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Executive summary

This paper describes work to estimate the age and growth of bigeye tuna (Thunnus obesus) in
the Indian Ocean from otoliths as part of the ‘GERUNDIO’ project’. The most recent stock
assessment for Indian Ocean bigeye tuna indicated that the stock is not overfished but
overfishing is occurring (Fu 2019; I0OTC 2020). The stock assessment model used a fixed
growth function from Eveson et al. (2012), which was estimated using tag-recapture data and
daily age estimates from otoliths. A slightly updated (but very similar) growth curve was
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presented in Eveson et al. (2015), which suggests a two-stanza growth model for bigeye tuna
where growth is slow for fish between 40 and 50 cm fork length (FL), then changes to faster
growth between 50 and 70 cm FL, before slowing again. The otolith-based daily age estimates
from Sardenne et al. (2015) that were used in the analysis varied considerably among readers
and there was a recommendation by Sardenne et al. (2015) to explore alternate ageing
methods, such as annual ageing (as opposed to daily ageing). More recently, 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. The aim of the current study was to apply this method to bigeye tuna in the Indian
Ocean to obtain new estimates of age and growth, and to attempt to validate the age
estimates using otoliths from bigeye tuna tagged and recaptured in the Indian Ocean Tuna
Tagging Programme (IOTTP).

Otoliths from 632 bigeye tuna collected in the current and previous projects were available
for analysis and otoliths from 108 fish were selected for ageing. The otoliths were collected
from bigeye tuna ranging in size from 18.5 to 178 cm FL. A combination of daily and annual
ageing was undertaken, and a final age was obtained for 107 of the 108 fish. The youngest
fish was aged 49 days and the oldest was 14.7 years. The preliminary age validation/
verification work using otoliths and data from the IOTTP provides evidence that the otolith
ageing method used in this study is accurate. However, we recommend that further age
validation work is undertaken.

Three growth models were fit to the age and length data (VB, Richards and VB log k). All three
provided very similar fits; however, the two-phase VB log k model provided a better fit to the
data for fish <40 cm FL. The length-at-otolith weight data (which is independent of the age
estimation method) showed a change in otolith growth at ~40 cm FL consistent with the
length-at-age data, which lends support to the VB log k model. Overall, our analysis shows
that growth is rapid in the first few years with fish reaching ~60 cm FL at age 1 and ~85 cm FL
at age 2. Mean asymptotic length was estimated to be ~168 cm FL.

The VB log k growth curve estimated in the current study is similar to the VB curve of Stéquert
and Conand (2004) for bigeye tuna in the western Indian Ocean, which was estimated using
counts of microincrements (daily age estimates) in otoliths, although we obtained higher age
estimates for fish >140 cm FL. Also, our VB log k curve suggests faster growth for fish up to
~40 cm FL.

Although our data suggests two-phase growth, our VB log k growth curve is quite different
from the integrated VB log k curves of Eveson et al. (2012; 2015). In particular, we do not see
the same very slow growth for fish < 50 cm, plus we estimate mean asymptotic length to be
higher (~168 cm FL in the current study compared to 152.5 cm FL in Eveson et al. 2015). This
may be due to the low number of fish >150 cm FL in the tag-recapture data available at the
time to be used in Eveson et al. (2015), which is likely related to the relatively short times at
liberty of fish included in the analysis (<6 years) compared to the current estimated longevity
of bigeye tuna of at least 14 years.



We recommend that additional otoliths are collected from the eastern Indian Ocean, and that
these otoliths and additional otoliths from those already collected in the GERUNDIO and
IOTTP projects are read/aged to provide further information on growth and longevity before
the next stock assessment for bigeye tuna in 2022.

1. Introduction

Bigeye tuna (Thunnus obesus) is a large pelagic species inhabiting tropical and subtropical
waters in all the major oceans. Genetic studies indicate that bigeye tuna form a single stock
in the Indian Ocean, which is not connected to stocks in the Pacific or Atlantic Oceans
(Appleyard et al. 2002; Chiang et al. 2008; Diaz-Arce et al. 2020). In 2019, the stock assessment
for bigeye tuna in the Indian Ocean indicated that the stock is not overfished but overfishing
is occurring, and the spawning stock biomass in 2018 was estimated at 31% of the unfished
levels (Fu 2019; IOTC 2020). The next assessment of bigeye tuna is planned to be conducted
in 2022.

Accurate life-history parameters such as age and growth are required for robust stock
assessments and management advice. The 2019 stock assessment model for bigeye tuna used
a fixed growth function from Eveson et al. (2012), which was estimated using tag-recapture
data from the Indian Ocean Tuna Tagging Programme (IOTTP; Murua et al. 2015) and otolith-
based daily age estimates from Sardenne et al. (2015). A slightly updated growth curve was
presented in Eveson et al. (2015), but is very similar to that in Eveson et al. (2012). Mean
asymptotic length was estimated to be 150.9 cm FL in Eveson et al. (2012), and 152.5 cm FL
in Eveson et al. (2015). The tag-recapture data was more influential in the growth models
than the direct age data due to the volume of tagging data, and the results indicated that
bigeye tuna have a two-stanza growth pattern where growth was slow for fish between 40
and 50 cm FL, then changed to faster growth between 50 and 70 cm FL, before slowing again
(Eveson et al. 2012; 2015). The daily age estimates used by Eveson et al. (2015) varied
considerably among readers and hence there was a recommendation by Sardenne et al.
(2015) to explore alternate ageing methods uding otolthis, such as annual ageing (as opposed
to daily ageing).

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 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 bigeye tuna from counts of daily and annual growth zones in otoliths. In
addition, a priority for the project was to undertake preliminary age validation by analysing
otoliths from bigeye tuna that had been tagged and recaptured in the IOTTP.



2. Methods

2.1. Sample collection and selection for ageing

Sagittal otoliths from 632 bigeye tuna were available for analysis (as of 1 October 2021). Of
these, otoliths from 98 (15%) fish were collected in the current project in the western Indian
Ocean in 2021. The remaining otoliths were made available from the “Estimation of Maternal
effects upOn the sustainability of large pelagic populaTIONs” (EMOTION) and “Population
Structure of Tuna, Billfish and Sharks in the Indian Ocean” (PSTBS-I0) projects (Bodin et al.
2018, Davies et al. 2020) and were collected between 2013 and 2018 across the Indian Ocean.
Figure 1 shows the sampling locations for all otoliths divided into those aged and not aged.
Straight fork length (FL) was measured to the nearest cm for all fish. Sex data were available
for 273 fish (43% of the total number of fish).

The otoliths were cleaned, dried, and weighed to the nearest 0.0001 g if complete. A total of
108 fish were selected for ageing based on fish length and sampling location to ensure age
estimates were obtained from length classes where sample sizes were small and from across
the spatial range of fish sampled. Figure 2 shows the size frequency of fish selected for ageing
and those remaining in the archive for future analysis.
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Figure 1. Map of the sampling locations for bigeye tuna. Circle size is proportional to sample size, and colours
indicate the proportion of otoliths that have been aged and are included in the growth analysis (green) and
the proportion remaining in the collection for future analysis (blue). Note that specific location information
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was not available for 57 samples collected in the northwest Indian Ocean, so were not included in the map.
Longitude is shown in degrees east.
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Figure 2. Length frequency (FL) of bigeye tuna (A) selected for ageing and included in the preliminary growth
analysis for the Indian Ocean in this study (n=108), and (B) the remaining samples in the collection from the
Indian Ocean (n=524). The lower boundary length value of the bin is shown.

2.2. Otolith preparation and reading

Both daily and annual increments were examined in this study following methods developed
for bigeye tuna in the WCPO (Farley et al. 2017; 2020).

Daily ageing

A total of 39 otoliths were prepared for daily age reading: 37 were selected from small fish
(18.5-79.0 cm FL), and two additional otoliths were selected from larger fish (82.5 and 82.9



cm FL) to determine if a daily age could be obtained with confidence. The method involves
preparing single longitudinal (frontal) sections from the primordium to the postrostral axis of
the otolith, through the primordium (Williams et al. 2013). The number of visible
microincrements (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.

An additional sub-sample of nine transverse sections used in the Sardenne et al. (2015) study
was selected for re-reading. Microincrements were counted using a transmitted light
microscope at various magnifications ranging between 400 and 1000x depending on the area
of the otolith being interpreted. The reading transects in this study varied slightly from that
used in the Sardenne et al. (2015) study (see Figure 3), where zones were initially counted
closer to the sulcal edge rather than the outer edge of the otolith.

Figure 3. Image of a transversely prepared otolith section for daily age reading showing the reading path used
by Sardenne et al. (2015) (dashed line) and that used in this study (solid line)

Annual ageing

A total of 103 otoliths were selected from fish 71-178 cm FL for annual age reading (34 were
sister otoliths of those prepared for daily age estimation above). The otoliths were prepared
following the methods outlined in Anon (2002). Otoliths were embedded in clear casting
polyester resin and four or five serial sections approximately 300 um thick were cut from each
otolith (around the primordium). Sections from each sample were cleaned, dried, and
mounted on glass microscope slides (50 x 76 mm) with resin. Sections were then covered with
further resin and two glass coverslips (22 x 60 mm) were placed side by side. All otoliths were
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prepared by FAS and read once by an experienced reader at FAS and once by an experienced
reader CSIRO, using a dissecting microscope and transmitted light. FAS used an image analysis
system to read the sectioned otoliths. 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 (see Figure 9 below). 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). CSIRO read the otolith
sections using the method described above but did not use an image analysis system to obtain
an image of the otolith or measure the increments. Average percent error (Beamish and
Fournier 1981) and age difference tables were used to assess the precision of readings. When
counts differed, the FAS count was used for the fish.

Decimal age was calculated for each fish with an annual count based on the method developed
for bigeye tuna and yellowfin tuna (Thunnus albacares) in the western Pacific Ocean (Farley et
al. 2020).

First, the age of each fish when the first opaque zone was completed in the transverse section
was calculated. This was done using the relationship between daily age and otolith size for
paired otoliths (Append Figure 1). Daily age estimates were obtained from the longitudinal
sections (as described in previous section “Daily ageing”) and otolith size was the measurement
from the primordium to the distal edge of the first opaque zone on the transverse section of
the ‘sister’ otolith prepared for annual ageing. The 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 plus 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. This was calculated using the width of the marginal increment in the
otolith prepared as a proportion of the mean width of the complete annulus for that age group
(see Append Figure 2). The mean increment width was calculated using the otolith
measurements taken routinely for each otolith included in the annual ageing. The distance
between the terminal edge of each opaque zone was calculated, and the mean width estimated
for each age group.

The total age of each fish was estimated by adding together the age components estimated in
each of these three steps. Note that for otoliths less than 1.4 mm in size (i.e., 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. Annual age validation and verification

Otoliths from IOTTP tag-recapture bigeye tuna

Preliminary age validation for bigeye tuna was undertaken using otoliths from fish that had
been tagged and recaptured as part of the IOTTP and were at liberty for up to 6.8 years. A
total of 91 otoliths were sent to FAS where they were weighed to the nearest 0.001 g if
complete.

A subset of the otoliths was selected for annual ageing by FAS, which consisted of (1) five OTC
marked samples ranging from 0.90 to 3.19 years at liberty and 75 to 141 cm FL length at
recapture, and (2) 10 non-OTC marked samples ranging from 3.75 to 6.80 years at liberty and
41 to 157 cm FL at recapture. Transverse sections were prepared using the same method as
described in section 2.2. The only modification was that during the processing of the OTC
samples, the blocks and slides were not subject to heat and were stored in a dark box while
the resin cured as both heat and direct light can reduce the intensity of the OTC mark prior to
examination

Otoliths marked with OTC were examined for the presence and position of the OTC mark using
a Leitz Diaplan compound microscope fitted with a 100-W incident ultraviolet light source,
and a Leitz D filter block (excitation filter 450-520 nm) to suit the fluorescent properties of
OTC. One image was captured of the otolith under fluorescent illumination and another under
transmitted light for direct comparison.

Since the time at liberty was known for each fish (i.e., a truly blind read was not possible at
this time), we used an objective method to verify the annual age estimation method used in
this study. For each of the 15 sectioned otoliths, we measured the distance from the
primordium to the otolith edge on the counting path. We then estimated the age of the fish
at recapture by summing the estimated age of the fish when it was tagged (using its length
measurement and the relationship in Figure 4) and the time at liberty. All fish were <70 cm FL
at release so were within the range used in developing the relationship in Figure 4. We
compared the relationship between age and the size of the sectioned otolith to the same
information from the otoliths of all bigeye tuna aged in this study, to determine if the data
were consistent and provide evidence that the otolith age estimates obtained in the current
study are accurate.

Analysis of tag-recapture data from IOTTP

Further age validation for bigeye tuna was undertaken using the raw tag-recapture data from
the IOTTP. Using the method described above, we estimated the age at recapture for all fish
recaptured, not just the 15 selected for reading in the current study (i.e., by summing the
estimated age of the fish when it was tagged/released and the time at liberty). Only fish <70
cm FL at release were included in the analysis to be confident in the estimated age at release.
The length-at-age (estimated at recapture) was compared to the length-at-age estimated for



all fish aged in the study, to determine if the data were consistent providing further evidence
that the annual ageing method is accurate.

2.4. Growth analysis

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

The VB growth model has the form:
Ly = Loo(1 — e~k(a=a0))

where Lq 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(“‘%‘“)) B

1+ e

Ly = L.{1— e *2(@=a0) <

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

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.



3. Results

3.1. Daily ageing

Age estimates were obtained from all 39 otoliths selected for daily ageing. For 28 otoliths, the
first two reads were within 10%, so the age estimate was the average of these two reads. For
the remaining 11, a third read was required and the average of the closest two reads was
taken. Age ranged from 49 to 509 days for the 37 small fish (18.5-79.0 cm FL) (Figure 4).
Generally, the microincrement pattern along the preferred reading path (Figure 5) was
relatively straight forward to interpret and consisted of clear opaque and translucent zones
with few areas that required interpolation. However, it was observed that as the otoliths
became larger, they became more difficult to age. This was mainly due to an increase in areas
within the otolith, particularly closer to the outer edge, where the microincrements were
more difficult to interpret due to splitting or merging of zones or the increasing presence of
diffuse black otolith material. However, even in the largest otolith prepared for daily ageing,
areas of clear-to-interpret microincrements could still be observed close to the margin (Figure
6).

The age estimates for the two larger fish (82.5 and 82.9 cm FL) were 603 and 822 days but
due to the relative difficulty in ageing these samples compared to the smaller samples, and
the fact that the difference in age was 219 days even though the fish were very similar in size,
these two daily age estimates were not included in the growth analysis.
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Figure 4. Relationship between fork length (cm) and daily age (microincrement count from longitudinal
section) with fitted power curve for bigeye tuna for fish <79 cm. R? = 0.9763.
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Figure 5. Image of a bigeye tuna otolith prepared as a longitudinal section for daily ageing. Fish of 30.5 cm FL
with a total estimated age 105 days. The white line is the preferred counting path. Scale bar on both images
is 100 um.

Figure 6. Image of the microincrement zone structure near the outer edge of one of the larger samples aged
from counts of micro-increments. Fish of 69.9 cm FL with a total estimated age of 452 days.
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Daily age estimates for the nine transverse sections re-read by FAS were lower than obtained
by either Team 1 or Team 2 in the Sardenne et al. (2015) study (Figure 7). The FAS reader
noted that interpreting the micro-structure was difficult and resulted in age estimates that
were of low confidence. Differences in interpretation between readers could be due to two
factors. First, readers in the Sardenne et al. (2015) may have been counting more zones in the
initial part of the otolith. The prominent zones along the count path often consisted of a few
smaller zones (see Figure 8). Along the initial count path that FAS use, the zone pattern is far
more consistent and obvious. Secondly, the prepared sections were reasonably thick (approx.
120 pum) compared to the thickness that FAS prepare otoliths for transverse daily ageing
(approx. 60 um). The reason otoliths are polished to a thin level is to reduce the risk of
counting the same increment more than once due to the curvature of the increments.
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Figure 8. Two images of the same region within a transversely prepared otolith from Sardenne et al. (2015)
magnified at 250x using two different focal distances. A) focus is on the surface (including the etched
increments) and B) focus is on the increments under the surface.
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3.2. Annual ageing

Counts of opaque zones were obtained for all 103 otoliths read for annual ageing. The counts
ranged from O to 14 years. Figure 9 is an example of an otolith prepared for annual ageing
with the (assumed) annual opaque zones marked. The inter-reader average percent error
between readings was 3.4% with a maximum difference of 1 year (Table 1).

The relationship between fish length and otolith length on the counting path was linear
(Figure 10), confirming that otoliths continue to growth throughout life and that increment
widths are likely to be proportional to fish growth. Decimal age was calculated for each fish
based on the algorithm described in section 2.2 “Annual ageing”. The calculated decimal ages
ranged from 0.13 to 14.7 years. Note that the age and otolith size of one fish did not
correspond to the fork length and was removed from further analysis (8.04 years, 76.4 cm FL,
see Figure 10) leaving 102 annual age estimates.

When daily and annual age estimates from the same fish were directly compared (n=32), the
linear relationship was almost identical to the 1:1 line of agreement (Figure 11), indicating
that the method to calculate decimal age from annual counts for these fish is working
successfully. For fish with both a daily and annual age estimate, the daily estimate was
included in the growth analysis. Thus, 70 annual age estimates were included in the growth
models (103 total - 1 outlier - 32 daily estimates).

The relationship between otolith weight and age was curvilinear with a high goodness of fit
(Figure 12), suggesting that otolith weight may be a good indicator of age, particularly for
small/young fish.

1 mm

Figure 9. Transverse preparation of a bigeye tuna otolith prepared for annual reading showing presumed
annual opaque zones indicated by a white circle (n=11). Fish of length 148.2 cm FL.
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Table 1. Difference in age estimates between otolith readings by Fish Ageing Services (FAS) and CSIRO for

bigeye tuna.
Difference Frequency % Frequency
-2 1 0.97
-1 15 14.6
0 72 69.9
1 14 13.6
2 1 0.97
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Figure 10. Relationship between fish length and otolith size (distance from the primordium along the
counting path in transverse section) (n=103). One clear outlier (red point) was removed from the growth
analysis.
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(n=32). The 1:1 line is shown (solid black line) and the linear relationship between daily and annual age
(dashed orange line; R? = 0.9681). Note that the daily age estimates from the two largest fish (82.5 and 82.9
cm FL) were not included in this comparison due to the low confidence in the age estimates.
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Figure 12. Relationship between otolith weight and estimated age (n=81).

3.3. Age validation and verification

Figure 13 shows the estimated age (daily and annual) of bigeye tuna obtained in the current
study against otolith size (transverse section). The same information for bigeye tuna
recaptured from the IOTTP, for which we have an otolith size estimate, is also shown in Figure
13; for these individuals age at recapture was estimated from length at release and time at
liberty (see Methods). The consistency of the independent data sets for bigeye tuna <age 8
years suggests that the otolith age estimates are accurate. There is one outlier in the IOTTP
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data (age 5), where the otolith is larger than expected for the calculated age; this could be
due to the otolith not belonging to the tagged fish or incorrect tagging data (i.e., time at
liberty). Additional work will be undertaken on the OTC marked otoliths to evaluate whether
the number of increments after the OTC mark is consistent with the time at liberty.
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Figure 14 shows the length and age estimates for all bigeye tuna aged in the current study as
well as for bigeye tuna recaptured in the IOTTP (in these cases age was estimated from release
length and time at liberty). Again, the similarity of the independent data sets provides further
evidence that the otolith ageing method used in this project is accurate. Unfortunately, the
longest time at liberty for a tagged bigeye tuna was only 6.8 years, so this method can only
verify age estimates up to ~8 years. However, the higher otolith age estimates obtained in the
current study seem realistic since the otoliths were considerably heavier than the otoliths
from fish aged 7-8 years (
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Figure 13. Otolith size versus age estimated by FAS (daily and annual) for bigeye tuna in this study as well as
otolith size versus estimated recapture age of bigeye tuna that were tagged and recaptured in the IOTTP and
for which otolith size was measured in the current study (n=15). Recapture age was estimated from release
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3.4. Growth analysis

A total of 107 age-length data points were included in the growth models (70 decimal annual
age estimates and 37 daily age estimates). The three growth models (VB, Richards and VB log
k) provide very similar fits to the data (Figure 15; Append Figure 3). The AIC values are also
very similar, with the lowest value for the Richards model being within 1.5 units of the largest
value for the VB log k model (Table 2). Based on residuals, the two-phase VB log k model
provides the best fit to the smallest fish (<40 cm FL) (Figure 15B; Append Figure 3). The VB log
k model indicates a transition between two growth phases, from fast growth up to ~40 cm FL,
followed by slower growth before increasing again. This can be described by two phases of
VB growth, with a high growth rate parameter in the first phase (k;=0.68) followed by a lower
growth rate parameter in the second phase (k»=0.29) (Table 2).

Since otolith weight may be an indicator of age, we examined the otolith weight to fish length
relationship of a larger number of samples (n=332) than were aged (n=107), 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 fast growth to slower growth before
increasing again, lending support to the VB log k model (Figure 16). These transitions in otolith
growth (and presumably fish growth) were not observed in bigeye tuna otoliths from the
WCPO (Figure 16), suggesting slightly different growth patterns for juvenile bigeye tuna
between these oceans. However, overall, bigeye tuna growth in the Indian Ocean and
Western Pacific Ocean appears to be similar.

The length-at-age data were insufficient to model sex-specific or region-specific growth
within the Indian Ocean. However, preliminary data exploration indicated that males may
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grow slightly faster and reach slightly larger sizes, on average, than females (Append Figure
4). This was supported by the length-at-otolith weight data for a larger number of samples
(Append Figure 5). There is some indication in the length-at-age data that bigeye tuna in the
western Indian Ocean may grow slightly slower than bigeye tuna in the eastern Indian Ocean
(Append Figure 6), but the sample size is too small to be conclusive and other factors such as
size-selective fishing could bias the data. The length-at-otolith weight data were also
consistent with this result but very few samples were available from the eastern Indian Ocean
in the current project (Append Figure 7). Additional data were obtained for bigeye tuna from
an earlier study in the eastern Indian Ocean (Farley et al. 2006; all were >70 cm FL), which did
not indicate the presence of a difference in otolith growth (and presumably fish growth)
between the western and eastern Indian Ocean (Append Figure 7).
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Figure 16. Relationship between otolith weight and fork length for bigeye tuna in the Indian Ocean from the
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central Pacific Ocean from Farley et al. (2019; 2020) (n=806; 12 outliers were removed).

Table 2. Parameter estimates from fitting von Bertalanffy (VB), Richards and VB log k growth models to the
bigeye tuna length at age data (n=107). Standard errors for the parameter estimates are given in parentheses.

Model Lo k/k; k2 o b/6 ao/a* o AIC

VB 166.6 0.31 B B B -0.38 7.44 241.0
(2.2) (0.01) (0.05) (0.51)

Richards 170.5 0.25 0.75 -1.29 7.34 40,3
(3.7) (0.03) (0.10) (0.61) (0.50) '

VB log k 168.3 0.69 0.29 0.35 13.1 -0.04 7.26 7418
(2.5) (1.4) (0.02) (1.0) (49.3) (0.29) (0.50) '

4. Discussion

Otoliths are the preferred calcified structure to estimate fish age as they permanently record
patterns in growth over time. Age estimates from counts of microincrements are generally
limited to young/small fish (Campana 1992; Williams et al. 2012) and the otoliths must be
examined under high magnification. Sub-daily increments and discontinuities may also be
present, and the daily deposition of increments appears to cease in juvenile and/or adults of
long-lived species, including tunas (Wright et al. 2002; Williams et al. 2012). Validated counts
of annuli in otoliths, however, have been widely used to obtain estimates of age of tuna
species, including bigeye tuna. The recent methods developed by Farley et al. (2020) to
estimate a decimal age for bigeye and yellowfin tuna in the WCPO, based on a combination
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of validated daily and annual age estimates, provide a more precise estimated growth curve
for the species, and have now been applied to other species including yellowfin tuna, albacore
tuna (Thunnus alalunga) and striped marlin (Kajikia audax) (Farley et al. 2020, 202143, b).

For bigeye tuna in the Indian Ocean, Stéquert and Conand (2004) recommended that a
scanning electronic microscope (SEM) should be used to estimate the age of bigeye tuna >120
cm FL due to the small size of the microincrements in otoliths. Sardenne et al. (2015) also
found that daily age estimates for bigeye tuna >100 cm FL were underestimated using a
standard light microscope. In the current study, estimates of daily age were limited to fish
<80 cm FL due to the difficulty interpreting the sub-structure and discontinuities in otoliths of
larger fish. The daily age data aligned well with the annual age data for small/young fish (see
Figure 15), supporting our method to calculate the decimal age of bigeye tuna. The
preliminary age validation/verification work using otoliths and data from the IOTTP provides
evidence that the otolith ageing method used in this study is accurate. However, we
recommend that further age validation work is undertaken.

The two-phase VB log k model provided a better fit to the length at age data for fish <40 cm
FL than the other models. The length-at-otolith weight data (which is independent of the age
estimation method) also showed a change in otolith growth at ~40 cm FL consistent with the
length-at-age data, which lends support for the VB log k growth model. Overall, our analysis
shows that growth is rapid in the first few years with fish reaching ~60 cm FL at age 1 and ~85
cm FL at age 2. Mean asymptotic length was estimated to be ~168 cm FL and maximum age
is at least 14 years.

Our VB log k growth curve for bigeye tuna is similar to the VB curve of Stéquert and Conand
(2004) for bigeye tuna in the western Indian Ocean, which was estimated using counts of
microincrements (daily age estimates) in otoliths (Figure 17). A difference occurred for fish
<~40 cm FL, where our data suggests slightly faster growth rates. The raw length-at-age data
for fish >40 cm are very similar between the two studies, although we obtained higher age
estimates for fish >140 cm FL. This is most likely due to microincrements no longer forming
daily marks in the otoliths of large/old fish, but since this occurred after growth slowed and
around their asymptotic length, the growth curves obtained were similar.

Although our data suggest two-phase growth for bigeye tuna, the VB log k growth curve we
estimated is quite different from the VB log k curves of Eveson et al. (2015), which were based
on tag-recapture data from the IOTTP and otolith-based daily age estimates from Sardenne
et al. (2015) (Figure 17). The tagging data were most influential in determining the shape of
the growth curves in Eveson et al. (2015); however, the otolith ageing data were useful for
estimating the age of the tagged fish at release. Daily age data were available from three
otolith reading teams in Sardenne et al. (2015), and although the daily increment deposition
rate was validated for bigeye tuna (note each team had a reading bias linear model developed
to convert microincrement counts to a daily age estimates), the age estimates still varied
considerably between Team 1 and Teams 2 and 3, and also between FAS and Teams 1 and 2
for the nine otoliths re-read in this study, which highlights that otolith structure can be
interpreted differently by different readers. Eveson et al. (2015) estimated three growth
curves, all using the same tag-recapture data but using daily age data from each reader team
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separately; this resulted in a shift of the curve along the age axis depending on which team’s
data were used. All three growth curves showed a two-stanza growth pattern with very slow
growth for fish between 40 and 50 cm FL, then faster growth between 50 and 70 cm FL, before
slowing again. The lack of age data for fish <40 cm FL meant the shape of the early part of the
growth curve was uncertain for all teams (Eveson et al. 2015).

The daily age estimates and growth curve obtained in the current study are more similar to
the Eveson et al. (2015) “Team 1” growth curve than the “Team 2” curve that was used in the
2019 stock assessment. This is due to the similar length-at-daily age estimates obtained in the
current study and Team 1 compared to Teams 2 and 3 (Append Figure 8). However, our
growth curve does not show the same very slow growth for fish <50 cm FL (Figure 17). In
addition, our growth curve has a higher mean asymptotic length (~¥168 cm FL) compared to
Eveson et al. (2015) (152.5 cm FL for all three curves). This may be due to the low number of
fish >150 cm FL in the tag-recapture data available at the time for use in Eveson et al. (2015),
which is likely related to the relatively short times at liberty of fish included in the analysis (<6
years) compared to the estimated longevity of bigeye tuna of at least 14 years.

There has been discussion about whether the two-stanza growth pattern obtained for bigeye
tuna in the Indian Ocean from analysis of tagging data is a true reflection of growth of the
population (Kolody 2011; Maunder et al. 2015). Two-stanza growth patterns have been
detected in the data of some bigeye tuna tagging studies in the western and central Pacific
Ocean (WCPO) and the eastern Atlantic Ocean (Lehodey et al. 1999; Gaertner et al. 2009) but
not in other studies (Hallier et al. 2005; Cayré and Diouf 1984), and it has not been reported
in studies that only used otolith age data (see review by Murua et al. 2017). The reason for
different growth curves reported amongst studies is unclear but could be due to a number of
factors including environmental or genetic factors, selectivity of fishing gear or tagging effects
(Kolody 2011; Maunder et al. 2015).

We recommend that additional otoliths are collected from the eastern Indian Ocean, and that
these otoliths and additional otoliths from those already collected in the GERUNDIO and
IOTTP projects are read/aged to provide further information on growth and longevity before
the next stock assessment for bigeye tuna in 2022.
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Figure 17. Comparison of the VB log k growth curve estimated in the current study with growth curves
estimated for Indian Ocean bigeye tuna from other studies. The curves from Eveson et al. (2015) were based
on tag-recapture data from the IOTTP and otolith daily age estimates from different reader teams (see
Sardenne et al. 2015). The curve from Stéquert and Conand (2014) was based on otolith daily age data
estimated using light microscopes and scanning electron microscopes. The solid, coloured section of each
curve represents the range of the data from it was estimated. VB = von Bertalanffy, VBLK = VB log k.
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Appendix A — Otolith data for age algorithm
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Append Figure 1. Relationship between daily age and otolith size with fitted power curve for bigeye tuna.
Otolith size is the distance from the primordium to the edge in transverse sectioned otoliths. R2=0.9765.
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Append Figure 2. Mean (+/- SE) annual increment width in millimetres by age class for bigeye tuna.
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Appendix B — Diagnostic residual plots
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Append Figure 3. Diagnostic residual plots for the fit of the VB, Richards and VB log k growth models to the
length at age data.
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Appendix C — Growth by sex and region
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Append Figure 4. Length-at-age data for bigeye tuna in the Indian Ocean by sex. There is some indication that
males may grow slightly faster and reach slightly larger sizes, on average, than females.
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Append Figure 5. Relationship between otolith weight and fork length for bigeye tuna in the Indian Ocean by
sex.
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Append Figure 6: Length-at-age data for bigeye tuna caught east and west of 80°E in the Indian Ocean. There
is some indication that bigeye in the west may grow slightly slower than bigeye in the east. However, the
sample size is too small to be conclusive and other factors such as size-selective fishing could bias the data.
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Append Figure 7. Relationship between otolith weight and fork length for bigeye tuna caught east and west
of 80°E in the Indian Ocean from the current study and in the eastern Indian Ocean from Farley et al. (2006).
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Appendix D — Comparison of age estimates

. .
) . . .
: . '.. . ° . . . ., . .. .
o o . . ¢ 3 S e e s g e ¢
2 o e o e, . o - LAY .
— . B .
A .
. . e o° * .c . e o°
. ° ° .‘- :
w. ..t
. o - — - g .
E o A £ o .
& o1 L. g 21 .
T B AN T
LY AT
o o ot M
Iy
-'A{A "% ‘A:
o .
.S‘Q ...; Ve
A
31 % g A&
rd '
< <
! ® FAS ! ® FAS
. A4 |OTC, Team 1 . 4 |0TC, Team 2
T T T T T
0 5 10 15 0 5 10 15
Age (yrs) Age (yrs)
. . .
. . M . 3
2. “w o e e . ¢ ]
A & *
. . '.-'
feoe
Loy L™
- EIIR
E o . B
<2 27 A ae
T 5.‘* N
() a
.-A‘_:A}“L
NN
s ‘A‘::AA‘
o axilia 4
£
." g
84 . il
{4
s
5' e FAS
. A |OTC, Team 3
T
10 15

o

Age (yrs)
Append Figure 8. Comparison of age estimates obtained in the current study and daily age estimates obtained

by reading Team 1, Team 2, and Team 3 in Sardenne et al. (2015).
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