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EXECUTIVE SUMMARY

Project P129 was established to develop the scientific and operational foundations required to build
a scalable age—length data stream for tuna stock assessments within the Western and Central Pacific
Fisheries Commission (WCPFC). To achieve this, the project aims to establish surrogates for rapid and
scalable tuna ageing, including otolith biometric modelling and epigenetic ageing, and progress their
implementation into routine sampling programmes. This project addresses a long-recognised
deficiency in tropical tuna assessments, namely the limited availability of routine conditional age-at-
length (CAAL) data and the associated uncertainty in growth, mortality, recruitment, and stock status
estimates.

Substantial progress has been achieved during the first six months of the project, with activities
advancing beyond the original Phase 1 objectives. A fundamental requirement of all surrogate ageing
approaches is a robust and validated reference age dataset derived from aged otolith sections, which
underpins the calibration, training, and evaluation of these methods. Significant developments have
been made in the refinement and standardisation of direct ageing methodologies for yellowfin tuna
(Thunnus albacares) and bigeye tuna (T. obesus), including the development of reference collections,
independent cross-reading exercises, and quantification of ageing precision. Laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses have been completed on 164
yellowfin tuna, 153 bigeye tuna, and 74 skipjack tuna (Katsuwonus pelamis) otoliths to evaluate the
periodicity of opaque growth-zone formation and strengthen confidence in age interpretation.
Importantly, the combination of LA-ICP-MS analyses and oblique otolith sectioning is showing
considerable promise as a method for ageing skipjack tuna (Katsuwonus pelamis), a species for which
reliable age interpretation has historically proven challenging.

Building upon these validated age datasets, multivariate age-prediction models are being developed
integrating otolith morphometrics, fish length, sex, and spatial variables. Preliminary gradient
boosting machine (GBM) ensemble models are demonstrating strong predictive precision for both
yellowfin and bigeye tuna. This GBM modelling approach is now being extended to South Pacific
albacore (T. alalunga), using archived otolith collections for initial model development, followed by
expanded otolith sampling and age prediction application across the Pacific ahead of the 2027 stock
assessment. This approach demonstrates the potential for rapid, cost-effective, and scalable age
estimation to support future age—length sampling programmes.

Project P129 also supports epigenetic ageing as a complementary rapid-ageing pathway. Given that
significant investment is already underway, including a recently published epigenetic clock for Indian
Ocean albacore (Chevrier et al., 2026) and ongoing CSIRO work on South Pacific albacore initiated
under WCPFC Project 100c, the epigenetic ageing component of P129 has been carefully scoped to
avoid duplication. In the interim, SPC is collecting high-quality tuna muscle tissue samples (preserved
in liquid nitrogen), with paired otoliths, to ensure material is available should tuna epigenetic clock
development be pursued under P129 in 2028/29. Together, these activities provide a strong
foundation for the future implementation of routine age—length data collection programmes across
the WCPFC area and demonstrate that Project P129 is progressing rapidly in delivering the original
Phase 1 objectives and is adding considerable value through leveraging of other activities in this
research area, and the new laboratory facilities and equipment available at SPC in Noumea.



RECOMMENDATIONS
SC22 is invited to:

1. Note the progress achieved under Phase 1 of Project P129, including the establishment of
standardised ageing protocols for yellowfin and bigeye tuna, advances in LA-ICP-MS annual
increment validation, preliminary rapid age-prediction modelling using otolith biometry, and the
initiation of equivalent work for South Pacific albacore and skipjack tuna.

2. Prioritise the continuation of Project P129 into Phase 2, noting that the scientific foundations
required for the development of an age—length data stream for tuna assessments are progressing.

3. Note the planned increase in albacore otolith sampling ahead of the 2027 stock assessment, and
the importance of Member support for expanded sample collection across key ports and fishing
sectors.

4. Endorse the proposed 2027 budget request of USD 90,000, comprising USD 60,000 for project
activities and USD 30,000 for two microscopes with digital cameras and associated imaging
equipment to increase otolith ageing capacity and support the development and validation of rapid
ageing methods.

1. BACKGROUND

Reliable age information is fundamental to tuna stock assessments because it contributes towards
estimating growth, mortality, recruitment, productivity, and stock status. Despite the important role
of age in age-structured population models, routine collections of conditional age-at-length (CAAL)
data remain extremely limited for tropical tuna species throughout the western and central Pacific
Ocean. Consequently, stock assessments for yellowfin, bigeye, albacore and skipjack tuna continue to
rely heavily on static growth assumptions and univariate size-based proxies for age. Beyond
improving the availability of CAAL data, there is also a need to generate representative age
compositions from the large-scale otolith collections routinely obtained through regional sampling
programmes. Achieving this using conventional sectioning and age interpretation for every otolith is
logistically challenging, costly, and unlikely to be feasible at the scale required for routine stock
assessment applications.

Age data limitations have been identified as a major source of uncertainty in the tuna stock
assessments. Growth is known to vary spatially and temporally, and the application of static growth
relationships may introduce bias, particularly when reconstructing population age structures from
length-frequency data alone. Routine collection of CAAL data would enable stock assessments to
estimate fishery- and region-specific age—length relationships, while rapid ageing approaches would
allow representative age compositions to be generated from large otolith collections without
requiring every otolith to be sectioned and individually read. Together, these advances provide a
practical pathway for substantially increasing both the quantity and representativeness of age
information available to WCPFC tuna stock assessments.

Project P129 was established to develop the scientific and operational foundations required to
achieve scalable age estimation for key WCPFC-managed tuna species. The project aims to develop
and validate surrogate rapid-ageing methodologies, including otolith biometric modelling and
epigenetic ageing, and progress these approaches towards implementation within routine sampling
programmes. A fundamental requirement of all surrogate ageing approaches is a robust, validated
reference age dataset derived from conventionally aged otolith sections, which provides the
calibration, training, and independent evaluation required to develop reliable age-prediction models.



Accordingly, the project follows a staged four-year approach, beginning with the refinement and
validation of direct ageing methods before progressing to the development, validation, and
implementation of rapid-ageing technologies.

This paper provides the first progress update for Project P129 and summarises achievements during
the first six months against Phase 1 objectives.

2. PROGRESS AGAINST PHASE 1 OBJECTIVES
The 2026 Phase 1 workplan for Project P129 comprised two primary objectives:

1. Accelerate the development of rapid-ageing methodologies for yellowfin and bigeye tuna
using otolith morphometrics.

2. Assess the feasibility and sampling requirements for establishing a regional age—length
sampling programme capable of supporting routine collection of representative age data for
WCPFC stock assessments.

Substantial progress has been achieved during the first six months of the project, with activities
advancing beyond the original Phase 1 workplan. In addition to progressing rapid-ageing model
development, considerable effort has been directed towards establishing the scientific foundations
required for their implementation, including the standardisation and validation of direct ageing
methods, development of reference age datasets, and validation of age interpretation.

Progress has also commenced towards evaluating the sampling requirements and implementation
pathways needed to support a regional age—length sampling programme. The following sections
summarise progress against each of these activities.

3. ESTABLISHING REFERENCE AGE DATASETS

3.1.STANDARDISATION OF AGEING METHODS

The development of reliable and rapid age prediction methods depends on robust age-based
reference datasets that provide the calibration and training data required to develop epigenetic
ageing and multivariate ensemble age-prediction models. Accordingly, considerable effort has
focussed on revising and standardising direct ageing methodologies from otolith sections for tropical
tunas. Commonly, annual age estimates have been derived from interpretations of annual growth
zones in transverse sections of otoliths (Williams et al. 2013). However, oblique (sometimes referred
to as longitudinal) sections have been shown to provide more precise daily age estimates because
they provide a longer reading plane and wider increment spacing, resulting in greater growth-zone
clarity than transverse sections (Williams et al. 2013). Previous studies have also demonstrated the
utility of oblique sectioning methods for annual age estimation. Chen et al. (2012) applied oblique
sections to estimate annual age in albacore tuna, while Shih et al. (2014) did so for yellowfin tuna,
with both studies reporting that annual growth zones were easier to interpret from oblique sections.

To evaluate the suitability of this approach for tropical tuna ageing, annual growth zones were
compared between oblique and transverse sections of yellowfin and bigeye tuna. Comparisons of
oblique and transverse sections showed that the broader ventral region exposed by the oblique
section provided a wider reading plane, improving the clarity and interpretability of annual growth
zones. This finding was consistent with those reported by Chen et al. (2012) and Shih et al. (2014).
Consequently, oblique sections were adopted as the standard preparation method for subsequent



ageing (Fig. 1). Because historical age estimates for yellowfin and bigeye tuna had been derived from
transverse sections (Farley et al. 2020), it was necessary to quantify the precision and comparability
of the two preparation methods. To support method standardisation, a reference collection of
obliquely sectioned otoliths was established for both species. Ageing precision was then assessed
through independent multi-reader comparisons between experienced readers from Fish Ageing
Services, who had aged the historical transverse sectioned samples, and SPC. In addition, a subset of
the second otolith from yellowfin (n = 68) and bigeye tuna (n = 73) that had previously been aged
using transverse sections were sectioned obliquely. Visual comparisons and chemical interpretations
of annual growth zones, using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) analyses, were then performed to validate age estimates (see Section 3.2).

Precision in independent opaque zone counts among readers (n = 3) for the reference sets of
obliquely sectioned yellowfin and bigeye tuna were assessed separately using pairwise comparisons
of the index of average percent error (IAPE) relative to the generally accepted threshold (i.e., IAPE <
5.5%; Campana 2001). Dissimilarities in opaque zone counts among readers were visualised using a
two-dimensional metric multi-dimensional scaling (mMDS) ordination, in which distances and
directions of separation among data points represented relative distances in age estimates. An
ellipse with a radius corresponding to an IAPE of 5.5% from the centroid was overlaid to facilitate
interpretations (see Wakefield et al. 2017b; Wakefield et al. 2025; Wakefield et al. 2026).

The mMDS ordinations were considered an adequate representation of the underlying dissimilarities
based on a strong 1:1 linear relationship in the Shepard diagram (i.e., between pairwise Euclidean
dissimilarities and ordination distances) and a stress coefficient < 0.25 (see Clarke et al. 2014).
Opaque zone interpretations from sectioned otoliths by three readers achieved acceptable inter-
reader precision, with the distribution of data points falling within the ellipse (IAPE < 5.5% from the
centroid) for both yellowfin and bigeye tuna (Figure 2). Pairwise comparisons of opaque zone counts
among readers were less than 5.5% IAPE between readers 1 and 3 for yellowfin and readers 1 and 2
for bigeye tuna (Figure 2), and only slightly exceeded 5.5% for the remaining reader comparisons.
These results demonstrate that annual growth zones can be consistently interpreted in oblique
otolith sections and that acceptable levels of inter-reader precision can be achieved.

The opaque zone counts derived from oblique-sectioned otoliths were subsequently assigned
decimal ages using the “Jesstimation” fractional ageing approach developed by CSIRO (Farley et al.
2025). Because this fractional ageing framework relies on calibration with daily-aged fish, a reference
dataset was established using young-of-the-year (0+) yellowfin and bigeye tuna from Williams et al.
(2013), for which daily ages had been determined from oblique otolith sections. The distance from
the primordium to the otolith edge was measured for each 0+ fish to characterise otolith growth
relative to known daily age and provide the calibration required for fractional age estimation.
Following calibration, the distance from the primordium to the outer margin of each opaque zone
was measured for all oblique-sectioned otoliths. These measurements were subsequently
incorporated into the Jesstimation analysis to convert annual increment counts into decimal age
estimates. Applying a common calibration derived from daily-aged fish ensured that decimal age
estimates were standardised across the contemporary oblique-sectioned otoliths while remaining
directly comparable with the historical age estimates derived from transverse otolith sections.

The consistency of the age-length relationships between transverse- and oblique-sectioned otoliths
demonstrated that the two ageing approaches produced compatible age estimates (Figure 3).
Considering the similar distributions in the age-length relationship for these datasets, otolith
biometry from both sectioning methods were combined into a single standardised reference age
dataset, which underpinned the subsequent development of surrogate age-prediction methods.
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Figure 1. Whole (above) and oblique section (below, ~280 um thick under reflected light) of the

sagittal otolith of a male yellowfin tuna (1510 mm fork length) with 12 opaque zones (red circles)
visible along two reading axes. Note the oblique section orientation (dashed red line) through the
primordium (red circle) has also been denoted on the whole otolith image (above).

15

wo_
Yellowfin tuna Bigeye tuna
stress: 0.01 stress: 0.01
e~ 2 1
IAPE IAPE
R1vs R2:5.9% R1vs R2: 5.5%
W R1vsR3:4.6%| _ w - R1vsR3:57%
& R2vs R3:7.0%| £ R2 vs R3:6.6%
a &
E E
o o 2 o o
3 ]
[m] Q
= =
. E o,
= 2 4
w | w |
N T T T T N T T T T
20 -10 0 10 20 20 -10 0 10 20

mMDS1 (Similarity)

mMDS1 (Similarity)

Figure 2. Metric multi-dimensional scaling (mMDS) ordination derived from independent opaque
zone counts in oblique sections of otoliths by three experienced age readers (R1-R3) from reference
sets for yellowfin (left, n = 78) and bigeye tuna (right, n = 93). The distance from the centroid (+) to
the ellipse represents the generally accepted index of average percent error (IAPE of 5.5 %).
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Figure 3. Length-at-age data for yellowfin tuna (YFT, left) and bigeye tuna (BET, right) estimated from
transverse otolith sections by Farley et al. (2020) (FAS; green circles) and from oblique otolith
sections by SPC (orange circles). The solid line represents the von Bertalanffy growth curve fitted to
the combined dataset.

3.2.VALIDATION OF INCREMENT PERIODICITY USING LA-ICP-MS

Validating interpretations of annual opaque and translucent growth zone periodicity in sectioned
otoliths remains a critical requirement for robust age estimates of tropical tunas (e.g., Farley et al.
2013; Andrews et al. 2024; Fraile et al. 2024). To provide an independent assessment of annual
increment deposition, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
analyses have been completed on 391 otolith sections comprising 164 yellowfin tuna, 153 bigeye
tuna, and 74 skipjack tuna.

Although analyses are ongoing, the objective of this work is to determine patterns of periodic and
cyclical variation in otolith elemental composition and if they correspond with annual increment
formation. Specifically, implementing primordium-to-edge laser ablation transects can reconstruct
lifelong cyclical variation in elemental signatures linked to physiological processes that underpin
growth-zone formation during otolith accretion (Heimbrand et al. 2020; Hissy et al. 2021). Aligning
these chemical signatures with visually interpreted growth zones provides an independent line of
evidence supporting age interpretation in species with difficult-to-interpret otoliths.

To achieve this, elemental ratios associated with growth in marine fishes (**Mg, 88Sr, **Ca) were
quantified using an Agilent 7900x ICP-MS coupled to a RESOlution LR 193 nm excimer laser ablation
system. Laser ablation transects extended from the primordium to the outer margin of each otolith
section to characterise elemental variation across the entire life history of each fish. Following
analysis, the distance along the laser ablation scar to the outer margin of each opaque zone (i.e.,
annual age increment) was measured in Object) (Imagel plugin) by two experienced readers,
enabling direct comparisons between chemical periodicity and age estimates.

Preliminary observations indicate consistent cyclical variation in elemental ratios associated with
visually interpreted annual growth structures (Figures 4-6). Notably, while elemental ratios that
exhibited the strongest periodic signal linked to age interpretation differed among species, initial
findings demonstrate considerable potential for applying LA-ICP-MS as an age validation tool for
tropical tunas.

A particularly valuable component of this work is the inclusion of paired datasets from fish previously
aged using traditional methodologies. Specifically, 68 yellowfin tuna and 73 bigeye tuna analysed by
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LA-ICP-MS were sister otoliths from individuals with historical age estimates derived from transverse
sections (Farley et al. 2020). These paired datasets provide a unique opportunity to evaluate
consistency among preparation methods and further quantify ageing precision (see Section 3.1).
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Figure 4. (A) Obliquely sectioned yellowfin tuna otolith imaged under reflected light at 2x
magnification using a Zeiss Stemi 508 microscope coupled with a Zeiss Axiocam 208 colour camera.
The black line indicates the laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
transect, while red dots denote the positions of visually interpreted annual opaque zones measured
in Object) (Imagel). Red dots were positioned at the delineation of each opaque zone to represent
the completion of each annual increment (n = 4 years). (B) Corresponding Sr:Ca chemical signature
profile generated by LA-ICP-MS along the transect shown in panel A. The black line represents
variation in the Sr:Ca elemental ratio from the primordium to the outer margin of the otolith, and
vertical dashed red lines indicate the interpreted opaque zone positions used to assign age estimates
in panel A.
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Figure 5. (A) Obliquely sectioned bigeye tuna otolith imaged under reflected light at 2x magnification
using a Zeiss Stemi 508 microscope coupled with a Zeiss Axiocam 208 colour camera. The black line
indicates the laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) transect,
while red dots denote the positions of visually interpreted annual opaque zones measured in Object)
(Imagel). Red dots were positioned at the delineation of each opaque growth-zone to represent the
completion of each annual increment (n = 3 years). (B) Corresponding Sr:Mg chemical signature
profile generated by LA-ICP-MS along the transect shown in panel A. The black line represents
variation in the Sr:Mg elemental ratio from the primordium to the outer margin of the otolith, and
vertical dashed red lines indicate the interpreted opaque zone positions used to assign age estimates
in panel A.
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Figure 6. (A) Obliquely sectioned skipjack tuna otolith imaged under reflected light at 2x
magnification using a Zeiss Stemi 508 microscope coupled with a Zeiss Axiocam 208 colour camera.
The black line indicates the laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
transect, while red dots denote the positions of visually interpreted annual opaque zones measured
in Object) (Imagel). Red dots were positioned at the delineation of each opaque growth-zone to
represent the completion of each annual increment (n = 2 years). (B) Corresponding Mg:Ca chemical
signature profile generated by LA-ICP-MS along the transect shown in panel A. The black line
represents variation in the Mg:Ca elemental ratio from the primordium to the outer margin of the
otolith, and vertical dashed red lines indicate the interpreted opaque zone positions used to assign
age estimates in panel A.
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6. RAPID AGE PREDICTION USING OTOLITH BIOMETRICS

A key objective of Project P129 is the development of rapid ageing methodologies capable of
generating age information at scales suitable for representative fisheries monitoring programs
spanning the broad western and central Pacific region. Following standardisation of historical and
contemporary age datasets, otolith biometric measurements have been compiled from both
archived and recently aged specimens. These data provide the foundation for development of
predictive age models.

Model development during Phase 1 is focussed on yellowfin and bigeye tuna and employs a
multivariate gradient boosting machine (GBM) ensemble approach (see Wakefield et al. 2026).
Predictor variables include otolith biometric measurements, fish length, sex, and spatial information
(i.e. latitude and longitude of capture location). Otolith morphometrics for the sister otoliths of the
yellowfin and bigeye tuna aged by Farley et al. (2020) and those more recently aged using oblique
sections, were collected following the methods outlined by Williams et al. (2015) and Wakefield et al.
(2026). This involved using calibrated digital callipers to measure the basic dimensions of each otolith
to the nearest 0.01 mm, including (i) length of the otolith (from rostrum to post-rostrum), (ii) width
at the widest point adjacent to the primordium, and (iii) thickness across the transverse plain over
the primordium. Each otolith was weighed to the nearest 0.0001 g using a calibrated balance with
draft shields. Otolith surface area and perimeter were derived from images of the distal surface of
whole otoliths using shape analysis following the procedures described by Libungan and Palsson
(using the ShapeR package; 2015).

GBM models were tuned using 5-fold cross-validation and evaluated using a summary grid
implemented in the caret package in R (Kuhn 2008). Optimal model parameters were selected based
on minimisation of root mean squared error (RMSE), and final models were fitted using a Gaussian
distribution with the gbm package in R (Ridgeway and Ridgeway 2004). Overfitting was assessed by
comparing training and cross-validation error, and the optimal number of boosting iterations was
defined as the point at which validation error was minimised. The relative influence of otolith,
biological and location variables on age prediction was quantified, and model performance was
evaluated using index of average percent error (IAPE) and age-bias plots with LOESS curves fitted to
residuals.

Otolith biometric data were measured for a total of 670 yellowfin (n = 397 and 273, from Farley et al.
(2020) and recent oblique sections, respectively) and 416 bigeye tuna (n = 138 and 278, from Farley
et al. (2020) and recent oblique sections, respectively), ranging in age from 0-14 and 0-12 years,
respectively. Univariate relationships between all otolith morphometric measurements and age did
not differ significantly between females and males for either yellowfin (Figure 7) or bigeye tuna
(Figure 8). Relationships between most otolith dimensions (i.e., otolith length, width and perimeter)
and age were curvilinear, approaching an asymptote from approximately four years of age (Figures 7
& 8). In contrast, relationships between otolith weight, area and thickness with age were generally
linear across the observed age range, indicating continuous accretion of the medial (i.e., dorsal and
ventral to the sulcus) and distal surfaces at a relatively constant rate throughout the lifespan of both
species. Consistent with this pattern, otolith weight was the most influential predictor of age in the
GBM models, followed by fish length, for both species (Figure 9).

Considering age compositions of yellowfin and bigeye tuna are analysed at quarterly age classes
within the stock assessment models, age prediction performance may need to be evaluated at finer
decimal age resolutions. In this study, age predictions are presented to the nearest half-year age
class. Prediction precision at this resolution was similar for the two species, with IAPE values of 7.6%
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for yellowfin and 9.4% for bigeye tuna. Age-bias plots exhibited similar trends for both models up to
six years of age, characterised by strong linear relationships between observed and predicted ages
(R?=0.92 and 0.89 for yellowfin and bigeye tuna models, respectively). However, predicted ages for
bigeye tuna showed an increasing tendency to be underestimated beyond approximately six years of
age, as indicated by the LOESS curve fitted to the residuals (Figure 10). This bias most likely reflects
the markedly lower representation of older individuals in the training dataset (Figure 10). It is also
consistent with the relatively low influence of otolith thickness in the models (Figure 9), despite
previous work showing that this measurement becomes increasingly more influential for predicting
ages of older fish (see Wakefield et al. 2026).

These preliminary results demonstrate that simple otolith morphometric measurements (i.e., length,
width, thickness and weight), together with fish length and spatial coordinates, can predict age with
reasonable precision for yellowfin and bigeye tuna. Using the current reference dataset, model
performance is strongest for fish up to six years of age, with precision at older ages likely to improve
as additional older individuals are incorporated into the training data (see Wakefield et al. 2026). This
approach provides a rapid and cost-effective alternative to routine otolith sectioning and age
determination and has the potential to support the standardisation of ageing protocols across
laboratories through the application of consistent, reproducible age-predictions.

12



[e]
© ’ w
E . B
E - € o
£ o < -
) 5
c o 2
g 2 2 o
9 w 2 ”
o) O
© o
N
T
€ S
E o 3o
0 £ o
0 o
c Q
S 2 = S
£ e
o C «
o e S
= T T T T T T T T
0 2 4 6 8 10 12 14
. -« —~ O
S %o - E =
€ e iU Eg
E -.?'v:' : ©
- Q 3
o [0)]
L £x
© @
<! e
o g
S e
T T T T T T T T T T T
10 12 14 0o 2 4 6 8 10 12 14
Age (years) Age (years)

Figure 7. Univariate relationships between otolith biometry (i.e., length, width, thickness, weight,
area and perimeter) and age (0.3-14.3 years derived from sectioned otoliths) for female (pink circles,
n = 275), male (blue circles, n = 370) and undetermined sex (grey triangles, n = 25) of yellowfin tuna
from the Pacific Ocean. There were no significant differences between sexes for all biometric
relationships with age.
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Figure 8. Univariate relationships between otolith biometry (i.e., length, width, thickness, weight,
area and perimeter) and age (0.2-12.3 years derived from sectioned otoliths) for female (pink circles,
n = 143), male (blue circles, n = 213) and undetermined sex (grey triangles, n = 60) of bigeye tuna

from the Pacific Ocean. There were no significant differences between sexes for all biometric
relationships with age.
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Figure 9. Relative influence of each otolith biometric, biological and spatial variable for predicting
ages (rounded to the nearest half yearly age class) using a Gradient Boosting Machine model for
yellowfin (left) and bigeye tuna (right).
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Figure 10. Age-bias plots comparing ages (rounded to the nearest half year) derived from otolith
sections and those predicted using a Gradient Boosting Machine (GBM) model for yellowfin (left,
YFT) and bigeye tuna (right, BET). Size of blue circles relative to sample sizes, see legend; equivalent
ages, thick black dashed line; ages +1 year, thin black dashed lines; residuals (loess curve), red line.
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7. EPIGENETIC AGEING

Epigenetic ageing has the potential to substantially increase the availability of age data for fisheries
assessments by enabling age prediction from tissue samples, which are considerably easier to collect
through routine observer and port-sampling programmes than otoliths. This approach could
significantly reduce the logistical complexity and reliance on specialist expertise associated with
collecting, processing, and interpreting otoliths, while facilitating age-length data collection at scales
that are currently impractical using traditional ageing methods. Although the current cost of
epigenetic age estimation remains higher than conventional otolith-based ageing, ongoing advances
in sequencing technologies, analytical workflows, and high-throughput processing are expected to
substantially reduce these costs over time.

Significant investment in tuna-specific epigenetic ageing is already being undertaken through other
research initiatives. Accordingly, any future contribution by WCPFC in this area should be carefully
scoped to complement, rather than duplicate, these existing efforts. A recent study by Chevrier et al.
(2026) produced a de novo reference genome for Indian Ocean albacore tuna and constructed an
epigenetic clock using ultra-conserved elements (UCEs) from muscle tissue samples, achieving
acceptable ageing precision across an age range of 0—-18 years. Concurrently, as reported to SC21
(SPC-OFP and CSIRO, 2025), CSIRO is developing epigenetic ageing methods for South Pacific
albacore and southern bluefin tuna, in collaboration with Diversity Arrays Technology (DArT), to
improve analytical workflows and develop high-throughput approaches suitable for routine fisheries
applications, including close-kin mark—recapture (CKMR). The goal of that work is to develop a single
assay that can be applied across several tuna species, including the tropical tunas, providing a
scalable and commercially viable approach for fisheries applications.

Given these active programmes, the application of epigenetic ageing to Pacific tuna species under
Project 129 is contingent on the outcomes of these ongoing studies. In the interim, SPC is
concurrently collecting high-quality tuna muscle tissue (preserved in liquid nitrogen) and paired
otolith samples, to ensure appropriate reference material is available should development of tuna-
specific epigenetic clocks be warranted in the future. The indicative cost of developing an epigenetic
ageing approach is approximately USD 75,000 per species. While this investment is not currently
required under Project 129, it could be considered for inclusion in future project planning for
2028/29, subject to the progress and outcomes of the existing programmes.

Together, the development of otolith biometric age-prediction models, strategic collection of high-
quality tissue samples, and continued monitoring of international advances in epigenetic ageing of
tunas provide complementary pathways for reducing project risk. This staged approach maximises
future opportunities to establish operational rapid-ageing methodologies that support scalable age—
length data collection for Pacific tuna stock assessments.
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8. Future Activities

Consistent with the original four-phase implementation plan, activities over the remainder of Phase 1
(2026) will continue to focus on advancing rapid ageing methods and assessing the feasibility of
establishing a regional age-length sampling program. Priority activities include:

e Completion of LA-ICP-MS analyses and formal statistical validation of increment periodicity for
yellowfin and bigeye tuna, confirming the reliability of reference age datasets for surrogate model
calibration;

e Finalisation of a validated direct ageing protocol for skipjack tuna, drawing on advances in oblique
sectioning and LA-ICP-MS analyses achieved during Phase 1, and providing the reference age dataset
required for subsequent rapid ageing model development using otolith biometrics;

o Finalisation of ageing precision assessments between oblique and transverse otolith sections and
ageing error matrices for yellowfin and bigeye tuna;

e Expansion of older age classes currently underrepresented in reference datasets and continued
refinement of GBM age-prediction models for yellowfin and bigeye tuna;

e Development of GBM age-prediction models for South Pacific albacore using otolith biometrics and
fish length, supported by increased otolith sampling ahead of the 2027 South Pacific albacore stock
assessment;

e Continued evaluation of epigenetic ageing technologies, with future skipjack epigenetic clock
development contingent on finalisation of validated direct ageing protocols; and

e Continued consultation with WCPFC members, Distant Water Fishing Nations, Regional Observer
Programme coordinators, and partner organisations to assess the logistical requirements, sampling
capacity, and long-term feasibility of implementing a regional age-length sampling program at an
operational scale.

Successful completion of these activities will position the project to transition into Phase 2 (2027),
where emphasis will shift towards peer-reviewed validation of rapid ageing methods, development
of regional sampling protocols and training materials, establishment of sample collection and
transport logistics, and evaluation of the costs associated with routine implementation of a regional
age-length sampling program. Subject to successful completion of these milestones, Phase 3 (2028)
will focus on trial implementation, followed by refinement and full implementation during Phase 4
(2029).

To support these activities, we would like to request additional funding for two microscopes with
digital cameras and associated imaging equipment. This will increase the otolith ageing capacity
required for this project and accelerate the development and validation of rapid ageing methods.

9. Conclusions

Project P129 has made substantial progress during the first six months of Phase 1 towards
establishing the scientific foundations required for a scalable regional age-length data stream to
support WCPFC tuna stock assessments. A key outcome to date has been the development of robust
reference age datasets derived from directly aged otolith sections. This has appropriately prioritised
the standardisation of ageing protocols, quantification of ageing precision, and validation of annual
increment periodicity using LA-ICP-MS before surrogate age-prediction methods are fully developed.
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Validated reference datasets have now been established for yellowfin and bigeye tuna, with
preliminary GBM age-prediction models demonstrating encouraging levels of precision. In parallel,
advances in oblique otolith sectioning and LA-ICP-MS analyses have provided, for the first time, a
credible pathway for direct ageing of skipjack tuna, establishing the foundation required for future
development of both otolith biometric and epigenetic age-prediction methods. Development of
rapid age-prediction models has also commenced for South Pacific albacore through expanded
otolith sampling ahead of the 2027 stock assessment.

In parallel with the continued development of rapid ageing methods, the project will now commence
activities to assess the feasibility of implementing a regional age-length sampling programme, as
originally proposed for Phase 1. Initial efforts will focus on expanding otolith collections, particularly
for South Pacific albacore ahead of the 2027 stock assessment, while engaging with WCPFC
members, Distant Water Fishing Nations, Regional Observer Programme coordinators, and other
partner organisations to evaluate sampling capacity, logistical requirements, and the long-term
feasibility of a routine regional sampling programme. The project will also investigate establishing a
Pacific regional otolith reference library, linking archived otoliths with biological data, otolith shape
biometric data, annual growth increment measurements, and age estimates. This resource would
support, among other things, the development of rapid ageing methods while promoting consistent
age estimation across the Pacific.

The transformative potential of these methods lies not only in enabling the collection of conditional
age-at-length data, but also in their capacity to derive representative age compositions from large
otolith collections without requiring every otolith to be sectioned and individually aged. This
represents a substantial step towards improving the quantity, consistency and spatial coverage of age
data available for stock assessments of yellowfin, bigeye, South Pacific albacore and skipjack tuna.

Overall, progress achieved during the first six months indicates that Project P129 remains on
schedule with the original phased implementation plan. Completion of the remaining Phase 1
activities will provide the validated ageing methods, reference datasets, and implementation
framework needed to transition into Phase 2, where the focus will broaden from method
development to regional capacity building, sampling logistics, and operational implementation.
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