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Abstract
Natal origin and stock structure of bigeye tuna (Thunnus obesus) in the Indian Ocean were
investigated using trace elements in otoliths. Otoliths were collected from (i) young of the year (YOY)
bigeye caught in the west central and north east regions of the Indian Ocean, which are known to be
spawning areas, and (ii) older fish in the south west and south east regions of the Indian Ocean.
Otoliths were analysed by LA-ICP-MS at two points: near the core and at the edge, providing an
elemental signal from material deposited while the fish were close to their spawning grounds and
from material deposited while they were in or close to their capture areas, respectively. Twelve
elemental isotopes were measured: Li, Na, Mg, P, K, Mn, Fe, Cu, Zn, Rb, Sr, Ba. Core and edge
signatures for the same otolith were significantly different for most elements. Core signatures did
not differ significantly for YOY bigeye in the west and east northern locations; this suggests that the
ocean chemistry did not differ significantly between these locations. The core signatures for older
fish in the west and east southern locations did not differ significantly from each other, but they did
differ significantly from the core signatures observed for fish from the northern spawning locations,
indicating either: (i) the fish from the southern locations were not spawned in either of the northern
locations; or (ii) they were spawned in one of the northern locations but the ocean chemistry was
very different in the years they were spawned. Core and edge signatures for the same otolith were
significantly different and edge signatures also did not differ between fish from the two northern
locations. While temporal variability in otolith elemental chemistry may confound spatial structure
information, these results show that otolith chemistry can differentiate separate groups of bigeye
within the Indian Ocean. Analysing YOY from known spawning areas over several years would set up
a baseline for matching otolith cores from older fish collected in other areas of the Indian Ocean that
may then provide evidence of population structuring.
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Introduction
In 2017, CSIRO (Australia) in collaboration with AZTI (Spain), IRD (France) and CFR (Indonesia)
commenced a 3-year collaborative project on population structure of tuna, billfish and sharks of the
Indian Ocean (PSTBS-IO) funded by the European Union and the consortium partners. The overall
aim of the PSTBS-IO project was to develop a better understanding of the stock structure of tuna,
billfish and sharks of the Indian Ocean using two independent, complementary techniques: genetics
and otolith (or vertebrae) microchemistry. Here, we present the results from the bigeye tuna (BET)
otolith microchemistry component of the PSTBS-IO project.
In the Indian Ocean, bigeye tuna is targeted mainly by the longline and purse seine fleets and the
total annual catch is around 95,000 tonnes (IOTC, 2019). Bigeye tuna are capable of long-distance
migrations (Fonteneau and Hallier 2015, Hallier and Fontenau 2015) while a high degree of site
fidelity has also been reported (Evans et al. 2008, Fonteneau and Hallier 2015, Schaeffer et al. 2015).
This variation in behaviour produces a complex spatial structure within an ocean basin, posing a
challenge for sustainable management.
Otolith microchemistry can provide information on population structure and connectivity of a
species, if fish have inhabited different environments with distinct physicochemical properties
(Campana et al. 1999). Previous studies have used otolith microchemistry to determine natal origin
and population connectivity of some tuna and billfish species (Artetxe-Arrate et al. 2019, Proctor et
al. 2019, Rooker et al. 2007, 2016). The investigation of otolith microchemistry of bigeye tuna has
thus far been limited to 2 studies. Proctor et al (2019) compared otolith stable isotopes and
elemental chemistry of bigeye caught at nine sites in the Indonesian archipelago and two outlier
sites, Maldives and Solomon Islands. Applying discriminant function analysis, individual fish were
most often correctly classified to the location where they were captured, and when this was not the
case, they were usually classified to adjacent or nearby locations, indicating fish had not moved large
distances in their first 4 - 6 months of life. In a study in the Pacific Ocean, Rooker et al. (2016) found
spatial variation in the otolith elemental and stable isotope signatures from young of the year (YOY)
that were collected in four locations in the western and central Pacific Ocean. The stable isotope
signatures were used as a baseline to classify age-1 to age 2+ fish to their natal origin by comparing
the YOY signatures with otolith material from the older fish ablated near the core. In the current
study, elemental signatures from the otolith cores and otolith edges from bigeye tuna were analysed
to examine population structure. Signals from the core should reflect the fish’s spawning origins and
the otolith edge signals reflect the fish’s known capture location.

Methods
The bigeye otolith samples analysed were from four sampling locations (Fig. 1), referred to as
Western Central Indian Ocean (WCI), North-East Indian Ocean (NEI), South-West Indian Ocean (SWI)
and South-East Indian Ocean (SEI).
Due to sampling limitations, the samples from the different locations were collected during different
periods (Table 1). All fish from the two northern sites (WCI and NEI) were age 0+ (24-44 cm fork
length (FL)) and were substantially smaller than minimum size at maturity (see Zudaire et al. 2016).
Fish from the two southern sites (SWI and SEI) were larger individuals (87-178 cm FL) (Fig. 1, Fig. 2,
Table 1). The two northern locations are known spawning sites for bigeye (Nishikawa 1985, Stequert
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and Marsac 1989, Suman et al. 2015), so the aim of the sampling design was to obtain a spawning
ground signature for these locations and then see whether the core signatures from the adults
sampled at the southern locations corresponded to either of these spawning sites.
The otoliths were analysed at the Centre for Ore Deposits and Earth Sciences (CODES) at the
University of Tasmania using LA-ICP-MS, with a Resonetics RESOLution S-155 system with a Coherent
110 Compex Pro ArF excimer laser operating at 193nm wavelength and a ~20ns pulse width and an
Agilent 7900 Inductively Coupled Plasma Mass Spectrometer (ICP-MS). The laser ablated 29-micron
spots at 4 positions along the otolith from the core (earliest-deposited material) to the edge (the
most recently deposited material). Twelve chemical elements were measured: 7Li, 23Na, 24Mg, 31P,
39K, 55Mn, 57Fe, 63Cu, 66Zn, 85Rb, 88Sr and 37Ba. Data reduction and processing was performed
using LADR software (Norris and Danyushevsky 2018).

Figure 1. Map showing the number of bigeye otoliths analysed for each of four sampling locations, referred to
as Western Central Indian Ocean (WCI), North-East Indian Ocean (NEI), South-West Indian Ocean (SWI) and
South-East Indian Ocean (SEI); and the size range of fish at each location.
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Figure 2. Boxplots of bigeye fork length (FL, cm) by sampling location, including only fish whose
otoliths were selected for analysis.

Table 1. Number, sampling period, size range and estimated ages of fish for each of the sampling locations. Sizes are fork
length (FL).

Location

N

Sampling dates

FL
**Estimated age
range
range (years)
(cm)
Western Central Indian Ocean (WCI)
19 February-April 2018 (primarily)
30-44
0+
North-East Indian Ocean (NEI)
40 April and November 2018
24-36
0+
South-West Indian Ocean (SWI)
24 August-October 2017 (primarily)
91-174 2-15
South-East Indian Ocean (SEI)
18 May 2019
87-178 2-15
** based on length-at-age results from Eveson et al. 2015, Farley et al. 2006, Sardenne et al. 2015.

The spot near the core was examined to identify the chemical signatures deposited during the first
weeks of life, which are most likely to reflect the fish spawning origins. Signatures from the otolith
edge were also examined, since these data reflect the fish’s known capture location, and can be
used for validation purposes.
Several statistical analyses were performed on the elemental signatures from the core and from the
edge. Principal component analyses (PCA) were used to determine which elements account for most
of interindividual variability in the data, and to help visualize the data as this can be difficult with so
many elements (using the dudi.pca function from the ade4 package in R). Since assumptions of
normality and homoscedasticity were not met for all elements, permutational multivariate analyses
of variance (PERMANOVA) were then carried out to test for differences in the multi-elemental
signatures of fish among locations (using the adonis function from the vegan package in R).
PERMANOVAs were performed using all elements, as well as only those elements that contributed
significantly to interindividual variability in the data based on the PCAs. If the PERMANOVA
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suggested signatures differed among locations, then subsequent pairwise tests were performed to
determine which locations differed (using the pairwise.adonis function in R with Euclidean distance
to calculate the similarity matrix and the Benjamini-Hochberg method for calculating the adjusted pvalue). Note that prior to analyses, the data were log-transformed to reduce skewness and also
standardised (i.e., for each element, the data was centred by subtracting the mean and scaled by
dividing by the standard deviation).

Results
Core and edge signatures for the same otolith were significantly different for most elements (Fig. 3).
This is clear in the otolith data for the northern locations where, even though fish are assumed not
to have undergone large-scale movements between spawning and capture, their core and edge
signatures are still significantly different.

Figure 3. Boxplots comparing bigeye core (green) and edge (blue) signatures at the four sampling
locations.
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Core results
Boxplots comparing core signatures between locations show that some elements are similar among
all locations; however, for those elements that show clear differences (e.g. Mg, K, Rb), the two
northern locations (NEI and WCI) appear similar to each other but different than the two southern
locations (SEI and SWI) (Fig. 4).
The elements that contributed significantly to the interindividual variation in core signatures (>15%
to axis 1 and/or 2 in the PCA) were Sr, Ba, Zn, Rb and K. (We originally used 20% as the criteria but
this resulted in only one element (Sr), so we relaxed the criteria to 15% contribution). Results from
PERMANOVAs run using all elements or just these five elements suggest that core signatures are not
equal among all locations (p=0.001). Subsequent pairwise tests between locations show that this is
due to the core signatures differing significantly between the two northern locations and two the
southern locations (Table 2). Core signatures do not differ significantly between the two northern
(spawning) locations, nor between the two southern locations (Table 2). Note that results using all
elements are presented but that the conclusions are the same using just the subset of five elements.
A biplot from the PCA showing individuals projected onto the first plane (i.e., the first two axes)
helps to visualize these findings (Fig. 5).

Figure 4. Boxplots comparing bigeye otolith core data between locations for each element. Note
that the data have been log-transformed to reduce skewness and facilitate comparison.
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Table 2. Results of pairwise comparisons of bigeye otolith core signatures between locations. In the
Significance column, a blank means that the locations do not differ significantly at level 0.05, a dot (.)
means they differ at level 0.05, and a star (*) means they differ at level 0.01.
Pair
WCI
WCI
WCI
NEI
NEI
SEI

vs
vs
vs
vs
vs
vs

NEI
SEI
SWI
SEI
SWI
SWI

Df
1
1
1
1
1
1

Sum-ofSquares
18.729
76.059
104.763
90.234
138.617
10.700

F-statistic R-squared
1.793
0.033
7.287
0.177
11.260
0.220
8.654
0.140
14.349
0.196
1.153
0.028

P-value
0.106
0.001
0.001
0.001
0.001
0.324

Adjusted
P-value
0.127
0.002
0.002
0.002
0.002
0.324

Significance
*
*
*
*

Figure 5. Biplot of individual (fish) and variable (chemical elements) projection on the first plane of
the PCA made with the bigeye otolith core signatures. Individuals are coded by their sampling
location. For the variables, the length of the arrow reflects the % of contribution to the total inertia.
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Edge results
Boxplots comparing edge signatures between locations for each element show that, in general, the
data for the two northern locations (NEI and WCI) look similar, and likewise for the two southern
locations (SEI and SWI) (Fig. 6).
The elements that contributed significantly to the interindividual variation in edge signatures (>15%
to axis 1 and/or 2 in the PCA) were Ba, P, Mn and Mg. Results from PERMANOVAs run using all
elements or just these four elements suggest edge signatures are not equal among all locations
(p=0.001). Subsequent pairwise tests between locations show this is due to the edge signatures
differing significantly between the northern and southern locations (Table 3). The edge signatures
do not differ significantly between the two northern (spawning) locations, nor between the two
southern locations (Table 3). Again, results using all elements are presented but the conclusions
remain the same using just the subset of four elements. A biplot from the PCA showing individuals
projected onto the first plane (i.e., the first two axes) helps to visualize these findings (Fig. 7).

Figure 6. Boxplots comparing edge data for each element between locations. Note that the data
have been log-transformed to reduce skewness and facilitate comparison.

Table 3. Results of pairwise comparisons of multi-elemental edge signatures between locations. In
the Significance column, a blank means that the locations do not differ significantly at level 0.05, a
dot (.) means they differ at level 0.05, and a star (*) means they differ at level 0.01.
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Pair
WCI
WCI
WCI
NEI
NEI
SEI

vs
vs
vs
vs
vs
vs

NEI
SEI
SWI
SEI
SWI
SWI

Df
1
1
1
1
1
1

Sum-ofSquares
10.174
123.875
213.857
155.281
276.356
12.359

F-statistic R-squared
1.323
0.023
12.518
0.275
27.962
0.424
19.843
0.284
42.776
0.437
1.575
0.046

P-value
0.222
0.001
0.001
0.001
0.001
0.140

Adjusted
P-value
0.222
0.002
0.002
0.002
0.002
0.168

Significance
*
*
*
*

Figure 7. Biplot of individual (fish) and variable (chemical elements) projection on the first plane of
the PCA made with the bigeye otolith edge signatures. Individuals are coded by their sampling
location. For the variables, the length of the arrow reflects the % of contribution to the total inertia.

Discussion
Our analyses showed that the core signatures of YOY bigeye do not differ significantly between the
two northern spawning locations, suggesting either: (i) the ocean chemistry does not differ
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significantly between these locations, or (ii) fish were spawned in a single location and their larvae
were transported within the first few days of life to separate locations. The fact that the edge
signatures also do not differ between fish from the two northern locations supports the first
hypothesis, that the ocean chemistry is similar between these locations. Unfortunately, this means
that these data are not useful for distinguishing which, if either, of the two northern locations adult
fish sampled in the south originated from.
Interestingly, the core signatures for the southern locations do not differ significantly from each
other, but they do differ significantly from the core signatures of the northern spawning locations,
indicating either: (i) the fish from the south were not spawned in either of the northern locations; or
(ii) they were spawned in one of the northern locations but the ocean chemistry was very different
in the years they were spawned (estimated to cover a wide range from the mid-2000s to the mid2010s) than in the years that the fish sampled from the northern locations were spawned (20172018). Although we cannot rule out that the ocean chemistry changed significantly between the two
periods, if this were the case, we might have expected the core signatures of the southern fish to
have much greater variability than the northern fish but still to overlap significantly, which is not the
case (Fig. 5). In terms of edge signatures for the southern locations, they do not differ significantly
from each other; given that the edge signatures should be representative of capture location, this
suggests that the ocean chemistry (at least for the elements considered here) does not differ
significantly between these locations.
Samples from the WCI and NEI locations were collected over 10 months, so we cannot rule out that
seasonal fluctuations in oceanography over that period increased variability in the otolith signatures
and that could possibly have masked spatial differentiation, i.e. the seasonal variability in the otolith
signatures was greater than the variability between locations. The southern locations are subject to
less seasonal variation and are more homogeneous between east and west (Davies et al 2020).
The way elements are incorporated into otoliths is influenced by age and life stage (Macdonald et al.
2020); this is clear in the otolith data for the northern locations, where even though fish are
estimated to be only about 3 to 6 months old and assumed not to have undergone large-scale
movements between spawning and capture, their core and edge signatures were still significantly
different. However, seasonal fluctuations in oceanography within the northern spawning sites
(Davies et al. 2020) may also have influenced the difference in otolith chemistry, between spawning
and time of capture, within individuals.
The results show that while otolith chemistry can be used as a tool to differentiate groups of fish,
temporal variability in otolith elemental chemistry may confound spatial structure information and
homogeneity of the water masses hampers the application of otolith chemistry. Unfortunately, this
study of elemental signatures of YOY bigeye tuna in the Indian Ocean has not provided a tool to
retrospectively determine adults’ natal origin, with which to infer stock structure and connectivity of
this species in the Indian Ocean. Analysing YOY from known spawning areas over several years
would set up a baseline for matching otolith cores from older fish collected in other areas of the
Indian Ocean. In addition, incorporating data on the temporal and spatial variation in the chemical
oceanography of the Indian Ocean would provide a valuable comparison with the temporal and
spatial variation in otolith chemistry and, subsequently, an understanding of the extent to which
oceanography influences otolith composition at different life stages. This could aid in interpretation
of results including why otolith chemistry may not vary between widely separated locations, such as
the two northern spawning locations in this study.
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