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Abstract: Yellowfin tuna of the Indian Ocean is overfished, and a better understanding of the stock
structure is needed to enable sustainable management. Here, otolith 'O values of young-of-the-year
fish from known nursery areas of the equatorial Indian Ocean (West, Central and East) were used
to establish a reference isotopic signature to predict the origin of sub-adult and adult individuals.
Sub-adult tuna otolith 5180 values from Reunion Island were similar to the West nursery signature,
but otolith §'80 values of sub-adults from Pakistan were unlike any of the nurseries sampled.
Therefore, §'80 values from the Pakistan area samples were considered an additional nursery source
for predicting the origin of adult tuna, using a multinomial logistic regression classification method.
The western equatorial area was the most productive nursery for three fishing grounds sampled,
with a minor contribution of Pakistan-like origin fish. Contribution of Central or East nurseries to the
adult population was negligible. One adult otolith was analysed by secondary ion mass spectrometry
along the otolith growth transect and results were compared with an isoscape approach to infer
lifetime movements. This study is an important first step towards understanding the spatial structure
and connectivity of the species.

Keywords: oxygen isotope analysis; otolith chemistry; yellowfin tuna; SIMS; stock structure; connec-
tivity; Indian Ocean

1. Introduction

Effective management of highly migratory marine species (i.e., species that can mi-
grate long distances between international waters), such as billfish and tuna, is a great
challenge due to their widespread distributions that often straddle domestic and inter-
national jurisdictional boundaries [1,2]. Yellowfin tuna (Thunnus albacares) is one of the
species listed as highly migratory in Annex 1 of the United Nations Convention on the Law
of the Sea (UNCLOS), and it inhabits the pelagic ecosystem of the tropical and subtropical
regions of the Atlantic, Indian and Pacific Oceans [3]. This species has been subject to high
fishing pressure over the last three decades [4], particularly in the Indian Ocean. Here,
recent increases in catches have led to biomass and fishing mortality exceeding those corre-
sponding to the Maximum Sustainable Yield [4,5]. The Indian Ocean yellowfin tuna stock
is, therefore, considered overfished and subject to overfishing [6]. The stock assessment
model of yellowfin tuna in the Indian Ocean runs under the single stock assumption, due to
the rapid and large-scale movements indicated by the Indian Ocean Regional Tuna Tagging
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Program (RTTP-IO) [7]. However, some regional studies suggest that the stock structure
and spatial dynamics of yellowfin tuna could be more complex than previously thought.
Limited gene flow has been detected between the central and the eastern Indian Ocean [8],
while genetically discrete populations of yellowfin tuna were identified among fish from
the north central Indian Ocean, around Sri Lanka, Maldives and the Indian coast [9,10].
However, the lack of studies at an oceanic scale impedes a global overview of the current
stock structure of yellowfin tuna in the Indian Ocean [11].

Yellowfin tuna can be found throughout the Indian Ocean, as far south as 45° S [12],
but their spawning activity is restricted to lower latitudes with higher water temperatures
and mesoscale oceanographic activity [13-15]. Spawning activity occurs more frequently in
shallower waters, with greater abundance of larvae near land masses, particularly islands,
compared to offshore waters [16]. Spawning occurs mainly from December to March
along the equatorial region (0-10° S), and west of 75° E, in waters around Seychelles
and off Somalia [17-20]. The western region accounts for the 75% of the total catches of
yellowfin tuna in the Indian Ocean [21]. Secondary spawning grounds have also been
described off Madagascar in the western Indian Ocean [17], off Maldives in the central
Indian Ocean [18], and in waters between Sri Lanka and west Sumatra and off the coast
of Australia in the eastern Indian Ocean [7,19]. From ~45 cm FL onwards, yellowfin tuna
can perform extensive migrations between these spawning areas and feeding grounds
in southern and northern latitudes [22,23]. However, the relative importance of different
spawning areas to the total catches, and the degree of connectivity and mixing rates of
yellowfin tuna in the Indian Ocean, are still unknown even though this information is
essential to the development of effective and sustainable management strategies [24,25].

Chemical analysis of fish otoliths has proved to be a useful method to study the
origin and movement of yellowfin tuna in the Pacific and Atlantic oceans [26-28]. The
approach relies on two assumptions: (1) during otolith formation material is accreted and
preserved as fish grows, and (2) the chemical composition of the otolith is related to the
physicochemical environment inhabited by the fish at time of deposition [29]. As such, the
chemical composition of the otolith material deposited during the early life stage of the fish is
often linked to the ambient seawater physicochemical properties at the source (i.e., spawning
area) [30]. Particularly, otolith oxygen isotopic composition (5'80) has proved to be a reliable
marker of the individual’s origin and an effective tool for stock identification and mixing
estimation purposes [31-34]. Oxygen isotope composition of otolith aragonite responds to
variation in the 5'80 value of ambient seawater which, in turn, is dependent on evaporation
and therefore related to seawater salinity [35]. As salinity in offshore waters masses is
assumed to remain effectively constant [36], otolith 'O values respond to the temperature-
dependent fractionation between otolith aragonite and ambient water, leading to an inverse
relationship between otolith '80 values and temperature [37,38]. Thus, variations in otolith
8180 can be used as natural broad scale-geolocators to investigate migration and movement
in fishes, particularly across temperature and salinity gradients [39,40]. This information
may be useful for deciphering lifetime movements of teleost fish, although a thorough
understanding of the mechanisms controlling otolith §'80 values is still required [34,41].

Traditionally, otolith 'O composition has been measured by isotope ratio mass
spectrometry (IRMS). One of the limitations of IRMS is that it relies on obtaining a minimum
amount of calcium carbonate powder from otolith milling. As a result, the technique does
not allow for fine temporal scale resolution (i.e., the signal corresponding to several months
must be integrated) or fine scale life history reconstructions (i.e., core to edge transects) [42].
Thanks to recent analytical advances, it is now possible to measure stable isotopes with
higher spatial/temporal resolution using secondary ion mass spectrometry (SIMS). This
technique requires more preparation of the samples to be analysed [42], but in return offers
a promising tool to unravel migration patterns and life history characteristics at much
shorter timescales [43—46]. When water temperature and oxygen isotopic composition
are known, it is possible to delineate isoscapes (i.e., spatial maps of predicted isotopic
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variation) that can be used to track potential movements across water masses with distinct
isotopic signatures [47].

The aim of the present study was to assess the origin and the connectivity of sub-adult
(age 1-2) and adult (age > 2+) yellowfin tuna from the main fishery grounds in the Indian
Ocean. For that, the '80 composition of the otolith portion corresponding to early life
was analysed using IRMS. These signatures were then compared to a baseline of nursery
signatures (by analysing the equivalent otolith portion of the early life period) developed
from young-of-the-year (YOY, age 0) yellowfin tuna from known nursery areas in the
Indian Ocean. In addition, SIMS analysis was applied, for the first time to yellowfin tuna,
to measure the 5'80 values along the otolith growth axis and assess the potential of this
technique to provide detailed information on the movements and life history of yellowfin
tuna in the Indian Ocean. Finally, isoscapes of potential gradients in otolith §'80 values
were predicted from the oxygen isotope fractionation equation and used to illustrate the
possible movements of this adult yellowfin tuna.

2. Materials and Methods
2.1. Fish Sampling

Otoliths of yellowfin tuna were collected from three major nursery areas (West, Cen-
tral and East) and from four fishery grounds (South Africa, Pakistan, Reunion, and West
Australia) in the Indian Ocean (Figure 1). Samples were collected by scientists or scientific
observers directly on-board purse seine and longline vessels, or at port during two con-
secutive years (2018 and 2019), as part of a collaborative research project on Population
Structure of Tuna, Billfish and Sharks of the Indian Ocean [48]. Capture location was avail-
able with a 5° x 5° quadrant range and sampling of fish belonging to the same school was
limited to 5 individuals. Fork length (FL, to the nearest cm), sampling date, and sampling
location were recorded for all samples collected (Table 1). Samples were classified as YOY
(<38 cm FL), sub-adults (40-75 cm FL) and adults (>102 cm FL) according to the age-length
relationship described in [49] and the 102 cm maturity threshold in [17]. Sagittal otoliths
were extracted, cleaned of adhering organic tissue, rinsed with ultrapure water, and stored
dry in plastic vials. The otolith collection available for this study comprised fish from
different cohorts and hatched at different periods of the year. The baseline samples used to
characterize yellowfin tuna nursery areas were first reported in [50] and were shown to be
temporally stable among years for §'80 values. Therefore, YOY otoliths of different year
classes, but belonging to the same nursery area, were pooled for this study.

30°N x

20°N 0 500km

Pakistan
10°N
0° Central

nursery East
West

10°S nursery nursery

20°S

30°S Reunion

West Australia
40°S

South Africa

20°E 40°E 60°E 80°E 100°E 120°E 140°E 160°E

Figure 1. Sampling distribution of yellowfin tuna (Thunnus albacares) in the Indian Ocean. Otolith
collections included young of the year from nursery areas used as baseline (light blue) and sub-adults
and/or adults from fishery grounds (dark blue).
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Table 1. Number, sampling period, size, and estimated ages of yellowfin tuna (Thunnus albacares) at each sampling area.

Size is fork length (FL) in cm.

. . Estimated Life Stage
Location N Sampling Dates FL Range (cm) Age (years) Classification 1
West nursery 51 March-April 2018 and 2019 26-37 <1 YOY
Central nursery 31 August 2018 and February 2019 28-36 <1 YOY
East nursery 31 April and November 2018 19-34 <1 YOY
Pakistan 12 September 2018 64-75 1-2 Sub-adult
Reunion 15 December 2017 47-51 1 Sub-adult
. February-March 2018;
Reunion 12 February 2019 124-169 >4 Adult
South Africa 19 March-May 2018 133-138 >4 Adult
West Australia 8 May 2019 143-174 >5 Adult

1 Life stage classifications according to the age-length key relationship described in Eveson et al. [49] and maturity threshold in Zudaire

etal. [17].

2.2. Otolith 680 Analysis by IRMS

When both otoliths were available, a single sagittal otolith (right or left) was randomly
selected from each pair for analysis. Otoliths were embedded in two-part epoxy resin
(Araldite 2020, Huntsman Advanced Materials, Basel, Switzerland). Each rectangular
block was polished from the otolith rostrum using 3M® silicon carbide sandpaper (particle
size = 220 um) and a series of decreasing grain diameter lapping discs (30, 15, 9, 3 and
1 um) with a lapping wheel, moistened with ultrapure water, to obtain a transverse section
where the primordium was exposed. The resin blocks were sonicated for 10 min in
ultrapure water (Milli-Q) and left to air dry for 24 h before being glued on a sample plate
using Crystalbond thermoplastic glue (Crystalbond 509; Buehler Ltd., Illinois, IL, USA).
Microsampling of otolith powder for oxygen stable isotope ratio (5'80) was performed
using a high-resolution computerised micromill (New Wave MicroMill System, NewWave
Research G. C. Co., Ltd., Cambs, UK). To ensure that the same portion of the otolith was
analysed in every fish, the length of the otolith section of the smallest yellowfin tuna in the
baseline (19.5 cm FL) was used to create a standard template for the micromilling paths
(e.g., Figure S1). This template was estimated to cover the otolith area corresponding to
approximately the first two months of life, and thus representing the early life chemical
composition of the otolith [50]. Ten drill passes were run at a depth of 50 pm per pass
over a preprogrammed drill path using a 300-um diameter carbide bit (Komet dental;
Gebr. Basseler, Lemgo, Germany). Powdered material was then analysed for §'80 on an
automated carbonate preparation device (KIEL-III, Thermo Fisher Scientific, Waltham, MA,
USA) coupled to an isotope ratio mass spectrometer (IRMS, Finnigan MAT 252, Thermo
Fisher Scientific) at the Environmental Isotope Laboratory of the University of Arizona.
Oxygen isotope values were reported according to standards of the International Atomic
Energy Agency in Vienna and represent ratios of 30/1°0 in the sample relative to the
Vienna Pee Dee Belemnite (VPDB) scale. The isotope ratio measurements were calibrated
against repeated measurements of National Bureau of Standards (NBS-19 and NBS-18) and
analytical precision was £0.10 %o (1 sigma).

2.3. Otolith 6180 Analysis by SIMS

One otolith of an adult yellowfin tuna (134 cm FL) captured in South Africa in May
2018 was selected for high precision 5§!80 analyses using secondary ion mass spectrometry
(SIMS). The individual’s age was estimated to be 4.5+ years according to the age-length
curve of [49]. Fish birth year and month was back-calculated from collection date. SIMS
requires high precision in sample preparation because smooth and even surfaces are
needed for proper quantification, so that any irregularity in the sample surface (e.g., cracks,
bubbles, reliefs, inclinations, etc.) can be avoided [42,51]. The otolith was embedded in
a rectangular box following the same methodology as described above. The resin block
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was then embedded again with the rostrum upwards in a 25 mm diameter silicon cylindric
mould with two-part epoxy resin until the surface of the section was covered. It was then
kept at a room temperature for 48 h to cure the resin. The resulting cylinder containing the
otolith positioned vertically, was then polished with a series 3M® silicon carbide lapping
discs (9, 3 and 1 um) moistened with ultrapure water, until the primordium was clearly
exposed. Then a velvet polishing pad moistened with ultrapure water and sprinkled with
alumina powder (0.5 pm) was used to expose the core and produce a flat mirror-finished
surface. The oxygen isotope data were acquired at the NERC Ion Microprobe Facility
(SIMS) from the University of Edinburgh with a Cameca IMS 1270 (AMETEK Inc., Berwyn,
PA, USA), using a ~5 nA primary '33Cs* beam. Secondary ions were extracted at 10 kV,
and %0~ (~3.0 x 10° cps) and 8O~ (~4.0 x 10° cps) were monitored simultaneously
on dual Faraday cups (L'2 and H'2). Each analysis involved a pre-sputtering time of
60 s, followed by automatic secondary beam and entrance slit centering and finally data
collection in two blocks of ten cycles, amounting to a total count time of 80 s. The internal
precision of each analysis was < 0.2 per mil. To correct for changes in the instrumental
mass fractionation (IMF), data were normalized to a UWC-1 (5'80 = 23.3 SMOW) calcite
standard [52] which was mounted together with the samples and measured throughout
the analytical sessions. The external precision was estimated from the repeat analysis of
the standard to be (0.17-0.26) per mil. Measurements were made along the growth axis
of the otolith, from the primordium to the edge with a series of 40 spots of ~15 pm each
(Figure S2). The first 4 spots were discarded as they were not placed in the middle of
the core. Temporal resolution covered by each spot increased with increasing distance
from the core, from days near the otolith core, to weeks towards the edge [8]. To compare
8180 values measured by the two analytical methods (SIMS and IRMS), $'80 data were
converted from VSMOW to VPDB using the following equation [53]:

§'80yppp = 0.97001 x 6 Oyspmow — 29.99 %o (1)

To correct for deviations between IRMS and SIMS, a regression equation relating these
two types of measurements in cod otoliths was applied [54]:

§80rMms = 0.4773 x 5'80gp s + 0.483 ()
Raw SIMS §'80 measurements are presented in Table S1.

2.4. Isoscape Computation

A simplistic model was applied to predict the spatial variations in the oxygen isotope
composition of otoliths (8"800T10) in order to infer the possible location of the analysed
individual at a given point in time in the horizontal plane. A linear equation, which relates
the isotopic composition of water (8'80waTER) and the seawater temperature (T, in °C) was
applied [39]:

T=7v (8"*0oto — 8'°Owarer) + B 3)

where 5180010 is relative to the VPDB standard and §'8Oyargr is relative to the VSMOW
standard. A global gridded data set of 5180waTER Was obtained from [35] and averaged for
three depth ranges: (1) 0-20 m, (2) 20-50 m and (3) 50-100m, as these are the depths yellowfin
tuna inhabit most of the time [55]. Parameters y = —0.27 and 3 = 5.19, described for Pacific
Ocean bluefin tuna (Thunnus orientalis), were used for the computation [37]. Temperature
was derived from the reanalysis produced by the European Copernicus Marine Environment
Monitoring Service (CMEMS, http://marine.copernicus.eu), “CORIOLIS-GLOBAL-CORA-
OBS_FULL_TIME_SERIE” product. Monthly data from January 2013 to May 2018 (i.e., the
lifetime calculated for the fish) was averaged for each 1° x 1° grid for the three depth
ranges described above. Maps were generated using QGis software (3.8.3-Zanzibar version).
Note that this simplistic model assumes constant parameters for the otolith fractionation
equation, and that locally, seasonal fluctuations in seawater temperature may result in an
increased variability of §'80 otolith values than considered here.
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2.5. Statistical Analyses

Early life 5180 values measured by IRMS were examined for normality and homogene-
ity of variances using Shapiro-Wilks normality test and Fligner-Killeen test of homogeneity
of variances, respectively. All locations met the parametric assumptions. Differences be-
tween 880 values of sub-adult yellowfin tuna from Pakistan and Reunion were compared
using a Student 's t-test. Sub-adult signatures were also compared with §'80 values of YOY
yellowfin tuna from the 3 main baseline nursery regions, using 1-way ANOVA and Tukey’s
HSD test. Projections of nursery origin composition of adult yellowfin tuna from each
fishery ground were estimated using a multinomial logistic regression (MLR) classification
method as described by Rooker et al. [56]. Four probability thresholds were used to predict
nursery origin (0.5, 0.6, 0.7 and 0.8). As the probability threshold increases above 0.5, some
individuals may not have sufficient predicted probabilities to be assigned to any nursery
present in the baseline, and thus will be classified as an undetermined source. As such, the
fraction of individuals failing to meet the probability threshold of any nursery will increase
as the probability threshold increases [56]. The §'80 SIMS otolith profile was estimated
by computing the moving means of two adjacent values at a given distance from the core
to the edge. All analyses were performed using R software (R Foundation for Statistical
Computing, Vienna, Austria) [57].

3. Results
3.1. Nursery Origin of Sub-Adult and Adult Yellowfin Tuna

Sub-adult yellowfin tuna from Pakistan and Reunion showed distinct early life '80
composition (t-test, p < 0.001). The 5'80 otolith measurements ranged from —0.94 to
—1.47 for yellowfin tuna captured in Pakistan, and from —1.58 to —2.35 for fish captured in
Reunion (Figure 2). While the 5180 values of fish captured in Reunion were not significantly
different from the nearest nursery, the West nursery (Tukey HSD, P = 0.998), early life §'80
composition of fish captured in Pakistan was distinct from any of the nurseries present in
the baseline (Figure 2). Therefore, the early life §'80 signature of Pakistan was considered
as an additional nursery signature to be included with the reference samples, although the
exact geographical location of the nursery area represented cannot be determined (hereafter
called Pakistan-like origin).

YOY Sub-adults

-0.5

a b c d a
-1.0 !
-1.5

5'%0

20 _'__%‘_‘_ i

-2.5

-3.0

West Central East Pakistan Reunion
Location

Figure 2. Boxplots showing otolith early life §'80 composition of YOY (light blue) and sub-adult
(dark blue) yellowfin tuna (Thunnus albacares) from the Indian Ocean. Letters identify significant
differences (Tukey HSD, p < 0.05) between location means. Inter quartile range (25th and 75th
percentile) is shown by extent of boxes and error bars represent 10th and 90th percentiles. Median
(50th percentile) and mean values are shown in boxes as black lines and red dots, respectively.
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Most of the adult yellowfin tuna captured in South Africa, Reunion and West Australia
were assigned to the West nursery using the MLR approach. None of the adult yellowfin
tuna were assigned to the Central or East nurseries, but some adults with a Pakistan-like
8180 signature were detected in the three fishery grounds sampled (Figure 3). The number
of unclassified individuals was highest for adult yellowfin tuna captured in South Africa.
When the probability threshold was set at 0.5 or 0.6, one adult yellowfin tuna was classified
as undetermined. When the probability threshold was set at 0.7 and 0.8, 5 and 10 out
of the 19 adult yellowfin tuna captured in South Africa were classified as undetermined
respectively. The other individuals were classified as from the West or from the Pakistan-
like nursery of origin (Figure 3). For adult fish captured in Reunion, most of the individuals
(9 out of 12) were assigned to the West nursery origin with a probability threshold of <0.6,
while the three remaining fish were classified as from the Pakistan-like origin. The number
of unclassified fish was two and four for a probability threshold of 0.7 and 0.8, respectively.
For adult fish captured in West Australia one fish was assigned to the Pakistan-like origin
for all probability thresholds, while the rest of the fish were assigned to the West nursery of
origin. The number of unclassified individuals increased from zero to three with increasing
probability thresholds (0.5-0.8).

South Africa Reunion West Australia

20 12 8
18
10
16
6
14
8
12
Z 10 Z 6 Z4
8
4
6
2
2

0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8

Figure 3. Estimated number of Pakistan-like (yellow), West nursery (blue) and undetermined (grey)
origin yellowfin tuna (Thunnus albacares) samples captured in three different fishing grounds of
the Indian Ocean. Results are based on multinomial logistic regression (MLR) framework. Four
probability thresholds (0.5-0.8) are shown.

3.2. Oxygen Isotopic Distribution Along the Otolith and Isoscape Predictions

Otolith §'80 values measured by SIMS ranged from —2.03 to —0.65 along the growth
transect. In total, 36 spots were analysed along the otolith growth axis from core to edge,
spanning the fish’s life history from a few days post-hatch, to capture. There was an
increasing trend in mean 5'80 values from the otolith core to the edge, corresponding to
an increase in fish age (Figure 4). For the first ~900 um, §'80 values were low and little
variability was observed. The average value of the signature during to the first month
of life was —1.74, attained by integrating the spots from the core to the inflection point,
where the growth axis changes direction in the otolith transverse section. This value was
similar to that obtained by IRMS in the second otolith of the pair (—1.72) from the same
individual. After ~1000 um from the core, §'80 values increased sharply to a distance of
~1240 pm from the core, reaching 5180 values of the order of —1.50 (Figure 4), after which,
5180 values stabilized. A peak of 5'80 values (around —1) was observed towards the end
of the transect, between ~2100-2250 um, after which it decreased again to around —1.25.
Unfortunately, the last spot in the transect was not set exactly on the otolith edge, so that
the isotopic composition of the catch location (South Africa) was not analysed.
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Figure 4. Measurements of §'80 values made by SIMS across the otolith growth axis from core to
the near-edge in an adult yellowfin tuna. The 134 cm FL individual was captured in South Africa in
May 2018. Dots are values measured at each spot, and solid line represents the mobile mean. The
approximate location of the first month of life and 4.5+ years are indicated.

Predicted spatial variations in the isotopic composition of oxygen in otoliths ranged
from 3.0 to —3.0 and overall, expected values were higher in the Atlantic Ocean (Figure 5).
In the Indian Ocean, north of 20° S predicted §'80 values for 0-20 m depth range were
higher in the western region, with maximum values found in the Arabian Sea. Predicted
8180 values decreased eastward, with minimum values found off Sumatra and eastern Bay
of Bengal basin (Figure 5A). A similar pattern of §'80 values was detected for the 20-50 m
depth range. Higher 5'80 were found south of the equator (0-10° S), west of 90° E, and
around Madagascar Island (Figure 5B). At this depth, 5'80 values off Sumatra were in the
range of those of the rest eastern Indian Ocean. For the 50-100 m depth range, 5'%0 values
were the same off Sumatra, but increased in the rest of the Indian Ocean (Figure 5C). South
of 20° S, §!80 values followed a nearly perfect zonation by latitude, with predicted values
increasing with increasing southward latitude.

Potential otolith 6180
2.0-3.0

EEENEEEEN
SRR
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o
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20°
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Figure 5. Isoscape of predicted §'80 composition in otoliths based on global surface water measured
5180 values [35] at 0-20 m (A), 20-50 m (B) and 50-100 m (C), using the equation T = v(680010 —
3180waTER) + B [39] and parameters v and 3 from [37]. Data were averaged at each 1° x 1° grid.
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4. Discussion
4.1. Nursery Origin of Sub-Adult and Adult Yellowfin Tuna

The current study analyses the early life §'0 values in otoliths in order to expand
our understanding of the movement and mixing of yellowfin tuna in the Indian Ocean.
There is a decreasing trend in otolith 5'80 values from West to East that closely reflects
the increasing trend in water temperatures (Figure S3). This implies that each of the three
major nursery areas used as a baseline in this study have distinct 580 signatures that
serve as natural tags to identify the origin of older individuals [26,27,58]. The lengths of
sub-adults analysed in this study ranged from 47 to 75 cm FL and although they were not
in spawning condition [17], yellowfin tuna of this length are capable of large migrations in
search of foraging grounds [23]. Given this, we expected the early life 5'0 composition
for sub-adults from Pakistan and Reunion to reflect a mix of overlapping oxygen isotope
signals from fish arriving from different nursery origins. However, juveniles from Pakistan
and Reunion showed very different early life isotopic signatures, suggesting that these
fish originated from distinct nursery areas. The early life otolith §'®O composition of
sub-adults from Reunion resembled that from the closest known nursery, the West nursery,
suggesting some retention of sub-adult fish near this area. High retention of yellowfin
tuna of this size near to their closest nursery area has also been reported in the Pacific
Ocean [27,28]. Interestingly, the nursery signature of juvenile fish from Pakistan was very
different to any other nursery signature in the baseline. Although it is not possible to
directly determine where the nursery area of these fish is located, observed 'O results
of this study could indicate the possible existence of a nursery area in the Arabian Basin
region. Higher otolith §'80 values can be expected in this area compared to other regions
in the Indian Ocean. During the boreal winter monsoon (December to April), cold and dry
winds cool the surface waters along the northwestern Arabian Sea [59] and, consequently,
colder waters (SST ~ 22-24 °C) can be found at this time (Figure S3). The Arabian Sea is
under the influence of the Arabian Gulf water mass and therefore the saline content of the
region is higher than elsewhere in the Indian Ocean basin (Figure S3). These features may
explain the relatively high otolith §'80 values found in sub-adults collected off Pakistan, if
these fish originated from this area. There are no known spawning grounds of yellowfin
tuna in this area, although the possibility of a separate population of yellowfin tuna in the
Arabian Sea has been proposed [60,61].

Otolith early life 580 values proved useful for ascertaining the possible origin of
adult fish captured in three different fishing grounds of the south Indian Ocean (South
Africa, Reunion, and West Australia). Estimates of nursery origin of adult fish predicted
that most of the individuals analysed in the three fishing grounds were derived from the
West nursery, regardless of the modelling probability threshold used. This issue highlights
the importance of the western Indian Ocean as a major production area for yellowfin
tuna. As with sub-adults, our results indicate a high proportion of adult fish captured
in Reunion were derived from the West nursery area. Fish of West nursery origin were
also found in the West Australian fishing ground. This large dispersal capacity was found
during the Regional Tuna Tagging Program of the Indian Ocean (RTTP-IO), where tagged
fish from Tanzania migrated eastward following the 28-29 °C isotherm [62], although
fish from the west Indian Ocean were not recaptured as far east as West Australia in that
study [23]. Fish with West nursery origin were also found among adult fish collected in
South Africa although, during the RTTP-IO, few yellowfin tuna tagged off Tanzania were
recovered in the Agulhas current, along the South African coast [23]. A substantial number
of South African-caught fish were left unclassified as were a number from Reunion and
West Australia. While this might be a result of the 5§80 overlap among the estimated
baselines, it is also possible that individuals from other, more local nursery areas not
sampled in this study, were present in the adult mixed sample. In addition, a few adults
with the Pakistan-like nursery signature were identified in each of the three adult locations
sampled, suggesting that, as adults, some movements out of the potential Arabian Sea
nursery area may occur. These movements by fish within the Arabian Sea area has been
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corroborated by RTTP-1O data analysing the trajectories of yellowfin tuna tagged off Oman
(Figure S4). We did not find fish from the Central or East nursery origins in the adult mixed
sample collected at any of the three fishing grounds. This may be explained by the retention
of sub-adult and adult yellowfin tuna near these two nursery areas, or because yellowfin
tuna from the Central and East nurseries tend to migrate towards feeding grounds not
sampled in this study (e.g., Bay of Bengal). Limited movement of adult yellowfin tuna
outside the Maldives region, where the Central nursery is located, was described in tagging
studies [63]. It has been suggested that tuna tend to be less mobile in archipelagic waters
than in the open ocean [63]. Another potential explanation is the large number of anchored
fish aggregating devices (FADs) in the Maldivian region, under which yellowfin tuna and
other species are exploited. Tunas are attracted to floating objects, and once lured and
trapped in a network of anchored FADs, travelling distances of tuna can be reduced [64,65].
It is also possible that Central and East nurseries are less productive than the western
equatorial area, and therefore the occurrence of individuals from these origins is lower.

The biggest limitation of the present study is that the available samples used as
a calibration set (YOYs) did not match the cohort of our sub-adult and adult samples.
For otolith chemical analyses, the existence of such temporal variability can diminish the
interpretation of the observed results and confound spatial differences [66]. However,
decadal stability of otolith 5180 values has been described by other authors [58,67] and
no temporal differences were detected in otolith core 5'80 values between YOY yellowfin
tuna from different cohorts in the major nurseries of the Indian Ocean [50].

4.2. Oxygen Isotopic Distribution Along the Otolith and Isoscape Predictions

The SIMS analysis provided a high resolution §'80 record along the otolith growth
transect. This is the first time that this analysis has been performed for a tropical tuna
species, and the results highlight the potential of SIMS analyses to significantly expand
our understanding of the movements and life history of this species. Electronic tagging
devices can provide geolocation estimates for a fish on a daily basis, but data over the
entire lifespan are not always available, either because very small fish are not able to carry
the devices, the devices cannot store a large amount of data, batteries become exhausted,
or the tags are not retained by the fish over that time [68,69]. Measuring variations in §'80
across an otolith growth axis using the SIMS approach provides fine scale information
of the thermal experience of a fish over its lifetime, which may be particularly useful for
comparing relative patterns of §'80 values among contingents, that is, fish with divergent
migrations within stocks [70]. In the case of the yellowfin tuna analysed, the results indicate
that the fish may have spent parts of its life in different water masses. At the beginning
of the transect, relatively little variability in otolith §'80 was found, which may indicate
retention within a homogeneous area in the first months of growth. Over this part of
the transect, observed 580 values were low and, as fish grew, 5180 values increased.
According to the inverse relationship between otolith §'80 and water temperature [38,39],
this suggests an overall decrease in experienced ambient water temperatures. This trend
may reflect a migration from equatorial waters to higher latitudes, a shift in the depth
niche inhabited or, more likely, a combination of both. It is known that yellowfin tuna
perform extensive migrations between spawning and feeding grounds, but also that depth
preference changes according to body size [22,71]. By combining available maps of oxygen
§180 and temperature at three depth ranges, the possible location of the analysed individual
at a given point in time in the horizontal plane could be inferred. Although adult yellowfin
tuna are capable of diving to depths in excess of 1000 m, these deep dives may not have
sufficient duration to have been recorded in the otolith [55,72].

During the juvenile phase, the §'80 values were in the range of those predicted for
the west equatorial Indian Ocean at 0-20 m and 20-50 m depth ranges (Figure 5A,B).
As the fish grew, the observed §'80 values were in the range of those predicted for the
south sub-equatorial Indian Ocean or the Arabian Basin for these same depth ranges.
Alternatively, the analysed individual may also have moved to deeper waters (50-100 m)
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in west equatorial Indian Ocean or in subtropical waters south of the equator (Figure 5C).
Some values also coincided with the range of predicted §'®0 values for 25-30° S band
in the Indian Ocean (all depth ranges), and therefore it is more likely that the fish was
moving into south-tropical waters than into the north Arabian Sea. Due to the lack of a
representative spot at the otolith edge, it was not possible to check whether observed §'80
coincided with that predicted for South Africa (where the fish was caught). It is most likely
that this yellowfin tuna originated in the Indian Ocean rather than the Atlantic Ocean,
because higher otolith '80 values for the juvenile phase would have been detected in the
latter case (Figure 5). This result is consistent with the findings from Mullins et al. [73],
which did not find Atlantic origin fish among yellowfin tuna captured in South Africa.

However, there are several issues that decrease the accuracy with which environ-
mental histories of yellowfin tuna in the Indian Ocean can be reconstructed using otolith
8'80 composition. First, estimates were made based on the otolith fractionation equation
using parameters estimated for Pacific Ocean bluefin tuna, a species belonging to the same
sub-genus, but with different habitat preferences. This may have influenced the observed
results, since experimentally determined values of y and 3 appear to vary significantly
among species [37]. The most robust approach for deriving a field-based fractionation
equation parameter for yellowfin tuna, would be to analyse §'80 data from otoliths formed
under stable water temperature and 5180yater conditions of individuals reared in cap-
tivity [74]. In addition, otolith §'80 composition could be analysed on fish for which
electronic tag information is available, providing a means for evaluating the accuracy of
the estimates [75]. Second, the need of more precise estimates of water 5180 values is a
current limitation for geolocation using otolith 880 composition [47]. Third, the isoscape
maps presented here were derived from measurements of mean annual sea surface temper-
atures coupled to ocean 5'80 water values estimations. Local and/or seasonal fluctuation
events in water temperature may lead to biased estimates of individual geolocation [34,41].
Likewise, 5180 water values available to date in the Indian Ocean are derived from a
purely numerical approach rather than observational data. Future challenges of ocean
§180 water modeling include the addition of ocean circulation models that improve the
representation of seasonal effects in 5180 water values [35]. Finally, individual variation
in the physiological response to temperature needs to be better understood [41]. Most
of the studies carried out to date have concluded that otolith 'O is mainly driven by
ambient temperatures and deposited in the otoliths independently of kinetic and metabolic
effects [37,76-78]. However small-scale local fluctuations in water temperature, salinity
and/or shifts in the pH of the endolymph may also bias estimates of individual geolocation
and lead to inaccurate predictions [79,80].

One of the major challenges of the SIMS technique, is the difficulty in preparing
suitable samples. Data quality from SIMS analyses depends on high quality sample surface
condition [42,51] and samples that do not meet these high standards may need to be
discarded. Yellowfin tuna have fragile, thin, and elliptic otoliths that require particular
care during sectioning and polishing so preparing transverse sections is an extremely
delicate process. Age estimates made by identifying and counting growth increments on
the otoliths will allow spots for analysis to be positioned relative to growth increments
at a “known age”. This will help identify the timing of latitudinal migrations between
spawning and feeding locations more precisely. However, the inherent complexity of
yellowfin tuna otoliths makes it challenging to estimate fish age from increment counts in
otolith transverse sections [81,82] and further research is required in this area. Working
towards solving these issues will enhance our ability to apply the SIMS technique to
understanding yellowfin tuna life history.

5. Conclusions

Although results obtained from this study come from a limited number of samples,
they suggest that connectivity and mixing rates of yellowfin tuna within the Indian Ocean
might be more complex than previously assumed. This preliminary study points towards
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an asymmetric connectivity of yellowfin tuna within the Indian Ocean, with the West
nursery being a major source of yellowfin tuna to the south equatorial fisheries of the
Indian Ocean while the Central and East nurseries make little apparent contribution. In
2019, 75% of the total catch of yellowfin tuna in the Indian Ocean was caught in the
western region [21]. The intense fishing of yellowfin tuna in this area, together with
a lack of replenishment from the Central and East nurseries, may result in differential
local or regional stock dynamics. Ignoring such patterns of connectivity could result in
inaccurate estimates of stock productivity and misinterpretation of abundance trends in
the stock assessment process [83]. Analysing early life 5'80 signatures of YOY from known
spawning areas over several years would set up a baseline for assigning older individuals
to their nursery of origin more effectively. Locating and sampling other potential spawning
areas in the Indian Ocean will expand our knowledge of nursery areas [11]. Given the
distinct early life §'80 signature found in otoliths of yellowfin tuna collected off Pakistan, it
will be important to investigate whether the region is, in fact, a spawning area. This would
require larval surveys in the region and/or collecting samples from adult yellowfin tuna
and performing macroscopic identification of gonads. Further research on the origin of
adult yellowfin tuna using otolith microchemistry should be undertaken to investigate the
contribution of different nursery regions to fishery catches. Moreover, targeted analysis
of otoliths from adult fish in spawning condition at the different nursery areas could
elucidate the degree of spawning area fidelity and exchange between nurseries. The
SIMS approach proved to be a useful tool to infer the lifetime movements of an adult
yellowfin tuna. The comparison of relative patterns of §!80 composition along the growth
axis of the otolith among more individuals could contribute to a better understanding
of the contingent structure and metapopulation dynamics of this species [84]. Although
8180 is a promising geolocator for yellowfin tuna in the Indian Ocean, more accurate
estimates of water 5'80 and the relationship between water !0 and temperature are
required. Therefore, additional research is necessary to identify the complex connectivity
patterns and individual-scale movements of yellowfin tuna within the Indian Ocean, which
will have important implications for the management of this species. Ultimately, this
information will be essential to inform sustainable management decisions that ensure the
future of the resource and, hence, the fishery.
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10.3390/ 0ceans2030026/s1, Figure S1: The MicroMill drill path used (red line) for oxygen stable
isotope analyses in two yellowfin tunas of 29 cm FL (A) and 134 cm FL (B) otolith transverse sections,
Figure S2: Transverse section of an adult yellowfin tuna (Thunnus albacares) otolith showing the
transect (red line) followed and spot analysis locations (black numbering) for 5180 SIMS analysis,
Figure S3: Seasonal mean sea surface salinity (SSS, top panels) and sea surface temperature (SST,
bottom panels) in the Indian Ocean averaged for the 20172018 period in December, January, February
and March (left-hand panels) and June, July, August, September and October (right hand panels).
Monthly data was obtained from the “INSITU_GLO_TS_OA_NRT_OBSERVATIONS_013_002_a”
product available in the EU Copernicus Marine Service Information, Figure S4: Trajectories of
46 yellowfin tuna (Thunnus albacares) tagged off Oman. Data from the RTTP-IO database (https:
//www.iotc.org/tagging-data-2014-0, accessed on 10 March 2021), Table S1: Raw secondary ion
mass spectrometry measurements of 5'%0 along the growth axis of an otolith from a 134 cm FL
yellowfin tuna (Thunnus albacares) captured in South Africa.
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