibly
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triggered by several factors, including a very high catch
in some sets in 2019 and very low deployment in the next
year due to Covid-19 restriction. However, a relatively
high catch in 2020 has signified a possible early sign of
recovery, which is in line with aggregated CPUE from the
Japanese fleet in the Indian Ocean (Matsumoto, 2018).
Local depletion allegedly occurred within the European
industrial purse seine in the western part of the Indian
Ocean (Guery et al., 2021) which is alarming since they
mainly target small bigeye and yellowfin tuna. Thus
growth overfishing is likely to occur, with the fish never
having had an opportunity to mature and expand before
being caught (Diekert, 2012).
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