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Abstract. — Fisheries management is generally based on age structure models. Thus, fish ageing data are collect-
ed by experts who analyze and interpret calcified structures (scales, vertebrae, fin rays, otoliths, etc.) according
to a visual process. The otolith, in the inner ear of the fish, is the most commonly used calcified structure because
it is metabolically inert and historically one of the first proxies developed. It contains information throughout
the whole life of the fish and provides age structure data for stock assessments of all commercial species. The
traditional human reading method to determine age is very time-consuming. Automated image analysis can be
a low-cost alternative method, however, the first step is the transformation of routinely taken otolith images into
standardized images within a database to apply machine learning techniques on the ageing data. Otolith shape,
resulting from the synthesis of genetic heritage and environmental effects, is a useful tool to identify stock units,
therefore a database of standardized images could be used for this aim. Using the routinely measured otolith data
of plaice (Pleuronectes platessa Linnaeus, 1758) and striped red mullet (Mullus surmuletus Linnaeus, 1758)
in the eastern English Channel and north-east Arctic cod (Gadus morhua Linnaeus, 1758), a greyscale images
matrix was generated from the raw images in different formats. Contour detection was then applied to identify
broken otoliths, the orientation of each otolith, and the number of otoliths per image. To finalize this stand-
ardization process, all images were resized and binarized. Several mathematical morphology tools were devel-
oped from these new images to align and to orient the images, placing the otoliths in the same layout for each
image. For this study, we used three databases from two different laboratories using three species (cod, plaice
and striped red mullet). This method was approved to these three species and could be applied for others species
for age determination and stock identification.

Résumé. — Méthode automatique de transformation des images d’otolithes acquises en routine pour une base de
données d’otolithes standardisés en utilisant R.

La gestion des péches est généralement basée sur des modeles structurés en age. De ce fait, les données sur
I’age des poissons sont collectées par des experts qui analysent et interpretent des pieces calcifiées (écailles,
vertebres, rayons de nageoires, otolithes, efc.). L’otolithe, située dans 1’oreille interne du poisson, est la prin-
cipale piece calcifiée utilisée, car elle est la seule métaboliquement inerte et est historiquement 1’une des pre-
miers proxys de données développées. L’ otolithe contient également toutes les informations de 1’histoire de vie
du poisson et fournit des données d’age pour toutes les évaluations de stocks des especes commerciales. Cette
méthode traditionnelle d’estimation de 1’age par un processus d’interprétation réalisée par un scientifique expert
est donc tres chronophage. L’analyse d’images peut étre une méthode alternative peu cofiteuse. Cependant, la
premiere étape consiste a transformer les images d’otolithes prises en routine en images standardisées au sein
d’une base de données afin d’appliquer des techniques d’apprentissage automatique sur les images. La forme
des otolithes, résultant de la synthése du patrimoine génétique et des effets de I’environnement, est un outil utile
pour identifier les populations, une base de données d’images standardisées pourrait donc étre également utilisée
pour cela. A partir des données d’otolithes de plie (Pleuronectes platessa Linnaeus, 1758) et de rouget barbet de
roche (Mullus surmuletus Linnaeus, 1758) en Manche Orientale ainsi que de la morue du nord-est de I’ Arctique
(Gadus morhua Linnaeus, 1758), un protocole de standardisation des données a été proposé. Toutes les étapes
méthodologiques ont été développées sous un environnement R. Une matrice d’images en niveaux de gris a été
générée a partir des images brutes dans différents formats. La détection des contours a été appliquée pour iden-
tifier les otolithes cassés, 1’orientation de chaque otolithe et le nombre d’otolithes par image. Pour finaliser ce
processus de standardisation, toutes les images ont été redimensionnées et binéarisées. Plusieurs outils mathéma-
tiques de morphologie ont été appliqués pour aligner et orienter les images, en plagant les otolithes dans la méme
disposition pour chaque image. Pour cette étude, nous avons utilisé trois bases de données de deux laboratoires
différents sur trois especes (la morue, la plie et le rouget barbet de roche). Cette méthode a été approuvée sur ces
trois especes différentes et pourra étre utilisée sur de multiples especes pour la détermination de 1’age et I’identi-
fication des stocks.
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INTRODUCTION

Fisheries management is generally based on an age struc-
ture model (Hilborn and Walters, 2013; Cadrin and Dickey-
Collas, 2015). Fish ageing is therefore an essential biologi-
cal tool, providing data for sustainable management of fish
resources. In routine analysis, the age data is determined
by several experienced readers who observe the surface of
calcified structures (scales, vertebrae, fin rays, otoliths, etc.)
showing seasonal zones (alternating opaque and translucent
rings) in fishes (Panfili ef al., 2002). Among these calcified
structures, the otoliths, located in the vestibular system of
the inner ear, are the most commonly used calcified struc-
ture for age estimation in fish (Fossum et al., 2000). They
are metabolically inert (i.e. they can neither be altered nor
generally resorbed, and they grow throughout the life of the
fish; Casselman, 1987). Otoliths are also historically one
of the first proxies developed; being easy to sample, store
and process, age estimation using otoliths has been carried
out since Reibisch (1899). These are all of the reasons why
otoliths are the most commonly used calcified structures for
ageing (Casselman, 1987; Campana and Thorrold, 2001).
Campana and Thorrold (2001) estimated that nearly 800,000
otoliths were used worldwide each year to determine the age
structures of commercial fish species, representing a cost of
around 8 million Canadian dollars. In Europe, fisheries man-
agement relies on data collected, managed, and supplied by
countries under the Data Collection Framework, which was
first put into place in 2000. Under this framework, the mem-
ber states are required to annually collect a number of calci-
fied structures, and in 2010 22 countries analyzed 759,403
calcified structures (ICES, 2011). Each year, nearly one mil-
lion otoliths are collected worldwide, including 35,000 in
France, to provide age structure data for stock assessments
of commercial species.

The traditional and most common use of otoliths is for
age and growth determination, the internal structure of oto-
liths showing different growth increments with periodicity
from a day to a year (i.e. daily, seasonal, and annual growth
cycles) depending on the observed life stage (Panfili ez al.,
2002). There are also other uses of an otolith, in particular
for microchemistry (Hiissy et al., 2021) and external shape
analyses (Cadrin et al.,2013; Mahé, 2019). The morphology
of otoliths is used to identify species in zooarchaeological
and food-web studies. Otolith outline shape depends on the
fish genotype, the influence of environmental factors (biotic
and abiotic) during the life of the fish, and on the stage of
development. Consequently, many studies have used otolith
shape as a tool for stock identification (91 papers published
from 1993 to 2017 exclusively on this topic) and this con-
tinues to develop substantially (Mahé, 2019; ICES, 2020).
Since 2005, however, (according to Web of Science and the
Stock Identification Methods Working Group [SIMWG]
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set up by the International Council for the Exploration of
the Sea, ICES, see supplementary figure), there has been an
increase in the number of otolith-based publications. This
rise is due to two further research topics: otolith shape as a
tool for stock identification, and otolith microchemistry to
understand the ecology, habitat, and movement of individu-
als and to characterize the connectivity between different
geographical areas for a studied species (e.g. Smith, 1992;
Cardinale et al., 2004; Lombarte et al., 2006; Vignon et al.,
2008; Cadrin et al., 2013; Chung et al., 2019; Randon et al.,
2020; Hiissy et al.,2021).

Otolith shape is species-specific, but can also show intra-
specific geographic differences (L’ Abée-Lund, 1988; Lom-
barte and Lleonart, 1993; Vignon, 2012). Indeed, the otolith
outline integrates both genetic determinism and the varia-
tion of environmental conditions during the life of the fish
(Mahé, 2019). Species discrimination using the otolith shape
is mostly done for species identification from the stomach
contents of predators to reconstruct their diet and the food
web. At the species level, otolith shape is used to identify
the boundaries of stocks, which information is necessary for
effective stock assessment to thus implement an efficient
fishery management. In the majority of stock discrimination
case studies, approaches based on otolith shape and/or mor-
phometry represent the cheapest methodology, and appear
as more efficient than several others (e.g. genetics, para-
sites, isotope and micro-chemical discrimination techniques)
(Neves et al.,2011). Many studies have combined different
markers to increase the power of stock discrimination (Ran-
don et al., 2020). This explains partly the growing number
of papers dealing with this subject, along with the develop-
ment of methods (i.e. Morphometric variables, Shape indi-
ces, Elliptical Fourier Descriptors, Geometric methods from
landmarks, Wavelet transform, etc.) and tools (packages in
R dedicated to shape analysis (Libungan and Palsson, 2015)
or programs such as Shape (Iwata and Ukai, 2002)), to ana-
lyze otolith shape. Finally, several works have recently been
published on otolith morphogenesis, and particularly on the
symmetry between left and right otoliths (e.g. Mille, 2015;
Palmer, 2016; Mahé et al., 2021). For several flatfishes, left
and right otoliths are asymmetric so shape analysis is used to
compare the degree of asymmetry between otoliths (Mille,
2015; Delerue-Ricard et al.,2019). For such shape compari-
sons, one otolith must be translated horizontally to compare
to the second otolith of the same individual without bias.
According to Palmer (2016) and Mahé et al. (2021), otolith
asymmetry may be due to random (or stochastic) effects,
genetic determinism, or environmental stress.

Since the 2000s, otolith imaging has been greatly
enhanced by the development of web-based tools (i.e. Smart-
Dots, https://www.ices.dk/data/tools/Pages/smartdots.aspx)
to evaluate the precision of the age data during calibration
exercises between experts or using the web-database to rec-
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ognise species from otolith shape (Lombarte et al.,2006). At
the same time, solutions dedicated to otolith images process-
ing have been developed in freeware such as Imagel, or
into dedicated software such as TNPC, which is specifically
designed to estimate fish age (Mahé et al., 2011). Conse-
quently, a very large number of images acquired for routine
fish ageing could be used for otolith shape studies, reducing
the human cost of image acquisition and potentially increas-
ing the number of images available for this type of study.
For several species, age is obtained directly from the whole
otolith, without prior preparation. This represents around 30
percent of the species studied in France (Mahé et al., 2009),
including a large number of flatfish, or roundfish (Vitale et
al.,2019). Quality and standardization levels required for
ageing studies versus shape analyses are, however, not the
same. An overview of two-dimensional imaging systems
showed that there is also a great diversity in the methods
and materials for routine acquisition, which also influences
the quality of the raw images (Fisher and Hunter, 2018). For
ageing data, the information is in the growth bands within
the otolith, for which a full external shape is not necessary.
Consequently, the objective of this paper is to describe an
efficient method to transform a routinely acquired ageing
database into a standardized otolith shape database to easily
interpret ageing and shape analyses. We highlight available
data, all steps contained in the methodological approach and,
finally, we applied this protocol to a case study using the
French database of plaice (Pleuronectes platessa Linnaeus,
1758; n = 11,274) in the Eastern English Channel and the
southern North Sea from 2010 to 2019 and striped red mullet
(Mullus surmuletus Linnaeus, 1758; n = 1,149) in the East-
ern English Channel. Norwegian database of cod (Gadus
morhua Linnaeus, 1758; n = 1,055) was also used to include
northeast Arctic cod survey (Norwegian-Russian winter sur-
vey and Spawning Cod acoustic-trawl survey) (Myers et al.,
2020).

MATERIALS

Sampling

Age-structured models need year-round monitoring, thus
samples are taken during all four annual quarters, either at
sea or on land. At sea, the calcified structures are taken either
on board a professional fishing vessel or during scientific
surveys. On land, they are sampled in the fish market or in
the scientific laboratory.

When a fish is sampled to estimate its age, both biologi-
cal (species, individual size and weight, sex, sexual maturity
staging, etc.) and sampling parameters (catch date and loca-
tion, sampling area, gear, etc.) are identified. Accuracy of
this information is directly dependent on the sampling meth-
od; for example, samples in the fishing market have many
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uncertainties, especially the geographical positions, but all
the necessary data are acquired with a very high degree of
precision during scientific surveys. Consequently, the quality
of the metadata associated with the otolith may limit its use
for shape analysis, depending on the scientific question to be
answered. In addition, the sampling location also has a direct
influence on sample quality, as it relates to the percentage
of damaged and/or dirty otoliths (Stevenson and Campana,
1992).

The final step before image acquisition is the transport
and storage from the sampling location to the laboratory.
Paper envelopes and micro-tubes are two main means of
storage. Paper envelopes, recommended by Williams and
Bedford (1974), are very practical during sampling and fil-
ing to keep calcified structures, but their use increases the
percentage of broken otoliths, which can be used for ageing
but are unusable for shape analysis. A last means of trans-
port and storage, which is specifically used for small otoliths
from pelagic species during scientific surveys, is a black
plastic strip with cavities where the otoliths are embedded in
resin (Vitale ez al., 2019). This last method simplifies aging
acquisition on board but it reduces the quality of images due
to the resin (i.e. poor contrast, presence of impurities or air
bubbles, etc.) that is present above the otolith.

Image acquisition for ageing database

Each sagittal otolith is prepared and analyzed for age
determination according to the international ageing protocol
(Vitale et al., 2019). Depending on the study species, whole,
broken and/or sectioned otoliths are used for ageing (Vitale
et al.,2019), however sectioned and broken otoliths cannot
be used for shape analysis.

To prepare the otoliths for analysis, they are first cleaned
of organic matter using sponge, paper towels, a soft brush, or
an ultrasonic cleaner. For some species (e.g. striped red mul-
let, Mullus surmuletus Linnaeus, 1758; Mahé et al., 2013),
otoliths can be burned to increase the visibility of growth
increments as defined by Christensen (1964).

Depending on sampling, otolith images are taken using
only one otolith or both left and right otoliths, leading to
these two different types of otolith images in routine otolith
image databases. As shown in figure 1, some of the acqui-
sitions are non-standardized, and sometimes otoliths are
broken or there is an overlap between left and right otoliths.
Moreover, for the same species, the size of the otoliths can
be very different and, in several cases, various magnifica-
tions are used. Three different tools are used to take the oto-
lith images: a scanner (low resolution), a binocular dissect-
ing microscope (medium resolution) and a high resolution
microscope, which enables visualization of internal (growth
increments) and outline structures (shape). With both types
of microscope, cameras with different technical character-
istics (i.e. lens, magnification, sensor, resolution) can be
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Plaice European flounder

Otoliths pair Pair of overlapping otoliths

Red mullet Plaice
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European flounder

q

Left otolith turned

High contrast

Plaice

Herring

One otolith
Plaice
Air bubble Broken's otoliths pair Overexposed
Figure 1. - Different types of otolith images showing common issues. Scale is different between images depending on the sample, some
broken otoliths, various exposures and colors, some particles may be present (hair, bubbles).
used, resulting in different pixel sizes. Images are generally A B
acquired made using an RGB (RedValue + GreenValue +
Camera Camera

BlueValue) channel, but can sometimes, depending on the
reader, be taken in greyscale. Image light intensity is also
adjusted by the reader. All of these possibilities for image
acquisition in terms of resolution, colour, magnification,
light intensity or number of otoliths per image (or broken /
decalcified otoliths) lead to a lack of standardization in the
routine images (Fig. 1).

For all acquisition methods, readers can choose reflected
or transmitted light to illuminate the otoliths. It is assumed
that one annulus (i.e. one annual growth increment) consists
of one opaque and one translucent zone (Panfili et al., 2002).
Under reflected light, the opaque zones of the otoliths are
white and the translucent zones are dark (on a black back-
ground). In transmitted light (with a white background), the
opposite is true: the opaque zones of the otoliths are dark and
the translucent zones are white (Fig. 2).

Finally, a database is created with biological parameters,
images and ageing data for each fish. Table I summarises the
various sources of potential differences with their respective
solutions, which are described later in this paper.
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Figure 2. — Otolith images from a binocular dissecting microscope
under different types of illumination: A. Reflected light and B.
Transmitted light.

Data organization
The database for routine otolith processing has two com-
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Table 1. —Sources of differences between otolith images with proposed solutions.

Source of bias Potential differences

Methodological steps to standardize

Otolith presentation
otoliths / left or right otoliths

Preparation method
ded in resin
Light type Transmitted light / Reflected light

Acquisition system > >
tion microscope
Light intensity Various exposures
Contrast of image Depends on readers and camera
Colour channel RGB / Greyscale
Number of otoliths Left otolith / Right otolith / Both otoliths
Magnification From 1x to 100x

Ratio of otolith to
image size

Percentage from 10 to 95 %

Image resolution Between 658 and 1432 pixel/cm

Orientation of long-
est axis

Orientation from 0 to 360 degrees

Format of image jpg/ png / raw / tiff

Whole / Broken / overlapped otoliths / pairs of

Otolith in water / burnt otolith / otolith embed-

Scanner / Binocular microscope / High-resolu-

Sorting (with several groups with different characteristics)

Sorting (with several groups with different characteristics)

Sorting (with several groups with different characteristics)

1. Greyscale image / 2. Count and cut otolith image: resiz-
ing / 3. Oriented image: binarized image

1. Greyscale image / 3. Oriented image: binarized image
1. Greyscale image / 3. Oriented image: binarized image
1. Greyscale image / 3. Oriented image: binarized image
. Count and cut otolith image: cutting and mirror effect

. Count and cut otolith image: resizing

[\SIEEN (SR )

. Count and cut otolith image: resizing

[\

. Count and cut otolith image: resizing

3. Oriented image: main axis alignment

Save in single format

ponents: firstly, the images database with a name which is
composed of the sampling quarter and year, the name of the
reader, and the location (i.e. survey name or fishing port);
secondly, the metadata file which includes the name of the
otolith image and the metadata on the fish catch (survey/
commercial sampling, date, location, vessel and gear) and
species (sex, sexual maturity stage, length and weight).

METHODS

To standardize otolith images, the algorithm in R used
three successive steps (Fig. 3). Before the image processing,
sorting of the images was done to identify those that were
unusable for the standardization process, such as the broken
or overlapping otoliths. The algorithm we developed selects
otoliths by greyscale and then by size. For an image with a
single broken otolith our algorithm cannot detect that it is a
broken otolith (therefore excluded). On the other hand, on an
image with a pair of otoliths with a whole otolith and a bro-
ken one, the algorithm will be able to select only the whole
otolith and not take into account the broken one.

After this pre-treatment, the standardization steps were
implemented. Firstly, the otolith image was transformed into
greyscale (Fig. 3; Step 1) using the magick package (Ooms,
2021). The transformation was done by converting the three-
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channel image (i.e. RGB) to a single channel using the for-
mula in equation 1 (Ooms, 2021):
Greyscale = (RedValue + GreenValue + BlueValue) /3 (1)
Step 2 of the algorithm comprises several functions to
count and segment individual otoliths present in captured
imagery. A basic R function “contourLines” with 8 lev-
els was used to detect the otolith outlines (a greyscale or
binarized image can be used). To detect whether objects
are otoliths or not, a minimum area is defined. The area of
each outline within the image is then calculated. This step
also allows the exclusion of broken otoliths. Contours with a
high area that are not included in another shape are kept and
counted. Thus, the number of otoliths is deduced with the
perimeter of an image. If there are two otoliths in the same
image, the algorithm identifies the minimum and maximum
point on the y axis (y and ymax) for the lowest and/or high-
est otolith; and the minimum and maximum point in x axis
(X1, Xxymax; X, Xomax) for each otolith. The otolith image
is then cut using the values of x;:x;max; y:ymax for the left
otolith and x,:x,max; y:ymax for the right otolith. This step
also resizes the image because all images are resized to the
otolith proportions. In shape analysis, the otolith side has to
be comparable, thus the user can apply a horizontal transla-
tion (i.e. mirror effect) on the otolith from one side (for this
modification, the cut of the image must be reversed, from
Xmax to Xx).
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Figure 3. — Proposed processing pipe-
line for converting otolith images from
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Greyscale or
binarized image

If two sides
of otoliths

Cutting &
resizing

Number
of otolith 7,

Outline morpt
a conventional ageing database to a database
(binarized and

standardized shape database format in oriented image)

Mathematical

'
'
)
i [
1)
@‘T morphology tools i

Main axis
alignement

— Extraction of Binarized image
otolith angle (—|—g|

the R environment (R scripts are pre- '

sented in the Supplementary data). --

The third step performs the otolith reorientation and
the extraction of morphological information. The greyscale
image is transformed into an image with binary colours
(black [pixel value = 0]; white [pixel value = 1]): all pixels
with a value superior to O are converted into 1. To correct
potential conversion problems and to avoid calculation errors
of morphological information: (1) smoothing is applied to
the contour of the object (i.e. the otolith); (2) black pixels
are added on the edges of the object to allow better outline
detection in the future; and (3) a pixel erosion (with the help
of a kernel, used depending on the shape of the otolith, i.e.
box, disc, diamond) is applied to the image to remove white
particles outside the otolith. The orientation angle of the oto-
lith over its longest length (®) is then extracted using the

Original image Image after
orientation
Angle 0 Angle -0

%o .S
" “Maximum length
of the otolith

0 axis 0 axis

Figure 4. — Automatic otolith image orientation method.
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3. Image orientation

.......................................... )

“computeFeatures.moment” function. Binarized and greys-
cale images are reoriented on the 0 axis (rotate at [- ©]) of
the longest length (Fig. 4).

As the binarized image has been correctly oriented, the
height of the otolith (in pixels) corresponds to the number of
white pixels on the y-axis (on the highest height); the width
relates to the number of white pixels on the x-axis (on the
widest width); and the area of the otolith relates to the total
number of white pixels on the image. Finally, an oriented,
binarized image database with metadata on morphometric
and resolution (in pixel/cm) information, and another with
oriented greyscale images are generated. These databases
have standardized images for shape analysis (using oriented,
binarized images) and for age analysis (using oriented grey-
scale images).

All parameters in the algorithm were reported in the table
II and were the same in all tested database.

The segmentation of the otolith images (accuracy of the
segmentation, good or not) was checked by visualizing the
results.

CASE STUDY USING PLAICE, STRIPED RED
MULLET AND COD

To apply the standardization process, plaice (Pleu-
ronectes platessa Linnaeus, 1758), striped red mullet (Mul-
lus surmuletus Linnaeus, 1758) and cod (Gadus morhua Lin-
naeus, 1758) otoliths image database were processed. Data
for plaice and striped red mullet were provided by Andria-

Cybium 2023,47(1)
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Table II. — Optimization of all parameters of the algorithms in each function.

separeOto_n1 / calcullnfoOto |k (pixel erosion)

separeOto / separeOto_n1 nlevels (contourLines)

Functions Parameters Optimization Best value
separeOto / separeOto_nl offset Number of pixel(s) of accepted overlap |0
in the side of the otolith
separeOto / separeOto_n1 ratioArea For the first 100 images, computes 02

the t3 quantile of the area propor-
tion [1-quantile(area/ image size
(Lmat*Hmat), 0.75)]

shapeKernel parameter requires an image
size longer and larger than 60

Could be between 4-8 to accelerate 8
computation, more than 8 improves the
outline precision

shapeKernel(c(10,10), type="box”)
shapeKernel(c(5, 5), type="box”)

lovanirina et al. (2022). Myers et al. (2020) supplied data for
cod otolith.

In the French plaice and striped red mullet database, the
images were acquired by scanner or binocular microscope
using reflected light.

Actotal of 11,274 routinely acquired images of plaice oto-
lith were processed to obtain 8683 standardized right otolith
images (100% of these were well cut). Images could con-
tain a right or left otolith or both. When they contained two
otoliths, one could be broken and therefore not retained for

analysis. The image processing time varied between 1 and 3
seconds depending on the power of the computer used. Fig-
ure 5 shows the standardization process for an otolith image.

For striped red mullet otoliths in the processed photos
included burned or unburned, left or right otoliths or both. A
total of 1,149 images were standardized to get 918 standard-
ized right otoliths (98% of these were well cut) (example in
Fig. 6).

For cod, Myers et al. (2020) were used a transmitted
light and three exposures for each otolith image (standard,

Mirror effect
(optional)

(M
1
1
]
1
)
1
)
1
i _______ Pairofotoliths (original image)  Greyscaled i
'(2)
1
1
)
'
1
' A /‘r
. : = = =
: Count number of otoliths
)
)
' Cutting &
1 resizing
] ,
'
1
]
'
:
'(3)
Greyscale
database " .
(oriented image) Main axis
alignement

B

Outline
morphological
database
(binarized and
oriented image)

Angle extraction +
smoothing the outline +
pixel erosion + add black edge
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O-0-

Binarized image

Figure 5. — Otolith image process of

Left or right plaice (Pleuronectes platessa; Lin-
cut naeus, 1758) standardization with illus-
otolith tration of three main steps presented in

figure 3.
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Species Original image

Plaice
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Greysale segmented
and reoriented otolith(s)
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Binarized segmented
and reoriented otolith(s

0

Figure 6. — Example of otolith image standardization for the three species.

decreased, and increased exposure). If the exposure was
not decreased, the background was not uniform. A total of
1,055 images of cod otoliths were processed on three types
of exposure (standard, increased and decreased). For each
image, there was only one side of the otolith. The images
with a decreased exposure were the best cut with 97% suc-
cess (Fig. 6) (compared to 47% for standard exposures and
6% for increased exposures).

CONCLUDING REMARKS

The otolith is a calcified part, which is very often used
to estimate the age of fish; many laboratories have thus a lot
of image databases of otoliths in order to develop age struc-
tured models for stock management. However, images taken
by each laboratory are not always using the same image
acquisition protocol, this results in non-standardized image
databases (see material). The objectives of this study were to
develop a method to standardize otolith images and applying
it on three species otolith images, originating from two lab-
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oratories. The method was able to standardize images with
different acquisition processes, two types of illumination
(reflected and transmitted), various species, and with burned
and unburned otoliths. It was very effective on images where
there is a strong contrast between the background of the
image and the otolith. On the opposite, when the background
is brighter (case of standard exposure and enhanced cod
otolith images) the detection of the otolith is difficult using
our algorithm. In the case of an image with an illuminated
background, it is then necessary to use a decreased exposure.
When the otolith is darker (case of 3% of cod and 2% of
unburned red mullet otolith samples), an increased exposure
of the otolith could be considered.

The method takes into account the cut and orientation
of the otoliths as well as the translation of one side of oto-
lith for studies of otolith asymmetry for example. All recent
research into the shape of the otolith and the process of
biomineralization, taking into account potential differences
between the two ears, requires the standardized images as
proposed in this paper to analyse the internal or external
patterns of otoliths. Several methods of classification/learn-
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ing have become well-developed in recent years with the
emergence of mathematical and statistical tools and, partic-
ularly, artificial intelligence (i.e. deep learning). This latter
approach allows the development of innovative topics, such
as automatic age reading, but requires a very large number of
images (at least several thousand). It is therefore very impor-
tant to standardize the tools used for otolith image analysis,
such as our method for standardizing routinely acquired
otolith images. This standardization step is essential before
any automated analysis (analysis of the internal and external
structures of otoliths) since routinely acquired otolith images
can present several variations (see Methods), as has been
discussed in several previous studies (Easey and Millner,
2008; Mahé et al., 2009; Vitale et al., 2019; VanderKooy et
al.,2020). Currently, there is a debate about the best standard
image formats to use, but several methods remain in current
use. Acquisition by scanner is, however, increasingly used,
allowing the acquisition of multiple standardized otolith
images (Gongalves et al., 2017; Moore et al., 2019; Mahé et
al.,2021). Moore et al. (2019), for example, acquired otolith
images using a scanner and developed a machine learning
technique for the automatic ageing of fish.

Recently, otolith research on automatic methods for spe-
cies identification or automatic ageing using a deep learn-
ing approach around has developed strongly (Stock et al.,
2021; Moen et al., 2018; Ordoiiez et al., 2020; Politikos
et al.,2021; Vabg et al., 2021; Benzer et al., 2022). Other
research domains have also shown that image standardiza-
tion is an important step in computer vision or deep learn-
ing (Lee et al.,2017; Folmsbee et al., 2019; Misztal et al.,
2020). For otoliths, Fisher and Hunter (2018) and Myers et
al. (2020) developed automation of otolith image interpreta-
tions. Our protocol, a preliminary step to automated ageing
studies using a very large number of images, should facili-
tate access to standardized images and thus the development
of these automation approaches. Our method could be stand-
ardized with one image per second from mathematical algo-
rithms (i.e. machine time), which is faster than the classic
method with the time of four minutes realized by an expert.
In France, over 40000 images are analyzed each year in the
Ifremer Center for Sclerochronology. These images could be
used for other scientific purposes such as stock identifica-
tion, automatic ageing, species discrimination and investiga-
tion of the potential drivers controlling otolith morphogen-
esis. Using our protocol, however, the preliminary choices
of light sources (transmitted or reflected) and image formats
during the acquisition stage make it necessary to treat these
batches of images differently. Deep learning could, from a
different perspective, also be used to sort images with differ-
ent light sources and with various presentations of otoliths
(e.g. broken or overlapped otoliths).

The principle of the method presented here is to stand-
ardize otolith images acquired routinely with microscopes
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or scanners, but this method can be applied in other areas
to standardize images with a uniform background. In fisher-
ies science, for example, images of fish eggs acquired with a
microscope could be standardized before analysis; Duan et
al. (2019) has already developed a method to automatically
segment fish eggs.
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