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Executive summary

This paper provides an update on bigeye tuna (Thunnus obesus) (BET) otolith ageing activities
in the western Indian Ocean that have occurred since Farley et al. (2021). New age estimates
were obtained for 146 bigeye tuna ranging in size from 22.0 to 182.5 cm fork length (FL), using
a combination of both daily (n=42) and annual (n=104) ageing methods. The youngest fish
was aged 59 days and the oldest was 11.6 years. These new data were combined with age
data obtained during the ‘GERUNDIO’ project! (Farley et al. 2021), providing a total of 253
age estimates for analysis. Three growth models were fit to the age and length data (von
Bertalanffy (VB), Richards, and VB log k). The two-phase VB log k model provided a better fit
to the data for very small fish (< ~40 cm FL) and thus, is our preferred model for BET in the
study area; however, all three models gave very similar fits above 40 cm (~age 0.4 years).
Overall, our analysis shows that growth is rapid in the first few years with fish reaching ~60
cm FL at age 1 year and ~85 cm FL at age 2 years. Mean asymptotic length was estimated to
be 170.8 cm FL, slightly higher than estimated in Farley et al. (2021). The length-at-otolith
weight data (which is independent of the age estimation method) showed a change in otolith
growth at ~40 cm FL, which is consistent with the length-at-age data and lends support to the
2-stage VB model (i.e., a transition between two growth phases, from fast growth up to ~40
cm FL followed by slower growth). The models presented here are quite different from the
growth model of Eveson et al. (2012), which was used as the base scenario in the 2022
assessment. The Eveson et al. (2012) model was estimated using primarily tag-recapture data.
Investigations done by Eveson & Farley (2021) (included as Appendix B to this paper for
convenience), and further follow-up investigations, showed that the release ages estimated
for tagged fish within the Eveson et al. (2012) model were being estimated incorrectly due to
the two tagged cohorts having very different growth rates, and thus different mean lengths
at age. As such, we recommend no longer using the Eveson et al. (2012) model, but instead
using one of the growth models presented in this study in future stock assessments. The
updated data analysis in the current study indicates that males reach slightly larger sizes, on
average, than females (mean asymptotic length of 171.7 cm FL for males compared to 164.4
cm for females). Although the estimated differences in growth between sexes were relatively
small, further exploration of sex-specific growth dynamics may provide valuable insights and
is encouraged in future assessments. Furthermore, we continue to recommend that
additional otoliths are collected and aged, particularly in the eastern regions of the Indian
Ocean and from BET >180 cm FL, to provide further information on growth and longevity of
BET at the oceanic basin scale. These data will be useful for assessing whether there are
regional differences in growth and may also provide information regarding inter-annual
variation in growth. Preliminary age validation/verification work using otoliths and data from
the IOTTP (Farley et al. 2021) provides evidence that the otolith ageing method used in this
study is accurate. However, we recommend that further age validation work is undertaken.

! Collection and analysis of biological samples of tropical tunas, swordfish, and blue shark to improve age, growth
and reproduction data for the Indian Ocean Tuna Commission (I0TC), FAO Contract No. 2020/SEY/FIDTD/IOTC -
CPA 345335.



1. Introduction

Bigeye tuna (Thunnus obesus) (BET) is a highly migratory species that inhabits the epipelagic
zone of tropical and subtropical waters of the three major oceans, from latitudes of
approximately 45°N to 45°S (see Appendix 2, from IOTC—2022-WPTT24—R][E). Their spawning
areas are restricted to environments with warm sea surface temperatures (>20°C) and
mesoscale oceanographic activity (Kim and Na, 2022). BET represents an important source of
nourishment and livelihood for numerous nations around the world. It is also a significant
component of the global fisheries market, being among the top 10 most fished marine
species. As such, this species experiences significant fishing pressure, with total catches
reaching about 94,803 tonnes in 2021 in the Indian Ocean (Appendix 2, from I0TC-2022).

In the Indian Ocean, BET is considered to be a single biological stock, based on genetic studies
that indicate no evidence of intra-oceanic genetic differentiation within the Indian Ocean
(Chiang et al. 2008; IOTC 2019; Davies et al. 2020; Diaz-Arce et al. 2020) and tagging studies
that have demonstrated large-scale movements of Bigeye Tuna within the Indian Ocean (I0TC
2014).

In 2022, a stock assessment was carried out for bigeye tuna in the IOTC area of competence
to update the 2019 stock assessment, which determined the BET stock is overfished and
subject to overfishing. The spawning stock biomass in 2021 (SB2021) was estimated to be 25%
(80% Cl: 23-27%) of the unfished levels and 90% (75-105%) of the level that can support MSY.
Fishing mortality (F) was estimated at 1.43 (80%Cl: 1.1-1.77) times the FMSY level. Hence, the
assessment indicates that SB2021 is below SBMSY and F2021 is above FMSY (79%) (I0TC—
2022-WPTT24—R[E).

An integral part of developing stock assessment models is to have a sound understanding of
growth (Maunder and Piner 2015; Methot and Wetzel 2013). Growth models are used in stock
assessments to convert length measurements of the catch to age measurements, and to
model biomass and fishing processes over time (Murua et al. 2017). Therefore, accurate and
updated age and growth parameters are required for robust stock assessments and
management advice. The age and growth of bigeye tuna has been investigated widely in the
Atlantic (Paccico et al. 2023) and the Pacific (Farley et al., 2017, 2020) and more scarcely in
the Indian Oceans (Eveson et al. 2012, 2015; Farley et al. 2021).

In 2020, the European Union and the Indian Ocean Tuna Commission (IOTC) supported the
‘GERUNDIQ’ project for the “collection and analysis of biological samples of tropical tunas,
swordfish, and blue sharks to improve age, growth and reproduction data for the IOTC”. As
part of that project, biological samples were collected from the western part of the I0OTC
assessment region and analysed along with existing samples from previous research
initiatives to provide preliminary otolith-based age (daily and annual) and growth estimates
for bigeye tuna (Farley et al. 2021). In addition, age validation work for bigeye tuna in the
Indian Ocean was undertaken as part of the project by analysing otoliths from fish that had
been tagged and recaptured in the IOTTP. Moreover, Farley et al. (2017; 2020) developed a
new method to estimate the decimal age of bigeye tuna in the western and central Pacific
Ocean from validated counts of daily and annual growth zones in otoliths that was also
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applied for the first time to estimate age for bigeye tuna from the Indian Ocean (Farley et al.
2021). The preliminary growth curve estimated by Farley et al (2021) was included in the final
group of models in the 2022 bigeye tuna stock assessment.

Since the completion of the ‘GERUNDIQ’ project, additional bigeye tuna otoliths that were
collected under other projects (i.e., BAOBAB, PROBIO and ITUNNES) have been selected and
aged from length classes that were under-represented in the original work (Farley et al. 2021).
This paper provides an update on these ageing activities and presents growth models fit to
the updated age and length dataset.

2. Methods

2.1. Otolith selection, preparation and reading

Otoliths from 147 bigeye samples collected in the western Indian Ocean from 2021 to 2024
were selected for age estimation based on fish length and sampling location to ensure age
estimates were obtained from length classes poorly sampled in previous work and
considering sex information across the spatial range of fish sampled. Otoliths from 42 small
fish (22.0-63.8 cm FL) were selected for daily ageing and otoliths from 105 fish (73.0-182.5 cm
FL) were selected for annual ageing. The sagittal otoliths were cleaned, dried, and weighed to
the nearest 0.0001 g if complete. The otoliths were prepared and read following the methods
described in Farley et al. (2021) and outlined below.

Daily ageing

Otoliths selected for daily age reading were prepared as either (i) single longitudinal (frontal)
sections from the primordium to the postrostral axis of the otolith through the primordium
following Schaefer and Fuller (2006), or (ii) single transverse sections through the primordium
following Williams et al. (2013). Transverse sections were prepared for small fish (<35 cm FL)
and longitudinal sections for larger fish, as previous work for yellowfin tuna in the Indian
Ocean showed that estimates of age were consistent between preparation methods for fish
<42 cm FL (Farley et al. 2023). Transverse sections were preferred for small fish because (i)
otoliths from very small fish are much easier to prepare as transverse sections and (ii)
transverse sections have the advantage that direct measurements of the otolith growth
required for the daily-age-otolith size relationship for the decimal age calculation (see section
2.2 below) can be taken from the same sample prepared for age estimation. Given that
juvenile yellowfin and bigeye growth is likely to be different for this study we chose 35 cm as
the cut off length as a precaution.

The number of visible micro-increments (assumed daily growth zones) were counted from
the primordium to the terminal edge of the section under high magnification on a compound
microscope. All otoliths were prepared and read by Fish Ageing Services Pty Ltd (FAS) in
Australia. Each sample was read twice by the same reader and if the difference in counts was
>10%, then a third reading was completed. The average of the two closest readings was used
as the final count.



The distance from the primordium to the terminal edge of the otolith was measured on all
transversely prepared otoliths. For the otoliths prepared longitudinally, the second otolith of
the pair was selected and prepared in the transverse section following methods used for
preparing tuna otoliths for annual ageing (Anon, 2002) to allow for the measurement of
otolith growth as described above.

Annual ageing

Otoliths selected for annual age reading were prepared as multiple transverse sections
following the methods outlined in Anon (2002). All otoliths were prepared and read by the
same experienced reader at FAS that read all samples in Farley et al. (2021).

An image analysis system was used to read the sectioned otoliths via a dissecting microscope
and transmitted light. The system counts and measures the distance of each manually marked
opaque zone from the primordium and collects an annotated image from each sample read.
The opaque zones at the terminal edge of the otolith were only marked if they were complete
and some translucent material was evident after the opaque zone. The otolith edge was
classified as new opaque, narrow translucent or wide translucent based on the criteria
developed for Pacific bigeye tuna otoliths (Farley et al. 2017) and each reading was assigned
a confidence score of 0-5 (poor-good). All samples were initially read twice and a third time if
the first two estimates disagreed either by zone count or edge type. Intra-reader ageing error
was determined using the first two readings. Average percent error (Beamish and Fournier
1981) and age difference tables were used to assess the precision of the readings.

2.2. Decimal (annual) age calculation

Decimal age was calculated for each fish with an annual count based on the method developed
for bigeye and yellowfin tunas (Thunnus albacares) in the western Pacific Ocean (Farley et al.
2020). The decimal ages for bigeye tuna in Farley et al. (2021) were also re-calculated because
the datasets used in the calculation were updated with additional data from the current study,
plus the methods were revised slightly. Decimal age was calculated using three steps:

First, the age of each fish when the first opaque zone was completed in the transverse section
was calculated. This was done using the updated data set of daily age and otolith size
measurements from transverse sectioned otoliths. The updated daily age-otolith size
relationship was estimated using a power curve (Append Figure 1).

Second, the number of complete annual increments in the otolith was calculated. A complete
annual increment is one opaque zone + one translucent zone, which represents presumably
one year of growth, and is calculated as the total count of opaque zones minus 1.

Third, the time elapsed after the last counted opaque zone was deposited and when the fish
was caught was estimated using the width of the marginal increment in the otolith as a
proportion of the expected width of the complete annulus for that age class. Expected
increment width was obtained by fitting an exponential decline relationship between age class



and the annual increment width measurements for all fish examined for annual ageing? (see
Append Figure 2).

The total age of each fish was estimated by adding together the age components estimated in
each step. Note that for otoliths with zero or one opaque zones (within the range of the power
curve in Append Figure 1), age was estimated using only the otolith measurement (i.e., only
step 1).

2.3. Growth analysis

Three different growth models were fit to the age and length data for bigeye: (1) von
Bertalanffy (1938) (VB); (2) Richards (1959); (3) von Bertalanffy with a logistic growth rate
parameter (VB log k) (Laslett et al. 2002). Age estimates from both the daily counts and the
annual counts after applying the decimal age algorithm were included in the models.

The VB growth model has the form:
Lg = Lo(1 — e~k@~a0))

where L, is the fork length at age g, L~ is the mean asymptotic length, k is a relative growth
rate parameter (year?), and ao is the age at which fish have a theoretical length of zero. We
fit the model using maximum likelihood estimation assuming a Gaussian error structure with
mean 0 and variance o?.

The Richards model can be expressed in different ways, but here we used the following
parameterisation:

La — Lm(l _ 1/b e—k(a—a*))b

where L and k are defined as for the VB model, a* determines the point of inflection and b
governs the shape of the curve. Note that when b = 1, the Richards equation is equivalent to
the VB equation.

The VB log k model (Eveson et al. 2012; 2015) has the form:

_(ka—kq)
1+ e—ﬁ(a—ao—a)> B

1+ eaB

Lg = L 1 — e *2(@-a0) (

where this function allows for a change in growth from a VB curve with growth rate parameter
ki to a VB curve with growth rate parameter k,. There is a smooth transition between the
two stages governed by a logistic function, where o governs the age at which the midpoint of
the transition occurs and 8 governs the rate of the transition (being sharper for larger values).

Z|n Farley et al. (2021), the expected increment width for a given age class was calculated as the empirical
mean increment width from the otolith measurements taken routinely from the otoliths included in annual
ageing. Here, we have revised to use the expected value from a fitted relationship between age class and
increment width, which should be more robust for age classes without much data.
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To fit these models, we used maximum likelihood estimation assuming a Gaussian error
structure with mean 0 and variance o. Akaike’s information criterion (AIC) (Akaike 1974) and
plots of residuals were used to compare the fits.

In addition, sex-specific VB growth models were fit to the data. Only a VB model was used
since the data when broken down by sex were insufficient to achieve convergence with the
more complex VB log k model. Almost all the new age data for adults comes from fish caught
in the north-west Indian Ocean; thus, the spatial distribution of samples in the updated age-
length dataset still does not allow for us to fit area-specific growth models.

3. Results

3.1. Daily and annual age estimates

Age estimates were obtained from all 42 otoliths selected for daily ageing. Age ranged from
59 to 410 days. Age estimated from transverse sections for fish 32-35 cm FL overlapped well
with the estimates from the longitudinal 36-38 cm FL which indicates that age estimates using
transverse sections <35cm FL is good for BET from the Indian Ocean.

Counts of opaque zones were obtained for 104 of the 105 otoliths selected for annual ageing
(one was missing its tip). The counts ranged from 1 to 11 years. Figure 1 is an example of an
otolith prepared for annual ageing with the (assumed) annual opaque zones marked.

These data were combined with the daily and annual age data from Farley et al. (2021),
providing a combined total of 79 daily age estimates and 174 annual age estimates for growth
analysis. Decimal age estimates from the combined dataset (including daily and annual
estimates) ranged from 0.13 to 14.7 years.



1 mm

Figure 1. Transverse preparation of a bigeye tuna otolith prepared for annual reading showing presumed
annual opaque zones indicated with white circles. Sample IM-23-BAOBAB-530 (302_039_072), fork length 152
cm. Aged as 7 completed zones with an opaque edge.

3.2. Growth analysis

A total of 253 age-length data points were included in the growth model (174 decimal annual
age estimates and 79 daily age estimates). Figure 2 shows the locations where bigeye tuna
otoliths used in the growth models were collected, and Figure 3 shows the length frequency
of fish included in the analysis broken down by sex.

All three growth curves (VB, Richards and VB log k) provided similar fits (Figure 4A); however,
the two-phase VB log k model gave the most parsimonious fit according to AIC (Table 1) and
the best fit to small fish (< ~40 cm FL) (Figure 4B). The VB log k model indicates there is a
transition between two VB growth phases around age 0.4 years (~40 cm), with a high growth
rate parameter in the first phase (k;=0.9) followed by a lower growth rate parameter in the
second phase (k»=0.28) (Table 1).
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Figure 2. Map showing sample locations of bigeye tuna included in the growth analysis (note that the location
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VB log k (VBLK) growth models fit to the data. (B) A close-up of the length-at-age data and growth curves for
small/young bigeye tuna.
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Table 1. Parameter estimates from fitting von Bertalanffy (VB), Richards and VB log k growth models to the
bigeye tuna length at age data (n=253). Standard errors for the parameter estimates are given in parentheses.

Model L k/k: k> o b/8/t ao/a* o AIC
VB 169.2 0.30 -0.42 6.68
(1.6) (0.01) N N N (0.03) (0.30) 1687.1
Richards 172.7 0.25 - - 0.81 -1.05 6.64 1686.1
(2.8) (0.02) (0.08) (0.40) (0.30)
VB log k 170.8 0.90 0.28 0.23 13.8 -0.004 6.56 1683.9
(1.9) (2.9) (0.01) | (1.0) (33.0) (0.28) (0.29) '

Since otolith weight (independent of the ageing method) may be an indicator of age, we
examined the otolith weight to fish length relationship for a larger number of samples (n=369)
than were aged (n=253), to ascertain if the otolith growth was consistent with the observed
fish growth. The results show a similar pattern in growth, with a transition at ~40 cm FL from
a fast-growing phase to a slower-growing phase (Figure 5).

Preliminary data analysis indicated that males grow slightly faster and reach slightly larger
sizes, on average, than females (Figure 6, Table 2). Recall that a VB model was used to fit the
sex-specific models since the data were insufficient to achieve convergence with a VB log k
model. There is some indication that males grow slightly larger in the length-at-otolith weight
data as well (Figure 5).

The length-at-age data were insufficient in some regions to model region-specific growth
within the Indian Ocean. There is perhaps some indication in the length-at-age data that
bigeye tuna in the western Indian Ocean grow slightly slower than those in the eastern Indian
Ocean, but the sample size in the east (particularly for adult fish, which all come from the
south-east) is too small to draw any conclusions and other factors such as size-selective fishing
could bias the data (Figure 7).
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data for each sex (M = male, F = female). Note that fish with age < 1 are included in the models for both sexes.
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Table 2. Parameter estimates from fitting a von Bertalanffy (VB) growth model to sex-specific bigeye tuna
length at age data. Note that YOY fish (age < 1 year) (n=63) are included in the models for both sexes.
Standard errors for the parameter estimates are given in parentheses.

Model Sex n L k ao o
VB F 146 164.4(1.9) | 0.30(0.01) | -043(0.03) | 5.58(0.33)
VB M 148 171.7 (2.0) 0.29(0.01) -0.42 (0.03) 5.73(0.33)
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Figure 7. Length-at-age data by area for bigeye tuna caught in the Indian Ocean (n=228, noting that sample

location is unknown for 25 samples). See Figure 2 for definition of regions.

4. Discussion

This study builds on the work of Farley et al. (2021), which estimated the decimal age of BET
in the Indian Ocean using counts of daily and annual growth zones in sectioned otoliths. Here,
we obtained additional age estimates, which combined with those from Farley et al. (2021),
resulted in a dataset of 253 age estimates from BET ranging in FL from 18.5 to 182.5 cm. The
combined decimal age estimates span from 0.13 to 14.7 years. Although comprehensive age
validation work for BET in the Indian Ocean has yet to be completed, preliminary analyses by
Farley et al. (2021) using otoliths and data from the IOTTP support the accuracy of the ageing
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method used in this study. Furthermore, our comparisons between the annual and daily age
estimates showed strong concordance (see Figure 6), providing additional confidence in the
validity of our method for calculating decimal age.

Among the growth models tested, the two-stage von Bertalanffy (VB) model provided the
best fit to the length-at-age data, particularly for fish smaller than ~40 cm FL. Additionally,
patterns in the length-at-otolith weight data—independent of the ageing method—were
similar to those in the length-at-age data, lending further support to the two-stage VB model.
Our findings indicate that BET tuna grow rapidly in the early years, reaching approximately
~60 cm FL by age one and ~85 cm FL by age two. The estimated mean asymptotic length (Loo)
was estimated around 170.8 cm FL, with a maximum observed age of over 14 years, slightly
higher than estimated in Farley et al. (2021). Similarly, a study of bigeye tuna age and growth
from the eastern Indian Ocean estimated the oldest fish to be 15 years old (Wujdi et al, 2023).

The estimation of Amax is particularly important, as it directly influences the estimation of
natural mortality (M), a key parameter in stock assessment models. Underestimating
maximum age can lead to overestimation of natural mortality, which in turn may bias
estimates of stock productivity and reference points. Therefore, the identification of older
individuals in this study not only supports the validity of the ageing method but also
contributes to more accurate and biologically realistic estimates of natural mortality for BET.
These results underscore the value of incorporating direct ageing techniques and flexible
growth models into stock assessment frameworks. Doing so enhances the precision of life-
history parameter estimates and supports more informed and precautionary fisheries
management.

Growth patterns for males and females were similar up to two to three years of age. Beyond
this point, males exhibited a slightly greater average length-at-age than females, with mean
Leo estimates of 171 cm and 164 cm FL, respectively.

The updated VB log k growth model presented in this paper is very similar to the VB log k
model in Farley et al. (2021), which was included in the final group of models in the 2022
bigeye tuna stock assessment. These models are quite different from the growth model of
Eveson et al. (2012), which was used as the base scenario in the 2022 assessment. The Eveson
et al. (2012) model was estimated using tag-recapture data (IOTTP; Murua et al. 2015) and
otolith-based daily age estimates (Sardenne et al. 2015), but the tagging data were most
influential. Investigations done by Eveson & Farley (2021) (included as Appendix B for
convenience), and further follow-up investigations, showed that the release ages estimated
for the tagging data in the Eveson et al. (2012) model (estimated using random effects) were
being estimated incorrectly due to two cohorts with very different growth rates, and thus
different mean lengths at age, being tagged and released. As such, we recommend using one
of the growth models presented here (noting that the VB log k, VB and Richards models all
gave very similar fits) as the base growth model in future stock assessments. Although the
estimated difference in growth between sexes was relatively small, it may still be valuable to
investigate the potential effects of sex-specific growth in future assessments. While the
current dataset does not reveal clear regional differences in growth, limited sample sizes in
certain areas prevent definitive conclusions. We continue to recommend increased otolith
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collection from the eastern Indian Ocean, where sample sizes remain low, particularly for
adult fish. Ageing these additional otoliths will improve our understanding of regional growth
and longevity patterns and help evaluate the potential for inter-annual variation in length-at-
age to influence growth curve estimation.
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Appendix A — Otolith data for decimal age
algorithm
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Append Figure 1. Relationship between otolith size (mm) and daily age (yrs) with fitted power curve for
bigeye tuna (dashed lines show approximate 95% confidence bounds). Otolith size is the distance from the
primordium to the edge in transverse sectioned otoliths.
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Append Figure 2. Relationship between age class (yrs) and increment width (mm) for bigeye tuna, with
fitted exponential decline curve (dashed lines show approximate 95% confidence bounds).
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Investigating growth information for yellowfin and
bigeye tuna from the IOTTP tag-recapture data

Paige Eveson and Jessica Farley

CSIRO Oceans and Atmosphere, Hobart, Australia; paige.eveson@csiro.au

Executive summary

Previous growth models that were estimated for yellowfin (Thunnus albacares) and bigeye (T.
obesus) tuna using tag-recapture data from the Indian Ocean Tuna Tagging Programme
(IOTTP) suggested both species have a phase of slow growth as juveniles, followed by a phase
of faster growth (Eveson et al. 2015; Dortel et al. 2015). One of the drawbacks of using tag-
recapture data to model growth is that the age of a fish at release is unknown. These models
deal with the problem by modelling the age at release as a random effect.

In 2020, the European Union and the Indian Ocean Tuna Commission (IOTC) supported a
project to develop new estimates of age and growth for yellowfin and bigeye tuna in the
Indian Ocean. The aim was to follow methods recently developed by Farley et al. (2017; 2020)
for bigeye tuna in the Western Central Pacific Ocean (WCPO) to estimate the age and growth
of yellowfin and bigeye tuna from counts of daily and annual growth zones in otoliths. Using
the relationship between the daily age estimates obtained from this project and fish length,
the age at release for fish in the tag-recapture data could be estimated from their release
lengths. The resulting age estimates are very different than those obtained from the random
effects models. Here we present these new findings and discuss potential reasons for the
differences.

Introduction

A large-scale tagging programme, known as the Regional Tuna Tagging Project of the Indian
Ocean (RTTP-10), was initiated in 2005 to address uncertainties in growth, as well as other
key inputs to the stock assessments, for yellowfin (YFT; Thunnus albacares), bigeye (BET; T.
obesus) and skipjack (SKJ; Katsuwonus pelamis) tuna in the Indian Ocean. As part of the
RTTP-10, large numbers of all three species were tagged in the western Indian Ocean,
primarily off Tanzania, between May 2005 and August 2007. Additional tagging also
occurred in the eastern Indian Ocean as part of small-scale tagging operations, including
extensive tagging of SKJ and YFT off the Maldives in 2004 and 2007-2009. In total, over
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63,000 YFT, 35,000 BET, and 100,000 SKJ were tagged as part of the RTTP-10 and small-scale
tagging operations, collectively known as the Indian Ocean Tuna Tagging Programme
(IOTTP). Recaptures occurred subsequently in commercial fisheries operating in the Indian
Ocean. At the time of data compilation for the Indian Ocean Tuna Tagging Symposium in
2012, the percent of tag returns was approximately 16% for each of the three species.
Details of the tagging and recovery operations can be found in Hallier (2008) and Hallier and
Fonteneau (2015).

In our investigation here, we concentrate only on the tag-recapture data from YFT and BET.
For both species, the growth rates calculated from the tag-recapture data (cm/day) show a
clear change/increase at ~55 cm fork length, with smaller fish growing more slowly than
larger fish (Eveson et al. 2015). The magnitude of the change is larger for YFT. Daily age
estimates from otoliths collected as part of the IOTTP (Sardenne et al. 2015) lent some
support to this pattern, but discrepancies in age estimates between different otolith readers
and large variability in the resulting length at age data made any conclusions difficult
(Eveson et al. 2015).

One of the drawbacks of using tag-recapture data to model growth is that the age of a fish
at release is unknown. Maximum likelihood and Bayesian approaches have been developed
that deal with this by modelling the age at release as a random variable (e.g., Palmer et al.,
1991; Wang et al., 1995; Laslett et al., 2002; Dortel et al. 2015). These models attempt to
estimate a release age distribution that is most consistent with the release length, recapture
length and time at liberty data for the growth model being assumed. For example, if a von
Bertalanffy model is chosen, the assumption is that growth rates decline with age, so for fish
of a given length, those with a lower growth rate will be estimated to be older than those
with a higher growth rate.

Eveson et al. (2015) used tag-recapture data from the IOTTP along with otolith daily age
estimates from Sardenne et al. (2015) to estimate growth models for YFT and BET. For both
species, a VB log k growth curve (Laslett et al. 2002) was chosen to capture the two phases of
growth. The fitted growth models suggest YFT and BET have a phase of slower growth when
they are juveniles, followed by a phase of faster growth. YFT make a quick transition between
growth phases, with a short period of very rapid growth immediately following the age of
transition, whereas BET make a smoother, more gradual transition. Kolody (2011) suggested
that differential size-selectivity between the FAD (fish aggregating device) and free-set
components of the purse seine fishery could result in apparent two-stanza growth; however,
the pattern held when recaptures from either component of the fishery were considered
independently.

In 2020, the European Union and the Indian Ocean Tuna Commission (IOTC) supported the
‘GERUNDIQ’ project for the “collection and analysis of biological samples of tropical tunas,
swordfish, and blue sharks to improve age, growth and reproduction data for the IOTC”. One
of the objectives of the project was to develop new estimates of age and growth for yellowfin
and bigeye tuna in the Indian Ocean. The aim was to follow methods recently developed by
Farley et al. (2017; 2020) for bigeye tuna in the Western Central Pacific Ocean (WCPO) to
estimate the age and growth of yellowfin and bigeye tuna from counts of daily and annual
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growth zones in otoliths. The results for YFT and BET are presented in Farley et al. (2021a)
and Farley et al. (2021b) respectively. Using the relationship between fish length and the
daily age estimates obtained from the GERUNDIO study, we could estimate age at release for
fish in the tag-recapture data from their release lengths. The resulting age estimates are very
different than those obtained from the random effects models in Eveson et al. (2015). Here
we present these new findings and discuss potential reasons for the differences.

Methods and Results

In the investigations done here, we used the same tag-recapture data set used in the growth
models of Eveson et al. (2015), which had been filtered based on screening criteria
determined by the Secretariat of the Indian Ocean Tuna Commission (I0TC).

Yellowfin tuna

Figure 1 shows the release and recapture distributions for YFT, broken down by those released
off Tanzania (N=4035) and those released elsewhere (N=301). The distribution of release
lengths shows two distinct modes, one centred around 48 cm and the other around 62 cm
with a separation between them at ~54 cm (Figure 2). The average growth rate for each fish
over the time it was at liberty was calculated as the difference between the recapture length
and the release length (in cm) divided by the time at liberty (in days). Plotting growth rate
against release length shows that fish in the smaller release length mode (<54 cm) had slower
growth in general than fish in the larger release length model (254 cm) (Figure 3). For fish with
release lengths >54 cm, growth rates decline with length and are also slightly lower for fish at
liberty for longer (Figure 3), both of which are expected if growth monotonically declines with
age (like a von Bertalanffy curve). However, for fish with release length <54 cm, there are
two clouds of points, one with slightly higher growth rates than the other. The cloud of fish
with higher growth rates corresponds to fish that were at liberty for over a year (Figure 3),
which suggests the growth of fish released when small (<54 cm) is slow for the first year after
tagging, then increases if they remain at liberty for longer, resulting in a higher average
growth rate. Another way of looking at these data is to plot growth rate against time at liberty
(Figure 4). Fish <54 cm at release grow slowly if they were at liberty for less than a year, but
the average growth rate starts to increase for fish at liberty longer to a peak around 500-600
days before declining again (as expected as fish get older) (Figure 4, top). For fish 254 cm at
release, there is an initial period of highly variable growth between 100-200 days at liberty,
with slow growth for many fish, but for fish at liberty longer than this, their growth rates
follow the expected pattern of fast initial growth with a decline over time (Figure 4, bottom).

In Farley et al. (2021a), age estimates were obtained for 74 YFT otoliths selected for daily
ageing. The relationship between fork length and daily age is shown in Figure 5. A non-
parametric smooth was fit to these data and used to estimate the age at release of fish in the
tag-recapture dataset based on their length at release. Note that age was only estimated for
fish with a release length between 20-70 cm (N=4052 out of 4336), since this is the range that
was used in developing the age-length relationship. The estimated release ages ranged from
0.24 to 1.21 years with a mean of 0.93 years (Figure 6, blue bars). The age at recapture could
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then be estimated for each fish by summing its estimated release age with the time it was at
liberty. A plot of recapture length versus estimated recapture age shows that, up to a
recapture age of around 2.5 years, fish released at a smaller size (<54 cm) attained a smaller
length at recapture than fish of the same age released at a larger size (254 ¢cm) (Figure 7). For
fish that remained at liberty longer and were recaptured at older ages (>2 years), the lengths
at recapture for the two release mode groups become similar. The otolith age and length data
from Farley et al. (2021a) are overlaid for comparison, including both the daily age estimates
and the decimal age estimates derived from annual ageing (Figure 7). These data align quite
well with the recapture data for fish from the larger release length mode, particularly for fish
<2 years old. Between ages 2 and 4 years, YFT from the otolith data set appear to be slightly
smaller for the same age as fish from the tag-recapture data set, but since the data were
collected from different regions of the Indian Ocean in different years, this could be explained
by spatial or temporal differences in growth.

The recapture length versus age data in Figure 7 look very different to the data from Eveson et
al. (2015), regardless of whether the Sardenne et al. (2015) otolith data from reader Team 1
or Team 2 were included in their models (Figure 8). The recapture lengths are the same, so the
difference is due to the estimated recapture ages, and more specifically to the estimated
release ages since in both cases recapture age is the sum of the estimated release age and
the time at liberty. The release ages estimated in Eveson et al. (2015) are older and cover a
wider age range than those estimated here (Figure 6). Reasons for this are discussed in the
Discussion.

Bigeye tuna

Figure 9 shows the release and recapture distributions for BET, broken down by those released
off Tanzania (N=2922) and those released elsewhere (N=14). As for YFT, the distribution of
release lengths shows two distinct modes, centred around 48 and 62 cm with a separation
between them at ~55 cm (Figure 10). Similar to YFT, fish in the smaller release length mode
(<55 cm) had slower growth in general than fish in the larger release length model (255 cm)
(Figure 11). For BET <54 cm, fish at liberty for over a year still have higher growth rates on
average than those at liberty less than a year, but the difference is not as great as for YFT
(Figure 11). This makes sense since the “jump” in growth rates between the smaller and larger
release modes is not as great for BET as for YFT; thus, the average growth rate for fish released
when small (<55 cm) but at liberty for over a year still increases, but not by as much. Again,
this can be seen by plotting growth rate against time at liberty (Figure 12). For fish <55 cm, the
increase in the average growth rate that occurs around a year at liberty is not as large as for
YFT, and the peak occurs at around 450-500 days before declining (Figure 12, top). For BET =55
cm at release, growth rates are a bit more variable and slower in the initial period but not to
the same extent as for YFT; rather their growth rates better follow the expected pattern of
fast initial growth with a decline over time (Figure 12, bottom).

In Farley et al. (2021b), age estimates were obtained for 37 BET otoliths selected for daily
ageing. The relationship between fork length and daily age is shown in Figure 13. A power curve
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was fit to these data and used to estimate the age at release of fish in the tag-recapture
dataset based on their length at release. Age was only estimated for fish with a release length
between 18-79 cm (N=2914 out of 2936), since this is the range that was used in developing
the age-length relationship. The estimated release ages ranged from 0.30 to 1.64 years with
a mean of 0.78 years (Figure 14, blue bars). Again, age at recapture was estimated for each fish
by summing its estimated release age with the time it was at liberty. As for YFT, BET released
at a smaller size (<55 cm) attained a smaller length at recapture than fish of the same age that
were released at a larger size (=55 cm), and this trend held for longer for BET (up to ~age 4)
(Figure 15). For fish that were recaptured beyond age 4, the lengths at recapture for the two
release mode groups became similar. The otolith age and length data from Farley et al.
(2021b) are overlaid for comparison, including both the daily age estimates and the decimal
age estimates derived from annual ageing (Figure 16). Similar to YFT, these data align
reasonably well with the recapture data for fish from the larger release length mode, and
slight differences could be explained by spatial or temporal differences in growth since the
otolith data were collected from different regions of the Indian Ocean in different years.

The recapture length versus age data for BET (Figure 15) look very different to the data from
Eveson et al. (2015) (Figure 16), as are the estimated release age distributions (Figure 14).
However, compared to YFT, the release ages estimated for BET in Eveson et al. (2015) differed
more depending on whether otolith data from reader Team 1 or Team 2 were included in the
models. The estimates that included Team 1 data were more similar to our estimates, but still
showed a wider age range; those that included Team 2 data also showed a wider age range
and were much older than our estimates (Figure 16).

Discussion

The results presented here suggest quite different growth curves for YFT and BET from the
tag-recapture data than those obtained in Eveson et al. (2015); this is due to very different
release ages being estimated for the fish. In fitting a growth model to the data, an assumption
is that all fish have the same mean length for a given age — there can be variability around the
mean, but not different means for different subsets of fish. The independent release age
estimates we obtained here suggest that this assumption is not being met — for both YFT and
BET, fish from two different release length modes have different mean lengths at age. The
only way for the growth models that estimate release age as a random effect, such as that in
Eveson et al. (2015), to deal with this is to estimate the age of the fish with the larger lengths
to be older. Although our estimates of release age contain some uncertainty, the relationship
between fish length and otolith daily age on which they are based is quite good, and the
uncertainty will be small compared to the uncertainty in age estimates obtained from the
random effect growth models.

The reason for the difference in mean lengths at age for fish from the two release groups is
not clear. If the fish were released in different areas or different years then the difference
could be due to spatial or temporal difference in growth; however, they were almost all
released off Tanzania in the same two years. For YFT, there were ~300 fish in the data set that
were released elsewhere and, while the variability in the growth rates were larger for these
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fish, they showed a similar pattern to those released off Tanzania (Figure 4). There were almost
no BET in the dataset from non-Tanzanian releases to make an informative comparison (Figure
12). One possible explanation is that tagging affected the growth of the fish, and this effect
was larger and lasted longer for fish that were smaller when tagged (i.e., those in the smaller
release length mode). This is consistent with our observation that fish from the smaller
release length mode eventually “caught up” in length to those from the larger release length
mode if they were at liberty for long enough.
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Figures — yellowfin tuna
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Figure 1. Map of the release and recapture locations for yellowfin tuna used in the growth analysis of
Eveson et al. (2015), showing fish that were released off Tanzania (top) and released elsewhere (bottom).

29



200
1

Frequency

T \ T T 1
40 60 80 100 120

Release length (cm)

Figure 2. Release length distribution of yellowfin tuna used in the growth analysis of Eveson et al. (2015).
There is a separation between modes at 54 cm (dashed vertical line).
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Figure 3. Growth rate (cm/day) versus release length (cm) for yellowfin tuna, broken down by time at liberty
(<365 days vs 2365 days).
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Figure 4. Growth rate (cm/day) verses time at liberty (TAL, days) for yellowfin tuna that were < 54 cm at
release (top) and 254 cm at release (bottom). Those released in areas other than Tanzania are highlighted
for comparison.
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Figure 5. Fork length vs otolith daily age for yellowfin tuna, with a non-parametric smooth model fitted to
the data (taken from Farley et al. 2021a). Only fish < 70 cm FL were included in the smooth since the data
are too sparse and variable for larger fish to be confident in the age-length relationship.
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Figure 6. Histogram of release ages estimated for yellowfin tuna in the current study using the length versus
daily age relationship in Figure 5 (blue bars) compared to release ages estimated from the growth model in
Eveson et al. (2015) (grey bars), which included tag-recapture data and otolith data from Sardenne et al.
(2015) for reader Team 1 (top) or reader Team 2 (bottom).
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Figure 7. Recapture length versus recapture age as estimated for yellowfin tuna using release age derived
from the length versus daily age relationship in Figure 5 plus the time at liberty. Data are colour-coded by
release length (< 54 cm vs 254 cm). The otolith age and length data from the Farley et al. (2021a) are
overlaid for comparison.
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Figure 8. Recapture length versus recapture age as estimated for yellowfin tuna from the growth model in
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Eveson et al. (2015) which included tag-recapture data and otolith data from Sardenne et al. (2015) for

reader Team 1 (top) or reader Team 2 (bottom). The otolith age and length data from Sardenne et al. (2015)

for reader Team 1 (top) and reader Team 2 (bottom) are overlaid for comparison.
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Figures — bigeye tuna
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Figure 9. Map of the release and recapture locations for bigeye tuna used in the growth analysis of Eveson et
al. (2015), showing fish that were released off Tanzania (top) and released elsewhere (bottom).
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Figure 10. Release length distribution of bigeye tuna used in the growth analysis of Eveson et al. (2015).
There is a separation between modes at 55 cm (dashed vertical line).
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Figure 11. Growth rate (cm/day) versus release length (cm) for bigeye tuna, broken down by time at liberty
(<365 days vs 2365 days).
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Figure 12. Growth rate (cm/day) versus time at liberty (TAL, days) for bigeye tuna that were <55 cm at

release (top) and 255 cm at release (bottom). Those released in areas other than Tanzania are highlighted

for comparison.

38




Daily age estimate (yrs)

T | T T T T T
20 30 40 50 60 70 80

Fork length {cm)

Figure 13. Fork length versus otolith daily age for bigeye tuna, with a power curve fitted to the data (taken
from Farley et al. 2021b).
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Figure 14. Histogram of release ages estimated for bigeye tuna in the current study using the length versus
daily age relationship in Figure 5 (blue bars) compared to release ages estimated from the growth model in
Eveson et al. (2015) (grey bars), which included tag-recapture data and otolith data from Sardenne et al.
(2015) for reader Team 1 (top) or reader Team 2 (bottom).
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Figure 15. Recapture length versus recapture age as estimated for bigeye tuna using release age derived
from the length vs daily age relationship in Figure 5 plus the time at liberty. Data are colour-coded by
release length (< 54 cm vs 254 cm). The otolith age and length data from Farley et al. (2021b) are overlaid for
comparison.
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Figure 16. Recapture length versus recapture age as estimated for bigeye tuna from the integrated growth
model in Eveson et al. (2015) using tag-recapture data and otolith data from Sardenne et al. (2015) for
reader Team 1 (top) and reader Team 2 (bottom). The otolith age and length data from Sardenne et al.
(2015) for reader Team 1 (top) and reader Team 2 (bottom) are overlaid for comparison.
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