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1.  INTRODUCTION 

Yellowfin tuna Thunnus albacares is an economi-
cally important pelagic species inhabiting tropical 
and subtropical waters of the world’s 3 major oceans. 
This valuable species is heavily exploited by both arti-
sanal and industrial fisheries operating around the 
globe (FAO 2020, Artetxe-Arrate et al. 2021). In 2021, 
total catches of yellowfin tuna in the Indian Ocean 

were close to 415 000 Mt, accounting for 9% of major 
commercial global tuna catches (IOTC 2023, ISSF 
2023). Given such intense fishing pressure, a good 
understanding of the species’ biological processes, 
such as age, growth, and mortality, is required to 
ensure a correct evaluation of the population and 
effective management of the resource. 

Age estimation of fish is a key area of research in 
fisheries science, since most population dynamics 
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models used to assess the status of a stock are depen-
dent on age-based parameters. Fish age estimates are 
often obtained counting paired opaque and translu-
cent bands in calcified structures, such as otoliths 
(Campana 2001). Commonly used methods to esti-
mate age and/or growth include tagging studies 
(determining the change in size of individuals 
between the time of tagging and recapture), analysis 
of length-frequency data (length-frequency distribu-
tion of the catches generally exhibit modes that can 
be tracked over time, although this is generally 
restricted to small/young fish), and the study of calci-
fied structures (counting daily and/or annual growth 
zones in otoliths, fin spines, or vertebrae), among 
others (Campana 2001). Otoliths are the preferred 
hard structures for ageing studies in tuna due to their 
metabolically inert formation, which prevents resorp-
tion, unlike other structures like fin spines and scales 
that lead to age underestimation of older individuals 
(Lessa & Duarte-Neto 2004). As a result, otoliths can 
provide accurate age estimates over a broad age 
range (e.g. Eveson et al. 2015, Sardenne et al. 2015, 
Farley et al. 2020). During otolith formation, rhyth-
mic/seasonal variations in the deposition rate of cal-
cium carbonate results in the creation of alternating 
opaque and translucent zones that can be interpreted 
as annual growth increments or daily micro-incre-
ments (Morales-Nin 2000), although the physiologi-
cal mechanisms behind increment formation are not 
fully understood (Kalish 1989, Campana 1999). In 
addition, maximum age is key for estimating natural 
mortality, which in turn is one of the most influential 
parameters in stock assessment models (Then et al. 
2015, Punt et al. 2021). 

Although the age and growth of yellowfin tuna have 
been widely investigated, different growth rates have 
been reported for different stocks and even for differ-
ent areas within a stock, leading to uncertainties in 
terms of age validation and maximum age (Murua et 
al. 2017). Discrepancies in growth parameters among 
studies are often derived from the ageing criteria 
applied by different laboratories and/or readers, 
although the lack of a proper sampling design is also 
a common source of uncertainty, due partly to the 
selectivity of the fisheries that makes it difficult to col-
lect representative samples of the whole population 
(Murua et al. 2017, Lu et al. 2023). Counting annual 
growth increments in the otoliths of tropical tuna, 
such as yellowfin, has been challenging because the 
increments are often difficult to identify (Farley et al. 
2020, Pacicco et al. 2021). As stock status indicators 
are heavily influenced by fish growth, extensive 
research efforts have been made over recent years to 

improve direct daily and annual age estimation 
methods for yellowfin tuna. Farley et al. (2020) devel-
oped a novel method to calculate the fractional (dec-
imal) age of yellowfin tuna in the Pacific Ocean, com-
bining counts of daily and annual increments in 
otoliths. This age determination method was recently 
applied to yellowfin tuna in the Indian Ocean (Farley 
et al. 2021). The maximum age calculated for yellow-
fin tuna from the Indian Ocean using this method was 
at least 10.9 yr, somewhat older than previous re -
ported values around 9.5 yr (Shih et al. 2014). 

Age estimates need to be validated for each species 
and even for different stocks of the same species 
(Campana 2001). However, otolith age estimates for 
yellowfin tuna in the Indian Ocean have not yet been 
validated. Several techniques are used to validate age 
estimates such as the analysis of otoliths from mark–
recapture of chemically tagged wild fish (e.g. Krusic-
Golub & Ailloud 2022), individuals reared in captivity 
(e.g. Ticina et al. 2007), and radiometry (lead–radium 
dating, e.g. Andrews et al. 2011a) or bomb radiocar-
bon dating of otoliths (Campana 2001). 

While age validation of yellowfin tuna has been 
conducted for the larval stages in the Pacific Ocean 
(Wexler et al. 2001) and more recently for adults in 
the Atlantic and Pacific Oceans (Andrews et al. 2020, 
Farley et al. 2020, Krusic-Golub & Ailloud 2022), 
studies that validate the age estimation of yellowfin 
tuna from the Indian Ocean across different age 
classes are scarce. Sardenne et al. (2015) demon-
strated daily micro-increment formation in otoliths of 
yellowfin tuna from the Indian Ocean based on oxy-
tetracycline mark–recapture experiments; however, 
the maximum time at liberty of the experiment was 
3 yr, and yellowfin tuna were all less than 5 yr old, 
 limiting the time-period of the validation. 

The use of bomb radiocarbon (14C) to validate oto-
lith ages has proven to be an effective technique in 
fisheries biology (Kalish 1993). This approach recog-
nizes that the atmospheric 14C produced during 
nuclear bomb testing through the 1950s and 1960s 
was incorporated into marine waters and sub-
sequently into biological calcified structures of mar-
ine organisms (e.g. otoliths, shells, corals) (Campana 
1999). Since otolith-deposited material is not reab-
sorbed during the lifetime of a fish, 14C leaves a 
detectable trace in the otolith at the time of deposi-
tion (Kalish 1993). After the nuclear test ban treaty in 
1963, 14C levels in oceanic carbonates continued to 
increase in the next decade to a peak of variable tim-
ing and amplitude (Nydal & Lovseth 1983, Guilderson 
et al. 2000, Mahadevan 2001). From the ~1980s 
onward, upper-ocean 14C levels have been continu-
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ously declining, but remain elevated relative to pre-
1950s levels (Broecker & Peng 1982). The increase in 
bomb-produced 14C levels was first described in her-
matypic corals in Florida (Druffel & Linick 1978), and 
it has been shown that 14C records in otoliths of shal-
low-water organisms are synchronous with the coral 
time-series (Kalish 1993, Campana 1997). 

The change in bomb 14C levels in reference chronol-
ogies (usually corals) has been used to confirm age 
estimates in several fish species (e.g. Kalish et al. 
1997, Campana & Jones 1998, Campana 2001, Cam-
pana et al. 2002, Kastelle et al. 2008, 2020). The 
method is based on a comparison of 14C values in the 
otolith core portion of aged fish with the equivalent 
year from a suitable and known-age reference 14C 
time-series. The precision of the 14C method depends 
on the position of the presumed birth year relative to 
the period of increasing or declining bomb 14C con-
centrations, as well as the availability of a suitable ref-
erence chronology. The method is most precise for 
fish born during the steep increasing portion of the 
bomb curve (during the 1960s) where there is less 
chronological uncertainty in the 14C concentrations 
(± ~2 yr), and most studies have validated the esti-
mated ages of fish born during this period (e.g. Kalish 
et al. 1996, Campana 1997, Melvin & Campana 2010). 
As the ambient 14C level flattens, the uncertainty 
increases. However, several studies have successfully 
used the gradual decline period of the bomb curve for 
validating age estimates of fish born in more recent 
years (Andrews et al. 2011b, 2015, 2018, DeMartini et 
al. 2018, Sanchez et al. 2019, Shervette et al. 2021), 
including studies of tuna and billfish (Ishihara et al. 
2017, Andrews et al. 2020). The characteristics of the 
decline in 14C vary regionally, much more so than the 
period of increase, and are influenced by spatial and 
temporal variations in atmospheric circulation and 
mixing with deeper waters (Druffel & Suess 1983, 
Michel & Linick 1985, Grumet et al. 2005, Gao et al. 
2021). Recently, Raj et al. (2022) presented a compila-
tion of 14C records in corals from different regions of 
the Indian Ocean, which is a useful reference for 14C 
ageing studies in the Indian Ocean. 

An age validation study using post-peak bomb 
radiocarbon dating has been recently completed for 
yellowfin tuna from the Atlantic Ocean (Andrews et 
al. 2020) and from the western and central Pacific 
Ocean (Andrews et al. 2022). The current study pre-
sents the first application of the post-peak bomb 14C 
age validation method to test the validity of annual 
age estimates of yellowfin tuna in the Indian Ocean. 
First, a coral chronology from the north-central 
Indian Ocean (Raj et al. 2022) during the post-peak 

decline period was combined with known-age yellow-
fin tuna otolith measurements to form a 14C reference 
chronology suitable for our study. Then, 14C assays of 
sub-adult and adult yellowfin tuna otoliths with birth 
years between 2004 and 2018 based on the age deter-
mination method used by Farley et al. (2021) were 
compared with this reference chronology. Finally, 
14C-derived ages and direct age estimates of the same 
fish were compared to assess the validity of ages esti-
mated from annual growth increment counts. 

2.  MATERIALS AND METHODS 

2.1.  Sample collection and selection 

Sagittal otoliths from yellowfin tuna were collected 
in the western Indian Ocean between 2006 and 2020 
(Fig. 1). Straight fork length (SFL) was measured to 
the nearest cm for all fish. Otoliths were extracted 
from fresh fish using forceps, carefully cleaned of 
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Fig. 1. Sampling locations of yellowfin tuna Thunnus alba-
cares otoliths in the western Indian Ocean. Points in the map 
represent known-age tuna (age-0 and age-1) used as refer-
ence chronologies (blue triangles) and age-2+ tuna used for 
age validation (yellow squares). Two coral Δ14C records were 
compared with otolith data: Watamu coral record, in the 
western Indian Ocean (Grumet et al. 2002), and Kadmat 
Island in the northern Indian Ocean (Raj & Bhushan 2021), 
which are marked with black open circles enclosing a cross. 
The latter was used in combination with otoliths of yellowfin  

tuna as a reference chronology
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adhering organic tissue, and stored dry in polyethyl-
ene vials before subsequent analysis. Based on the 
SFL measurements, otoliths from 17 age-0 and age-1 
yellowfin tuna were selected for the reference chro-
nology, and otoliths from 30 sub-adult and adult fish 
(SFL >100 cm) for which both otoliths were available 
were selected for age validation (Fig. 1). One otolith 
from each of the 30 pairs was randomly selected for 
14C analysis, and the second otolith was used for 
direct age estimation based on annual growth incre-
ment counts. The known-age reference set was com-
posed of otoliths from fish with SFL <60 cm, estimated 
to be of age 0 or 1 based on daily micro-increment 
counting (Farley et al. 2021), and birth years ranging 
from 2006 to 2019. Otoliths for age validation were 
selected based on an individual’s SFL and catch date 
with the objective of selecting tuna from cohorts 
throughout the post-peak decline period. The SFL of 
sub-adult and adult yellowfin tuna was between 103 
and 171 cm, and assumed birth years after back-calcu-
lating the estimated otolith age (see Section 3) from 
the catch date ranged from 2005 to 2018. 

2.2.  Otolith preparation and age estimation 

Otoliths used for age estimation were sent to  
Fish Ageing Services (Queenscliff, Australia; www. 
fishageingservices.com) where they were prepared 
for annual age readings based on the method recently 
developed for yellowfin tuna in the Indian Ocean 
(Farley et al. 2021). Otoliths were embedded in rows 
of 5 in clear polyester resin and left to harden for a 

minimum of 24 h. Four serial transverse sections of 
approximately 320 μm thick were cut through the 
center of each otolith using a GEMMASTER slab saw 
equipped with an ultrathin diamond wafering blade 
(Pro-Slicer 4 × 0.004 × 5/8) to ensure that the nucleus 
of the otolith was included in at least 1 of the 4 
 sections (Fig. 2A). Sections were cleaned, dried, 
mounted onto glass microscope slides with further 
polyester resin, and covered with coverslips. All oto-
lith preparations were examined using transmitted 
light with a LeicaM125 stereo microscope set at 25× 
magnification, and for each sample, the section that 
either contained the nucleus or cut closest to the 
nucleus was selected for ageing. Images of the sec-
tions were captured with a digital camera (The Imag-
ing Source) attached to the microscope including a 
scale bar of 1 mm and analyzed with the camera’s cor-
responding image analysis software (IC Measure, The 
Imaging Source ©). The position of the start of each 
opaque zone was marked, and the corresponding 
increment width (including the incomplete annuli 
width at the otolith edge) was measured (Fig. 2B). 
Decimal age of each fish was calculated following the 
method described by Farley et al. (2021). First, the age 
when the first opaque zone was completed was calcu-
lated using the relationship between daily age and 
otolith size (distance from the nucleus to the edge of 
the otolith) for paired otoliths. Then, the number of 
complete annual increments (opaque + translucent 
band) was counted. Finally, the time elapsed after the 
last opaque zone was deposited was estimated by 
comparing the size of the marginal increment with the 
mean size of marginal increments in all otoliths of the 
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Fig. 2. (A) Photograph of a whole 
(right) sagittal otolith of an adult yel-
lowfin tuna Thunnus albacares show-
ing the slice selected for the trans-
verse section containing the nucleus. 
Transverse section of the same yel-
lowfin tuna (left), depicting the red 
shaded drilling path, which was used 
to extract the targeted early growth 
portion (dashed line) with a Micro-
Mill precision drilling instrument.  
(B) Annual growth increments (white 
dots) in a transversely sectioned oto-
lith from an Indian Ocean yellowfin 
tuna captured on 30 September 2021 
(170.5 cm straight fork length). ‘N’ 
indicates the position of the nucleus. 
The increment on the otolith edge 
(black arrow) is considered incom-
plete and not included in the total  

zone count
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age class as estimated previously for Indian Ocean 
yellowfin tuna (Farley et al. 2021). The final age, here-
after simply called age, of each fish was calculated by 
summing the age components estimated in the 3 
steps. 

2.3.  Otolith preparation and radiocarbon analyses 

Extraction of the early-growth portion of the 30 
sub-adult and adult yellowfin tuna otoliths selected 
for age validation were performed following a series 
of steps. First, otoliths were embedded with Epofix 
resin, and the nucleus was identified under the micro-
scope. Then, transverse sections between 1.8 and 
2 mm thick were cut using an IsoMet low-speed saw 
while ensuring that the nucleus was centered within 
the section. Transverse sections were polished with a 
series of grinding and polishing films moistened with 
ultrapure water to ensure a smooth surface and 
enhance visibility of the growth bands. Sections were 
glued onto a sample plate using Crystalbond thermo-
plastic glue (Crystalbond 509, Buehler). Otoliths were 
cored, and the early-growth portion was isolated 
using a high-resolution New Wave Research Micro-
Mill System consisting of an automated drill with a 
microscope and imaging system controlled by com-
puter software. The targeted portion (Fig. 2A) was 
assumed to have been deposited during the first 1.5 yr 
of life, based on previous measurements of otoliths of 
age-1 and age-2 yellowfin tuna identified by modal 
progression analysis, and ensured the minimum sam-
ple weight for radiocarbon assays. A 300 mm diameter 
carbide bit (Gebr. Brasseler) was used over a pre-pro-
grammed template (Fig. 2), repeating the path from 
both sides of the transverse section until the desired 
portion was isolated as a solid chunk. The isolated 
material was weighed to the nearest 0.1 mg. For each 
otolith, a minimum of 3.0 mg of otolith material was 
collected in glassine weighing paper. All otoliths were 
digitally photographed at each step to record the 
methods used and ensure that the isolated otolith por-
tion corresponded to the material deposited during 
the period 0–1.5 yr. The date of sample formation (i.e. 
the date best corresponding to when the extracted 
material analyzed for 14C was deposited) was calcu-
lated as the catch date of fish collection minus the 
decimal age estimated by direct ageing, plus 0.75 
(half of the mean extracted portion). 

The extracted otolith material from the 30 age-val-
idation samples and the whole otoliths from the 17 
reference samples (yellowfin tuna of age-0 and age-1) 
were submitted to Beta Analytics for 14C assay with 

accelerator mass spectrometry (AMS). AMS assays 
also provided carbon stable isotope (δ13C) values, 
which were used to correct for isotopic fractionation 
effects and provide information on the source of the 
carbon. Radiocarbon values are subsequently 
reported as Δ14C, which is the per mil (‰) deviation of 
the sample from the radiocarbon concentration of 
19th-century wood, corrected for sample decay prior 
to 1950 according to methods outlined by Stuiver & 
Polach (1977). The mean standard deviation of the 
individual radiocarbon assays was about 2.7‰. 

2.4.  Reference 14C chronologies 

Tropical surface waters are the main habitat of yel-
lowfin tuna during the first year of life, making coral 
records representative of the region inhabited by this 
species during the juvenile period. From the compila-
tion of coral Δ14C records in the Indian Ocean pre-
sented by Raj et al. (2022), 2 coral records were ini-
tially selected as reference chronologies to augment 
the known-age yellowfin tuna otolith data set: (1) the 
coral record from Watamu, off the Kenyan coast (Gru-
met et al. 2002), and (2) the coral record from Kadmat 
Island, west of the Indian continent (Raj & Bhushan 
2021) (Fig. 1). The first was selected due to the geo-
graphic proximity to our region of interest, but this 
record ends in 1987 (Fig. 3A) and does not overlap 
with samples from the current study (estimated birth 
years from 2004 to 2018; see Section 3), so was not 
considered further. The coral Δ14C record from Kad-
mat Island, while farther from our study location, 
ranges from 1977 to 2014 and therefore was selected 
to extend the otolith reference series to overlap with 
our study period (Fig. 3). To determine if the known-
age otolith Δ14C values (Table 1) and the Kadmat 
coral record yielded similar decline rates, the slopes 
of the coral and otolith records were statistically com-
pared using a generalized linear model (GLM). Spe-
cifically, a GLM was fit to the reference data set with 
Δ14C as the response variable, year as a covariate, ref-
erence material (coral or otolith) as a factor, and an 
interaction term between year and reference material, 
where a statistically significant interaction term 
would indicate different Δ14C decline rates for the 
coral and otolith data. After verifying that the decline 
slopes of Kadmat corals and known-age otoliths were 
similar (p > 0.05), 2 different reference chronologies 
were considered for the age validation: the combina-
tion of corals and known-age otoliths ranging from 
2000 to 2019 (Fig. 4A), and the record of known-age 
reference otoliths from 2006 to 2019 (Fig. 4B). 
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2.5.  Statistical analysis 

Assumptions for normality and homogeneity of vari-
ance for the Δ14C reference and otolith validation data 
sets were tested with a Shapiro-Wilk test and F-test, 
respectively. Significance levels were set at 95%. After 
confirming the assumptions of normality and homo-
scedasticity (Shapiro-Wilk normality test p > 0.05 for 
both reference and validation samples; F-test, p > 
0.05), a GLM was used to evaluate if the decline in 
Δ14C was similar for the reference chronology and oto-
lith validation data sets. Like in the previous section, a 
GLM was fit to the whole data set with Δ14C as the re-
sponse variable, year of formation as a covariate, class 
of data (reference or validation) as a factor, and an in-
teraction term between year and class. If the age esti-
mates for the validation otolith samples were biased 
(e.g. the growth bands were not formed annually, or 
else were not being counted correctly when they had 
become compressed with age), then the estimated 
year of early growth formation would be incorrect and 
the Δ14C decline curve for the validation data would 
be statistically significantly different from (and thus 
not be aligned with) the reference chronology decline 
curve. Thus, the slopes and intercepts of the reference 
and validation data were compared to determine if the 
Δ14C decline curves were significantly different. 

Residuals for the validation fish (calculated as mea-
sured Δ14C minus predicted Δ14C from the reference 
chronology decline curve) were used to look for pat-
terns with age. The relationship between residuals 
and age was analyzed by fitting a linear regression, 
and Pearson correlation was used to test if there was a 
trend component in the relationship. Equality of vari-
ances in the residuals by age was tested using the 
Goldfeld-Quandt test, after first ordering the residu-
als by fish age. To assess possible effects of consistent 
biases in the age estimates on the residual pattern, 
simulations were carried out in which age estimates 
were shifted by ±1 and 2 yr. The resulting Δ14C data 
with shifted birth years were then projected on the 
reference curve, and the residual sum of squares 
(RSS) values were compared among the simulations. 
This was done using both reference chronologies. All 
statistical analyses were carried out with R software 
(version 4.0.3). 

3.  RESULTS 

3.1.  Direct vs. 14C-based age estimates 

The direct age estimates of the sub-adult and adult 
validation otoliths ranged from 2.2 to 10.5 yr old, 
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Fig. 3. Bomb Δ14C variation versus year of formation for corals (grey), known-age reference otoliths (blue), and validation oto-
liths (orange) after back-calculating birth years from catch dates (crosses) and age estimates (horizontal lines). Coral records  

are from the western (Watamu, Kenya) and northern (Kadmat Island) Indian Ocean (Grumet et al. 2002, Raj et al. 2022)
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resulting in back-calculated birth years from 2005 to 
2018 (Table 1). 

The whole otoliths from known-age (age-0 and age-1) 
yellowfin tuna had Δ14C values between 15.99 and 

37.72‰ (Table 1). The decline of Δ14C 
though time  observed in known-age 
reference otoliths corresponded well 
with the reference coral records during 
the period 2000–2019 (Fig. 3). There 
was no significant difference (p > 0.05) 
in the slope of the linear relationship of 
Δ14C vs. year of formation between coral 
time series and known-age reference 
otoliths during the period 2000–2019 
(Table 2). The rates of decline of Δ14C in 
the reference chronologies were 1.5‰ 
yr–1 for the combined otolith + coral 
record (Table 3, Fig. 4A) and 1.3‰ yr–1 
for the reference otoliths only (Table 3, 
Fig. 4B). The early growth portions of 
the 30 validation otoliths were success-
fully extracted from the otolith sections, 
and Δ14C results were obtained for all 
samples (i.e. from both the portions of 
the validation otoliths and from the 
whole reference otoliths). One of the 
measurements from the validation set 
was deemed a measurement error (value 
outside of the cutoff range of mean ± 
3 SD) and excluded from further analy-
ses. Δ14C values of the validation otoliths 
ranged from 6.92 to 43.16‰ (± stand-
ard error from 2.1 to 2.8‰) covering a 
potential time range of 13 yr (Table 1). 

Measured Δ14C values from sub-adult 
and adult otolith early growth portions 
were projected to the estimated birth 
dates based on increment counting 
(presumed to be annually formed) con-
verted to decimal ages. These data 
points aligned well with Δ14C values of 
the reference time series (Fig. 3). No 
significant difference was found be-
tween the Δ14C decline curves (slopes 
and intercepts) of the 2 reference chro-
nologies considered and the sub-adult 
and adult validation otoliths (Table 3). 

3.2.  Analysis of residuals 

An examination of the distribution of 
residuals (measured – predicted Δ14C) 

for the sub-adult and adult validation otoliths indi-
cated no major departure from normality using either 
reference curve (Shapiro-Wilk test, p > 0.05). The 
mean of the residuals was negative for both reference 
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Birth           Δ14C           SE             Otolith      Direct age     Latitude  Longitude  
year                                                     class      estimate (yr)       (°N)             (°E) 
 
2005.8         34.37        2.35         Reference           0.6                 –0 to 20      40 to 60 
2005.8         34.37        2.35         Reference           0.9                 –0 to 20      40 to 60 
2006.1         37.72        2.49         Reference           0.8                 –0 to 20      40 to 60 
2007.6         25.26        2.07         Reference           1.6              –6.6              55.0 
2007.7         36.82        2.1           Reference           1.5              –6.6              55.0 
2008.2         27.18        2.34         Reference           1.0              –7.4              55.0 
2008.3         27.69        2.47         Reference           0.9              –7.4              55.0 
2009.7         28.33        2.08         Reference           1.3              –5.9              58.5 
2011.7         28.2           2.08         Reference           1.6            –15.8              43.4 
2011.7         17.89        2.06         Reference           1.4            –10.1              58.5 
2011.8         26.67        2.08         Reference           1.5            –15.8              43.4 
2012.3         26.54        2.33         Reference           0.8            –10.1              58.5 
2016.7         18.9           2.32         Reference           1.3            –20.8              55.2 
2017.2         21.7           2.07         Reference           0.8              –7.5              54.5 
2017.4         19.16        1.93         Reference           0.6              –0.7              53.3 
2018.6         16.62        1.93         Reference           0.6              –2.5              54.3 
2018.7         15.99        1.93         Reference           0.5              –2.5              54.3 
2005.2         33.85        2.22        Validation          9.7              –3.3              44.6 
2005.3         38.62        2.1           Validation        10.5                  0.4              56.0 
2005.4         33.59        2.09        Validation          8.8              –2.1              48.5 
2006.2         21.95        2.84        Validation          8.0              –0.4              48.6 
2006.8         43.16        2.64        Validation          8.1              –8.7              54.4 
2007.2         28.46        2.73        Validation          8.0              –4.7              47.8 
2008.2         34.75        2.48        Validation          6.8              –8.7              52.9 
2008.2         27.56        2.21        Validation          7.8            –19.1              41.8 
2008.4         33.72        2.09        Validation          7.4              –4.0              63.7 
2008.5         11.19a       2.3           Validation        10.0            –21.2              50.0 
2008.7         37.98        2.1           Validation          9.7            –19.1              53.9 
2009.1         28.84        2.34        Validation          9.5            –23.0              55.1 
2011.0         30.64        2.73        Validation          7.7            –20.5              54.4 
2011.5         23.1           2.58        Validation          3.3              –5.6              59.1 
2011.7         32.31        2.74        Validation          2.3            –18.6              42.2 
2011.8         17.13        2.18        Validation          2.2            –15.8              43.4 
2012.2         30.77        2.21        Validation          6.3            –18.0              54.5 
2012.7         19.41        2.83        Validation          5.6            –20.5              54.0 
2013.8         23.1           2.2           Validation          7.8                  2.9              51.6 
2013.8         26.93        2.34        Validation          4.7            –22.8              49.1 
2015.2         17.89        2.19        Validation          6.4                  2.9              51.6 
2015.5         18.4           2.19        Validation          6.0                  1.0              60.0 
2015.7         18.52        2.19        Validation          3.3            –37.0              21.0 
2015.7           7.05        2.29        Validation          5.8                  1.0              60.0 
2017.3         14.22        2.82        Validation          4.3                  1.0              59.5 
2017.4         12.45        2.17        Validation          4.1                  7.0              59.6 
2018.4           6.92        2.16        Validation          3.1                  7.0              59.6 
2018.5           8.18        2.67        Validation          3.1                  7.4              60.7 
2018.6         20.43        2.58        Validation          3.0                  5.3              57.0 
aMeasurement was determined to be an outlier based on the residuals

Table 1. Decimal year of otolith formation, Δ14C values with associated SE 
 (analytical uncertainty in the measurement), and catch locations of known-age 
yellowfin tuna otoliths included in the regional reference data set and sub-
adult and adult yellowfin tuna otoliths used for validation. Note that the catch  

location in some cases is approximate
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curves (–1.36 and –2.34 using reference chronol-
ogies A and B, respectively), indicating that the direct 
age estimates were overestimated in comparison to 
the 14C-derived ages estimates (Fig. 5). To check if the 
negative residuals were due to a systematic bias in 
annual growth zone counting, the existence of out-
liers within the residuals was determined (Grubb’s 
outlier test). After removing 1 outlier, normality of 
residuals was improved, and the mean of the residuals 
approached 0 (–0.73 and –1.73 using reference chro-
nologies of Fig. 4A,B, respectively). Based on the 
decline slopes of the reference chronologies used in 
this study, the residuals of Δ14C represent an average 
difference of 0.5 and 1.3 yr between direct age esti-
mates and radiocarbon-derived ages. Residuals of 

the  sub-adult and adult validation otoliths were re-
examined after excluding this 1 outlier sample, and 
revealed no relationship with age, either in terms of 
magnitude (evaluated by Pearson correlation test, 
correlation coefficients of 0.07 and 0.13 with associ-
ated p-values of 0.73 and 0.51 for reference chronol-
ogies of Fig. 4A,B, respectively) or variance (Gold-
feld-Quandt test, p-values of 0.27 and 0.48 for 
reference chronologies of Fig. 4A,B, respectively) 
using either of the reference chronologies (Fig. 6). 
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                          Estimate        SE            t                   p                
 
GLM (coral + otolith reference) 
Intercept           3037.8       454.3          6.7          <0.001      *** 
Year                    –1.5           0.2      –6.6          <0.001      *** 
Class                    699.3       715.2          0.99           0.33            
Year × Class     –0.3           0.4      –0.99           0.33            
GLM (otolith reference) 
Intercept           2690.3        631.7         4.3          0.0001    *** 
Year                    –1.3           0.3      –4.2           0.0001    *** 
Class                    811.9        808.9         1.0             0.32            
Year × Class     –0.4           0.4      –1.0             0.32           

Table 3. Results of the generalized linear models (GLMs) 
performed to test whether the reference chronologies and 
validation otoliths have the same slope, with Class as the fac-
tor representing the category of sample (reference or valida-
tion) and Year (year of formation) as a covariate. The interac-
tion term (Year × Class) indicates whether the slopes are 
different, whereas the term Class indicates whether the 
intercepts of the 2 groups are different. Significance code:  

*** = 100%

GLM              Estimate      SE              t                  p                
 
Intercept         4879.3       947.2         5.2           <0.001       *** 
Year                  –2.4            0.5       –5.1           <0.001       *** 
Type               –2189        1174      –1.9             0.075         . 
Year × Type      1.1            0.6           1.9             0.074         .

Table 2. Results of the generalized linear model (GLM) per-
formed on the reference data to test whether the regression 
lines of coral and known-age otolith Δ14C declines have the 
same slope during the period 2000–2019, with Type as the 
factor representing the type of reference chronology (otolith 
or coral) and Year (year of formation of the carbonate) as a 
covariate. The interaction term (Year × Type) indicates 
whether the slopes are different, whereas the term Type indi-
cates whether the intercepts of the 2 time series are different.  

Significance codes: *** = 100%; . = 90%

Fig. 4. Fitted linear regressions of the reference chronologies: (A) combination of corals + known-age otoliths from 2000 to 2019 
(green) and (B) known-age otoliths from 2006 to 2019 (blue) overlaid with the validation samples (orange). Slopes of the linear 
regressions were –1.5 and –1.3‰ for A and B, respectively. Shaded area represents the 95% confidence interval. Vertical error 
bars represent ±1 SE of the Δ14C measurements. The expected error in the year of formation due to the analytical uncertainty  

is estimated as SE/slope of the linear regression
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This indicates no systematic bias in the direct age 
estimates compared to age estimates inferred by the 2 
Δ14C reference curves, because if a systematic ageing 
error was present, the magnitude and/or the variance 

with age would be increased. The distribution of 
residuals appears normally distributed and centered 
close to zero, although there is some indication of a 
small negative bias (Fig. 6, right panel). 
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Fig. 5. Distribution and fitted normal distributions of residuals (measured – predicted Δ14C) using the reference chronologies: 
(A) corals + known-age otoliths (green) and (B) known-age otoliths only (blue). The dashed line denotes the mean values of the  

residuals. The arrow indicates the sample identified as an outlier

Fig. 6. Relationship between direct age estimates and residuals of Δ14C (measured – predicted) in sub-adult/adult yellowfin 
tuna after excluding the outlier sample. Predicted slopes were estimated using (green) corals + known-age otoliths, and (blue) 
known-age otoliths (solid line = fitted linear model, and grey shaded area = 95% confidence interval). Means of the residuals 
were –0.73 and –1.73 using reference chronologies from Fig. 4A,B, respectively. Residuals <0 indicate that direct age estimates 
are higher than the radiocarbon-based ages. Dotted red line represents the horizontal reference line at zero. Right panel: density  

plot of residuals after excluding the outlier sample
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3.3.  Age bias analysis 

The age bias analysis was performed by simulating 
overestimation and underestimation of the direct age 
estimates by shifting ±1 and 2 yr after excluding the 
outlier identified above. Results showed that the mini-
mum RSS value was reached with the original age esti-
mates (with no ageing error) using the coral + otolith 
reference chronology (RSS of 938), whereas shifted age 
estimates resulted in RSS values ranging from 940 to 
1312. Instead, using the known-age otolith reference 
chronology, minimum RSS was attained when age esti-
mates were shifted by –1 yr (RSS of 1006). RSS values of 
the age-bias analysis are reported in Table 4. The age-
bias simulation study corroborates that direct age esti-
mates coincide with radiocarbon-derived estimates 
when using the combined coral–otolith reference chro-
nology, but differences of 1 yr arise when the known-age 
otolith time-series is used as the reference chronology. 

4.  DISCUSSION 

4.1.  Age validation of yellowfin tuna from the 
Indian Ocean 

Analysis of the Δ14C revealed that the age growth 
increments being counted are indeed annual. The 
year of formation of the otolith early growth portion 
(estimated by combining annual increment counts 
and otolith size measurements on the thin sections) 
were consistent with the radiocarbon reference chro-
nologies, supporting the age estimation criteria pre-
sented by Farley et al. (2021). Both the slope and 
intercept of the regression line were indistinguishable 
between the validation and reference curves, con-
firming that on average, validation otoliths showed a 

good fit to the reference curve. The age validation of 
yellowfin tuna has been reported for the Atlantic 
Ocean (Andrews et al. 2020) and the Pacific Ocean 
(Andrews et al. 2022). Here, we extend the utility of 
the approach geographically and applied to the age 
validation of yellowfin tuna from the western Indian 
Ocean. Based on the current Δ14C age validation, 
maximum age for yellowfin tuna from the Indian 
Ocean is at least 10.5 yr, similar to maximum ages 
reported by previous studies in this ocean (Shih et al. 
2014, Farley et al. 2021), but lower than maximum val-
idated ages of 18 and 13 yr found in the Atlantic and 
Pacific Oceans, respectively (Andrews et al. 2020, 
2022). Given that the largest yellowfin tuna in cluded 
in this study was close to the maximum sizes recorded 
for the Indian Ocean (Artetxe-Arrate et al. 2021), the 
maximum age validated here is likely close to the 
maximum age of the whole Indian Ocean population. 

An analysis of the residuals for the validation data 
set identified an outlier. It is unlikely that age overes-
timation was the reason for the misalignment of this 
outlier with the reference curve, since the estimated 
age based on growth zone counting was 10 yr (with 
SFL of 170.5 cm) and the 14C-derived age was ‘0’. 
After excluding this outlier datapoint, the absolute 
mean of the residuals decreased substantially; how -
ever, the mean was still negative with either reference 
curve, indicating that direct age estimates were 
higher than 14C-derived ages. On average, the differ-
ences between the direct age estimates and radio -
carbon-derived ages were 0.5 and 1.3 yr (using the 
reference chronologies of Fig. 4A,B, respectively), in -
dicating that the age validation is highly sensitive to 
the selection of an appropriate reference chronology. 
While the low Δ14C values departing from the 95% 
confidence interval of the regression line may be 
interpreted as age overestimations, they may be par-
tially explained by the inadvertent inclusion of otolith 
material deposited during later stages, an artifact that 
often occurs during sample preparation (e.g. Ishihara 
et al. 2017). This occurrence may explain the low Δ14C 
values found in some of the sub-adult and adult oto-
liths compared to the reference curve. The anoma-
lously low otolith Δ14C values can also be explained 
by residence in very deep or upwelled waters, al -
though yellowfin tuna mostly inhabit the surface mixed 
layer above the thermocline (Song et al. 2008). 

4.2.  Limitations of the current age validation 

The decline of the bomb radiocarbon signal in the 
Indian Ocean after ~1980 is less steep than the period 
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                                                      Age-bias applied (yr) 
                                              0          +1        –1        +2       –2 
 
Coral + otolith               938      1062      940      1312    1067 
reference 2000–2019 
Otolith reference          1086    1263     1006     1538    1025 
2006–2019

Table 4. Summary residual sum of squares (RSS) from pre-
dicted decline slopes of the age-bias simulation study where 
the direct age estimates were intentionally increased and de -
creased by 1 and 2 yr after excluding 1 outlier. Decline slopes 
were predicted using 2 different reference chronologies: 
combination of corals + known-age otoliths; and known-age 
otoliths. Lowest RSS values for each of the reference chro- 

nologies used are represented in bold
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of increasing bomb signal and has a wide disper-
sion of Δ14C values, both of which limit age validation. 
Precision of the age validation would be improved 
using archived otoliths from adult yellowfin tuna 
with birthdates coinciding with the period of increas-
ing 14C. Unfortunately, after intense research, we 
were unable to locate any archived otoliths from this 
region. 

Another limitation of the yellowfin tuna age valida-
tion presented here is the reference chronology data 
set used for validation. One of the considerations rel-
evant in applying Δ14C chronologies to fish age val-
idation is the selection of an appropriate reference 
Δ14C chronology that represents the same habitat of 
the species of interest. In the Indian Ocean, Δ14C 
 reference chronologies in the literature were limited. 
The coral record used here from the northern Indian 
Ocean (Raj et al. 2022) was geographically distant 
from the capture area of the yellowfin tuna used in 
our study and may not represent the environment 
inhabited by these tunas in their first year and a half of 
life. However, the declining Δ14C slopes of this coral 
time series and the known-age yellowfin tuna otoliths 
were statistically indistinguishable, supporting that 
age validation could be performed using a combined 
coral and otolith reference chronology. The otolith-
only and the combined coral-otolith reference chro-
nologies considered in this study were similar but 
slightly less steep than those reported in the eastern 
Indian Ocean (Gao et al. 2021), Pacific Ocean 
(Andrews et al. 2016, 2020), and Gulf of Mexico (Bar-
nett et al. 2018). Variations in the Δ14C depletion rates 
among regions are frequently related to local ocean-
ography and biogeochemical cycling (Mahadevan 
2001). It must be noted that the amount of coral data 
available for the study period was low, and both refer-
ence chronologies tested here were highly sensitive 
to outliers. Moreover, a reference Δ14C chronology 
with a narrow prediction interval is particularly useful 
for quick-growing fish species with relatively short 
lifespans (Shervette et al. 2021), which is the case for 
yellowfin tuna. The reference chronologies consid-
ered here had wide prediction intervals, hindering 
the level of accuracy of the age validation. The age 
validation of yellowfin tuna and other species living 
in a similar habitat would greatly benefit from incor-
porating new reference samples and developing a 
robust reference curve for the western Indian Ocean. 
The Δ14C record of known-age otoliths presented here 
extends the previous coral record from the northern 
and western Indian Ocean until 2019, data that can be 
used to validate age estimation for fishes from the 
same region. 

4.3.  Implications for management of yellowfin tuna 
in the Indian Ocean 

The age validation of yellowfin tuna from the Indian 
Ocean presented here contributes to the expanding 
knowledge of age and growth of the species. The mis-
specification of growth, natural mortality, and repro-
ductive parameters can strongly impact scientific 
advice informing the management measures adopted 
(Mangel et al. 2013, Carvalho et al. 2021). For exam-
ple, the improved estimation of fish ages and growth 
models for western Pacific bigeye tuna has contrib-
uted to enhancing the management of this important 
stock (Farley et al. 2017). Moreover, the age-specific 
natural mortality is an important parameter in charac-
terizing the productivity of a stock, and it is closely 
related to the maximum age (Hoyle et al. 2023). The 
stock assessment of Indian Ocean yellowfin tuna in 
2021 was developed using 2 alternative growth curves 
estimated from tagging data and otolith readings (Fu 
et al. 2021). Statistical diagnostics applied to assess-
ment models indicated that certain combinations of 
growth and other biological parameters were not 
compatible with observations, and suggested model 
misspecification and bias on the estimated productiv-
ity (Merino et al. 2022). Mortality estimates of the 
recent yellowfin tuna assessment in the Atlantic 
Ocean were derived from an age validation study 
(Andrews et al. 2020, Urtizberea et al. 2020, Pacicco et 
al. 2021). Hence, the current study confirming that 
the maximum validated age for the yellowfin tuna 
from the Indian Ocean is at least 10.5 yr, and 
improved growth models (Farley et al. 2021) are 
expected to reduce the uncertainties of Indian Ocean 
yellowfin tuna stock assessments and, hence, help 
improve the management of this important stock. 

5.  CONCLUSIONS 

The current study is the first to use otolith Δ14C to 
validate age estimates of a tropical tuna species in the 
Indian Ocean. The findings presented here confirm 
that increments in otoliths of yellowfin tuna from the 
Indian Ocean are formed annually, and this is a 
further step towards reducing uncertainties in the 
age-structured stock assessment models. The maxi-
mum validated age from this study was 10.5 yr. These 
results will increase confidence in the length-at-age 
relationship and mortality estimates used in the stock 
assessment of Indian Ocean yellowfin tuna, a stock 
that  supports a valuable fishery, which is currently 
undergoing a recovery plan, in the Indian Ocean. The 
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accuracy of the age validation would benefit from the 
analysis of greater numbers and a longer time series of 
reference otoliths from known-age tuna or other spe-
cies inhabiting the same region of the Indian Ocean. 
This age validation would also be improved by incor-
porating otoliths of adult yellowfin tuna with birth-
dates coinciding with the Δ14C incline, as the accu-
racy of the age validation largely depends on the 
slope of the linear regression. The Δ14C data pre-
sented here extends the available post-peak Δ14C 
record from the western Indian Ocean and offers the 
opportunity of an age validation to fish species with 
relatively short lifespans occupying the same habitat 
as yellowfin tuna. 
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