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Abstract. – Knowledge of the spatial structuring of stocks is essential to study the dynamics of fish populations, 
and thus to manage fisheries. In this study, sagittal otolith shape was used to understand the stock structures 
of populations of the main commercial species caught around La Réunion Island. A total of 1091 individuals, 
belonging to nine species of bentho-pelagic bony fishes (Aphareus rutilans, Cephalopholis aurantia, Epinephelus 
fasciatus, Etelis carbunculus, Lutjanus kasmira, Lutjanus notatus, Pristipomoides argyrogrammicus, Pristipo-
moides filamentosus, Variola albimarginata), were analyzed and compared between 10 areas around La Réun-
ion. To describe the external shape of the otolith, normalized Fourier elliptical descriptors were extracted. For 
each species, the analysis of shape data was performed in two steps. The first step was investigating the potential 
effects of confounding factors such as fish size, symmetry between right and left otoliths, sexual dimorphism 
and spatial distribution. When location showed a significant effect on otolith shape, a second step coupling two 
complementary analyses was performed with hierarchical clustering (unsupervised machine learning) and linear 
discriminant analysis with jackknifed prediction (supervised machine learning), allowing characterization of the 
potential stock limits for each of the treated species. The results show that, for the nine species treated, only two 
species (Etelis carbunculus and Pristipomoides filamentosus) show spatial structuring around Reunion Island 
with, for each of them, two stocks potentially separated along a northwest/southeast axis. These results show that 
some species around La Réunion Island may have local subpopulations.

Résumé. – Structuration spatiale des principaux poissons démersaux autour de l’île de la Réunion (Océan Indien 
Ouest) à partir de la forme externe de leurs otolithes.

L’identification et la connaissance de la structuration spatiale de stocks sont essentielles pour étudier la 
dynamique des populations de poissons et ainsi gérer les pêcheries. Dans cette étude, la forme des otolithes 
sagittales a été employée pour comprendre la structuration des stocks des populations des principales espèces 
commerciales capturées à l’île de La Réunion. Un total de 1091 individus, appartenant à 9 espèces de poissons 
osseux bentho-pélagiques de différents compartiments d’habitats coralliens et profonds (Aphareus rutilans, 
Cephalopholis aurantia, Epinephelus fasciatus, Etelis carbunculus, Lutjanus kasmira, Lutjanus notatus, Pris-
tipomoides argyrogrammicus, Pristipomoides filamentosus, Variola albimarginata) a été analysé et comparé 
entre 10 zones réparties autour de la Réunion. Pour décrire la forme externe de l’otolithe, les descripteurs ellip-
tiques de Fourier normalisés ont été extraits. Pour chaque espèce, l’analyse des données de forme a été réalisée 
en 2 étapes en regardant premièrement les effets potentiels de facteurs confondants que sont la taille du poisson, 
la symétrie des otolithes droit et gauche, le dimorphisme sexuel et la répartition spatiale. Lorsque ce dernier 
était significatif sur la forme de l’otolithe, une deuxième étape couplant deux analyses complémentaires a été 
effectuée avec le regroupement hiérarchique (apprentissage automatique non supervisé) et l’analyse discrimi-
nante linéaire avec prédiction jacknifed (apprentissage automatique supervisé) permettant de caractériser les 
limites des potentiels stocks pour chacune des espèces traitées. Les résultats montrent que pour les 9 espèces 
traitées, seules 2 espèces profondes (Etelis carbunculus et Pristipomoides filamentosus) montrent une struc-
turation spatiale autour de l’île de la Réunion avec pour chacune d’elles, deux stocks potentiellement séparés 
par un axe Nord-Ouest/Sud-Est. Ces résultats montrent que pour certaines espèces, l’île de La Réunion peut 
présenter des sous-populations locales.
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Introduction

La Réunion Island is a volcanic island of 2,512 km2 (Sin-
clair and Langrand, 2013). La Réunion Island has a high 
diversity of fishery resources, where, according to Faure 
(1982) and Chabanet (1994), 320 species of fish have been 
previously inventoried to date. This island presents a diver-
sity of habitats that could influence the distribution of these 
species populations, such as coral reefs in the west part of 
the island (Tedetti et al., 2011) and a lack of reefs on the east 
coast. Nearly 200 species, belonging to more than 30 fami-
lies, are of commercial interest (Biais and Taquet, 1992). 
Over 79% of the fishing vessels of La Réunion Island fish in 
the shallow coastal waters with a depth range from 0 to 80 m 
(Weiss et al., 2019; Roos, pers. comm.). La Réunion Island’s 
fishery has traditionally focused on demersal species that are 
exploitable with hand- and long-lines (Fleury et al., 2012). 
This fishery has recently evolved towards the exploitation of 
deeper fish stocks (beyond 200 m), made possible by reels 
and other power lines (Roos et al., 2001a; Bertrand et al., 
2011; Fleury et al., 2012). The Serranidae family contains 
the most prized species here (with a high commercial value), 
while the Lutjanidae family is the main catch of this small-
scale fishery (Biais and Taquet, 1992). In 2017, the catch 
of Lutjanidae and Serranidae was 71.57 tons or 3% of the 
total catch of La Réunion Island (catch largely dominat-
ed by swordfish and tuna, at over 90%) (Blanchard et al., 
2018). Decreases in catches have been reported in recent 
years, mainly due to over-exploitation using these new gears 
(Fleury et al., 2012), but also due to lack of management 
(Roos et al., 2001b, 2015). In order to implement sustainable 
fisheries management measures, information on the biology, 
ecology and stock units is essential, but biological and quan-
titative fishery data on these commercially important fish 
families are still lacking (Newman et al., 2016; Halim et al., 
2020).

Stock assessment models assume that a group of individ-
uals has homogeneous life history parameters (e.g., growth, 
maturity, and mortality rates), and has a closed life cycle 
in which the young fish in the group are produced by pre-
vious generations of the same group (Cadrin et al., 2014). 
To carry out a relevant stock assessment, it is necessary to 
know the boundaries and size of the fishery management 
units (Avigliano et al., 2017); effective performance of fish-
ery management therefore requires biologically meaningful 
delimitation of stocks (Cadrin et al., 2014). Several tools/
methods can be used to delimit fish stocks, including genetic 
markers (Cruz et al., 1982; Beacham, 2021), but also other 
natural markers such as parasites (Lester and MacKenzie, 
2009; Pascual et al., 2016; Vasconcelos et al., 2017), growth 
rate and fatty acids in tissues (Grahl-Nielsen, 2014), life his-
tory traits, external tags or microchemistry (Cadrin et al., 
2014). The annual monitoring by the SIMWG (Stock Iden-

tification Methods Working Group; https://www.ices.dk/
community/groups/Pages/simwg.aspx) of ICES (the Interna-
tional Council for the Exploration of the Sea), however, has 
shown that otolith shape analysis is becoming one of the two 
main tools used, along with genetic analysis, for defining 
stock limits. The analysis of otolith shape for stock identifi-
cation was initiated by using Fourier descriptors (Bird et al., 
1986; Doering and Ludwig, 1990; Campana and Casselman, 
1993). Recent advances in terms of image analysis and data 
processing reinforced this trend, in particular with the devel-
opment of statistical tools such as R (R Core Team, 2017) 
that allow studies to be carried out in greater numbers and at 
lower cost compared to the genetic tracer approach, and that 
show generally comparable results (Cadrin et al., 2014). 

The otolith is a calcified structure which is located in 
the vestibular system of the inner ear, which is metaboli-
cally inert, i.e., it cannot be altered or generally resorbed, 
and grows incrementally throughout the life of the fish (Cas-
selman, 1987). Within a species, the otolith shape (or its 
external outline) is the result of environmental conditions 
(Wilson, 1985; Morales-Nin, 1987; Mosegaard et al., 1988; 
Secor and Dean, 1989) and genetic determinism throughout 
the life of the fish (i.e. the effect of ontogeny) (Lombarte 
and Lleonart, 1993; Lombarte et al., 2003; Cardinale et al., 
2004; Vignon and Morat, 2010; Vignon, 2015; Mahé, 2019). 
Consequently, otolith shape is a very efficient tool to identify 
the stock structure of fishes. 

To better delimit the reef fish populations and under-
stand the stock structure of the main commercial species in 
the families of Serranidae and Lutjanidae around La Réun-
ion Island, sagittal otolith shape was used to analyze of the 
structure of these populations. Nine main demersal species 
were analyzed according to ten different geographical areas/
habitats.

MATERIAL AND METHODS

Sample collection
Fish samples were collected from 10 locations, as defined 

by Roos et al. (2015), around La Réunion coast from 2018 
to 2020 (Fig. 1). Those areas have been divided according 
to the characterization of coastal water bodies, the nature of 
the seabed (hard or soft bottoms, coral or basaltic bottoms), 
the geomorphology of the seabed, the geomorphology of the 
coast (natural boundary due to the presence of large rocky 
capes), and freshwater inflows and terrigenous inputs (Roos 
et al., 2015). 

The fish samples originated from professional fishing 
operations. Sampling was carried out on a large number of 
catches, but the samples were insufficient for some areas as 
access was difficult for the fishers (no port nearby for ves-
sels between less than 6 to 12 meters with 20 to 200 kW of 
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engine power). Furthermore, some species had low abun-
dance or the fishing gear used was not adapted to catch those 
species.

In the laboratory, 1091 individuals were measured for 
total length (TL; mm). Sex was determined by macroscopic 
examination of the gonads, and only mature fish were includ-
ed in this study to minimize the effect of sexual maturity, 
which may affect otolith shape (Cardinale et al., 2004). 2150 
whole sagittal (left and right) otoliths were then extracted, 
washed, cleaned in distilled water, and then dried and stored 
in labelled plastic tubes. Sampling numbers by location for 
nine species of bentho-pelagic fishes (Aphareus rutilans, 
Cuvier, 1830; Cephalopholis aurantia, Valenciennes, 1828; 
Epinephelus fasciatus, Forsskål, 1775; Etelis carbunculus, 
Cuvier, 1828; Lutjanus kasmira, Forsskål, 1775; Lutjanus 
notatus, Cuvier, 1828; Pristipo-
moides argyrogrammicus, Valen-
ciennes, 1831; Pristipomoides fila-
mentosus, Valenciennes, 1830; Vari-
ola albimarginata, Baissac, 1953) 
are given in Table I.

Otolith shape analysis
A calibrated high-resolution 

image (3200 dpi) of the proximal 
face (sulcus acusticus facing up) 
of the whole left and right sagittal 
otolith was obtained using a scanner 
with reflected light (Epson V750). 

During this process, a fixed single magnification was used 
to ensure the maximum possible resolution. Image process-
ing was performed using the image analysis system TNPC 
(Digital processing for calcified structures, version 7) (Mahé 
et al., 2011) on the proximal face of the otolith. The images 
were standardized so that all otoliths were in the same orien-
tation and direction, as in Gonçalves et al. (2017). To com-
pare left and right otolith shapes, mirror images of left oto-
liths were used. The length and width of otoliths were auto-
matically extracted as the largest distance along the antero-
posterior axis and the ventro-dorsal axis, respectively.

To describe otolith contours, Elliptic Fourier Descriptors 
(EFDs) analysis (e.g., Lestrel, 2008) was carried out on each 
otolith delineated and extracted contour after image binariza-
tion. All Elliptic Fourier Descriptors (EFDs) were obtained 

Figure 1. – Map of sampling locations 
around La Réunion coast from 2018 to 
2020. A: High bottom, old formation, 
influenced by the river of the pebbles, 
the pond of Saint-Paul and the Ravine 
Saint-Gilles, located between zones of 
basaltic and coral sands. B: Dry zone 
with hard substratum/sablo-corallian 
with episodic heavy rain events. C: 
Recent facies on volcanic substratum, 
strongly watered by underground infil-
trations (Grande Anse to Piton Sainte-
Rose). D: Zone on alluvium and peb-
bles, strongly watered by permanent 
superficial streams. E: Sandy bay, load-
ed with organic matter, clean hydrody-
namic characteristics, transition zone.

Table I. – Sampling scheme for nine species of fishes, with the total number of sampled oto-
liths per species and location.

Species A1 B2 B3 C4 C10 C5 D6 D7 D8 E9 Total
Aphareus rutilans 10   46   1 6   2 21 9 95
Cephalopholis aurantia 6 8 107 2 2 12 2 17 28 16 200
Epinephelus fasciatus 27 5 87 6 39 5 3 97 4 4 277
Etelis carbunculus 56 1 59 3 1 6   3 8 38 175
Lutjanus kasmira 105 22 103 13 2 48 16 110 128 4 551
Lutjanus notatus 23 3 100 11   40 29 79 22 9 316
Pristipomoides argyrogrammicus 57   65 2 8 3   12 2 30 179
Pristipomoides filamentosus 23 8 96 13 11 9 8 9 16 29 222
Variola albimarginata 63 4 7 6 39 4     12   135
Total 370 51 670 56 103 133 58 329 241 139 2150
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using TNPC 7 software. For each otolith, the first 99 ellip-
tical Fourier harmonics (H) were extracted and normalized 
with respect to the first harmonic and were thus invariant to 
otolith size, rotation and starting point of contour description 
(Kuhl and Giardina, 1982). To determine the number of har-
monics required to reconstruct the otolith outline, the cumu-
lated Fourier Power (F) was calculated for each individual 
otolith as a measure of the precision of contour reconstruc-
tion obtained with nk harmonics (i.e., the proportion of vari-
ance in contour coordinates accounted for by nk harmonics):

where Ai, Bi, Ci, and Di, are the coefficients of the harmonic. 
F and nk were calculated for each individual otolith to ensure 
that every otolith in the sample was reconstructed with a pre-
cision of 99.99% (Lestrel, 2008). The maximum number of 
harmonics nk across all otoliths was then used to reconstruct 
each individual otolith.

Statistical analysis
For each species, the same standardized process was 

applied with two successive steps. Firstly, the potential 
effects of total length (TL), sex (S), inner-ear location (side, 
SI) and sampling location (LO) on otolith shape were tested. 
Secondly, when LO was found to be significant an investiga-
tion of spatial variation in otolith shape, integrating the other 
potential effects, was carried out to determine the spatial 
population structure for each species. 

Principal Components Analysis (PCA) was applied to 
the selected EFDs matrix (EFDs as columns and individual 
otolith as lines) of the otolith contours (Rohlf and Archie, 
1984), and a subset of the resulting Principal Components 
(PCs) was selected as otolith shape descriptors according 
to the broken stick model (Legendre and Legendre, 2012). 
This allowed a decrease in the number of variables used to 
describe otolith shape variability while ensuring that the 
main sources of shape variation were kept, simultaneously 
avoiding co-linearity between shape descriptors (Rohlf and 
Archie, 1984). The relevant PCs were subsequently used as 
input variables in a partial redundancy analysis (pRDA) with 
side (left/right) as a potentially influential variable. RDA is 
an extension of multiple regressions to multivariate response 
data and an extension of principal components analysis 
(Legendre and Legendre, 2012), combined with permuta-
tion tests (marginal effect, type II; Fox and Weisberg, 2011) 
on the selected principal components (PC) matrix. Using an 
RDA, the potential effects of total length, sex, sampling year 
and geographic area were tested with the explanatory matrix 
combined with permutation tests on the selected PC matrix. 
A permutation test (marginal effect, type II) was then used to 
test the significance of each explanatory variable (Legendre 
and Legendre, 2012).

To discriminate between fish from the 10 sampled loca-
tions based on otolith shape, a Linear Discriminant Analy-
sis (LDA) with jackknifed prediction was applied to the 
residuals of a redundancy analysis (RDA) of the shape 
matrix explained by individuals’ total length. The use of the 
residual matrix instead of the shape matrix avoided poten-
tial confounding effects due to otolith shape variation across 
sampling locations related to variations in individuals’ size, 
originating from different size-selectivity of the capture pro-
cedure/gear at different sampling sites (Rencher and Chris-
tensen, 2012). To begin the stock identification procedure, 
a cluster analysis using Ward’s hierarchical agglomerative 
algorithm based on squared Euclidean distances was per-
formed on the residual shape matrix to group individuals 
with similar otolith shapes. Ward’s algorithm allowed a 
classification threshold definition and gave the best over-
all recovery (Saraçli et al., 2013) and accuracy (Pakgohar 
et al., 2021). To evaluate the resulting discriminant func-
tions, the percentage of correct classification of individu-
als into sampling areas was then calculated using jackknife 
cross-validation (Klecka et al., 1980) and compared to those 
obtained from random distribution (supplementary Tab. II). 
The performance of the discriminant analyses was assessed 
using Wilks’ λ; this value is the ratio between the intra-group 
variance and the total variance, and provides an objective 
way of calculating the percentage of agreement between real 
and predicted group memberships (supplementary Tab. III). 
Wilks’ λ values range from 0 to 1, and the closer to 0, the 
better the discriminating power of the RDA.

Statistical analyses were performed using the ‘Vegan’ 
(Oksanen et al., 2013), ‘MASS’ (Ripley et al., 2013), ‘CAR’ 
(Fox et al., 2011), ‘FactoMineR’ (Lê et al., 2008), ‘HH’ 
(Heiberger and Heiberger, 2022) and ‘Ellipse’ (Murdoch et 
al., 2020) packages in R (R Core Team, 2017).

RESULTS

Potential sources of variation in otolith shape
Among the 99 Fourier harmonics extracted to describe 

individual otolith contours, the number of first harmonics 
used (nk), which explained at least 99.99% of the variation in 
otolith contour of each individual, varied from 23 for Pris-
tipomoides argyrogrammicus (the least complex shape) to 
45 for Aphareus rutilans (the most complex shape). There 
was a significant linear relationship between fish length and 
otolith length for all nine species analysed. In addition to 
this relationship between fish size and otolith size, all spe-
cies except Pristipomoides argyrogrammicus showed a sig-
nificantly change in otolith shape with fish length (Tab. II), 
which effect was integrated for further analysis. Other poten-
tial factors were tested by pRDA combined with permutation 
tests, which showed no significant difference between the 
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left and right otolith shape for six species. Only three species 
(Cephalopholis aurantia, Epinephelus fasciatus and Ete-
lis carbunculus) showed significant directional asymmetry 
(Tab. II). The pRDA analysis also indicated that the otolith 
shape was significantly dependent on the sex of the individ-
ual in only three species (Cephalopholis aurantia, Lutjanus 
notatus and Pristipomoides argyrogrammicus). When the 
otolith shape for one tested species was directly influenced 
by a confounding factor (i.e., side or sex), its interaction with 
the geographical factor (i.e., SI/LO or S/LO) was estimat-
ed. No significant effect of sex on the relationship between 
otolith shape and geographical position was found for any 
species. For the species showing significant asymmetry, the 
interaction between side and geographical effect was signifi-
cant for two species (Epinephelus fasciatus and Etelis car-
bunculus), for which only the left otolith was subsequently 
used to analyse the stock structure.

Stock structure inferred from otolith shape
Otolith shape was not affected by the capture location of 

specimens for only two species (Cephalopholis aurantia and 
Pristipomoides argyrogrammicus), (p > 0.05; Tab. II), but 
the effect of sampling location on otolith shape was signifi-
cant for all other species in the pRDA (significant effect of 
sampling location; Tab. II). These results suggest geographi-
cal variation in otolith shape that could be used to discrimi-
nate individuals from different geographical origins. Con-
sequently, other analyses were performed to evaluate with 
precision the stock structure inferred from otolith shape for 
these seven species (Aphareus rutilans, Epinephelus fascia-
tus, Etelis carbunculus, Lutjanus kasmira, Lutjanus notatus, 
Pristipomoides filamentosus and Variola albimarginata). 
Firstly, unsupervised classification by cluster analysis was 
applied to these species to optimize the number of groups. 
The optimal cluster number was two for all species (Tab. III, 
number of otoliths per sampling area and cluster shown in 

Table II. – Results of partial redundancy analysis on the shape matrix, with the p-value of each explanatory 
variable (total length: TL, sex: S, inner-ear location: SI and sampling location: LO) (N = fish number; nh: 
number of harmonics used; PCs: number of selected Principal Components) (* significant effect).

Species N nh PCs TL SI S LO SI/LO
Aphareus rutilans 95 45 7 0.001* 0.095* 0.753* 0.001*
Cephalopholis aurantia 200 31 6 0.001* 0.001* 0.019* 0.113*
Epinephelus fasciatus 277 37 6 0.001* 0.001* 0.191* 0.001* 0.001*
Etelis carbunculus 175 29 4 0.001* 0.041* 0.195* 0.001* 0.001*
Lutjanus kasmira 551 29 4 0.001* 0.071* 0.182* 0.001*
Lutjanus notatus 316 33 7 0.001* 0.082* 0.005* 0.001*
Pristipomoides argyrogrammicus 179 21 4 0.234* 0.078* 0.010* 0.250*
Pristipomoides filamentosus 222 44 9 0.001* 0.741* 0.567* 0.009*
Variola albimarginata 135 36 6 0.001* 0.306* 0.616* 0.009*

Table III. – Classification of sampling locations by otolith shape per species with significant geographical effect in pRDA 
analysis: unsupervised classification with cluster analysis (optimal number of clusters) and supervised classification with 
LDA (group composition with the name of each location, correct classification rate).

Species
Unsupervised classification Supervised classification

Number of clusters Group composition Correct classification rate (%)

Aphareus rutilans 2
D8

80.04
A1, B3, C5, E9

Epinephelus fasciatus 2
A1, B3, D8, E9

77.84
C5

Etelis carbunculus 2
A1, E9, B3

85.51
C5, D8

Lutjanus kasmira 2
A1, B2, D6

80.00
B3, C4, C5, D7, D8

 Lutjanus notatus 2
B3

67.73
 A1, C4, C5, D6, D7, D8, E9

Pristipomoides filamentosus 2
A1, B2, B3, C4

54.50
C5, C10, D7, E9, D6, D8

Variola albimarginata 2
D8

84.25
A1, B3, C10, C4
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supplementary Tab. I). Sampling location was therefore 
used as an explanatory variable in the subsequent otolith 
shape-based LDA. For all species, only locations with sam-
ples of at least six individuals were included in the LDA. 
The overall jackknifed classification success was between 
67.73% (Lutjanus notatus) and 85.51% (Etelis carbuncu-
lus; Tab. III). These levels of individuals assigned correctly 
by the LDA were higher than those obtained from random 
distribution (i.e., 50%). Among seven tested species, four 
showed a single group from all sampled locations (Aphareus 
rutilans, Epinephelus fasciatus, Lutjanus notatus and Vari-
ola albimarginata; Tab. III). Among three species with 2 
groups composed of several locations, Etelis carbunculus 
and Pristipomoides filamentosus showed that the best overall 
classification success was obtained by classifying the coastal 
waters of La Réunion Island into two groups along a north-
west / south-east axis (Supplementary Fig. 1). For Lutjanus 
kasmira, two groups were not composed of continuous geo-
graphical areas (Supplementary Figs 1, 2 show the anatomi-
cal descriptions of the otoliths for these three species). This 
geographical discontinuity did not explain the stock units.

DISCUSSION

Ontogenetic effect on otolith shape
Before evaluating the boundaries of stock units based on 

otolith shape, the first step is to measure the potential con-
founding effects. The first potential confounding effect is the 
development of the otolith shape in relation to total length 
throughout the life history of the fish. Our study showed that 
eight out of nine species of demersal fishes from La Réunion 
Island (except Pristipomoides argyrogrammicus) showed a 
significant change in otolith shape with fish growth through-
out ontogeny. This trend has also been observed in mullet 
species in the Mediterranean Sea (D’Iglio et al., 2022), com-
mon sole (Solea solea) in the Southern North Sea (Delerue-
Ricard et al., 2019; Randon et al., 2020), giant grenadier 
(Albatrossia pectoralis) in the Northeast Pacific Ocean 
(Rodgveller et al., 2017), and sable squirrelfish (Sargocen-
tron spiniferum) in the Red Sea (Osman et al., 2021). To 
limit the ontogenetic effects on otolith shape in analyses, 
several studies used homogenous groups with a small range 
of the fish length, while other studies interpreted the calcified 
structures of the fish and selected only individuals from the 
same age group to better delineate the stocks (which depend-
ed mainly on the environment) (in Mahé, 2019). However, 
it should also be considered that fish growth can be influ-
enced by habitat (i.e., the characteristics of the environment 
such as depth, substrate and live coral coverage, topographic 
heterogeneity and complexity, physiological effects of water 
temperature, etc.) (Oda and Parrish, 1981; Gaither et al., 

2011). Depending on the analysis and the species, it can be 
necessary to take into account the effect of fish size.

Asymmetry between left and right otoliths
The asymmetry between the left and right ears and thus 

their respective otoliths is another potential confounding 
effect to estimate when using otolith shape for stock identi-
fication. In our study, among nine commercial species, only 
three species (Cephalopholis aurantia, Epinephelus fascia-
tus, Etelis carbunculus) showed a significant difference in 
otolith shape between the left and right inner ear from the 
same individuals. Otolith directional asymmetry affects the 
acoustic functionality (sensitivity, temporal processing, and 
sound localization) (Lychakov and Rebane, 2005; Lychakov 
et al., 2008) and kinetic swimming of fish (aberrant move-
ment pattern or static space sickness) (Anken et al., 1998; 
Beier et al., 2002; Hilbig et al., 2003, 2011). Otolith asym-
metry could be a potential factor of influence for stock iden-
tification from otolith shape (Palmer et al., 2010; Mahé et al., 
2018, 2021; Delerue-Ricard et al., 2019). This has been seen 
in Boops boops, where Mahé et al. (2018) found a difference 
between predicted stock boundaries depending whether the 
left or right otolith was used. In our study, among three spe-
cies showing significant asymmetry, the geographical effect 
was only significant for two species (Epinephelus fasciatus, 
Etelis carbunculus). For these two species, the interaction 
between side and location effects was significant, therefore 
the analyses were carried out on both otoliths from the same 
individuals to integrate this potential effect. To quantify the 
difference between individuals from several geographical 
areas, symmetry throughout ontogeny must be measured or 
integrated into the final analysis to test only the geographical 
effect.

Otolith shape as a tool for stock identification 
After looking at the potential confounding effects of 

ontogeny and bilateral asymmetry, variation in otolith shape 
was analyzed according to the environment/geographical 
difference (i.e., location effect). In a previous study, the oto-
lith shape of Mulloidichthys flavolineatus showed significant 
difference between La Réunion and Maurice Islands, which 
are geographically close (Pothin et al., 2006), indicating 
minimal movement between areas. Additionally, another 
study on the bluestripe snapper (Lutjanus kasmira) in Socie-
ty Archipelago (French Polynesia, south-central Pacific) also 
showed significant otolith shape differences between groups 
of fish that were geographically close (Vignon et al., 2008). 
The observed differences at small geographical scales could 
be due to species composed of resident individuals with lim-
ited local movement, as seen in several tropical reef species. 
Two species, Cephalopholis aurantia and Pristipomoides 
argyrogrammicus, did not show any significant difference in 
the location effect, and each could therefore be considered 
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a single population around La Réunion Island. Shimose et 
al. (2020) demonstrated that P. argyrogrammicus shows a 
homogeneous population at the microscale but could have 
morphometric differences for very different environmental 
conditions (e.g., China Sea/Indo-West), which could also be 
the case for the fishes in this study.

The continuity of each delineation proposed by our 
analyses showed that only two species (E. carbunculus and 
P. filamentosus, Supplementary Fig. 1) demonstrated con-
sistent stock discrimination. DeMartini (2016) observed 
a difference in size at sexual maturity for Elis carbunculus 
at a similarly small geographic scale (e.g., north-western 
Hawaiian Islands), and suggested that this difference could 
be related to water temperature, depth or environmental dif-
ferences. Smith (1992) also showed a difference in otolith 
morphology between E. carbunculus in a micro-scale (study 
on 4 sites in Hawaii and the French Polynesian islands). For 
P. filamentosus, Gaither et al. (2010a, b) demonstrated using 
genetic and microsatellite markers that there are also micros-
cale stock differences in the Hawaiian Islands.

From our study, two clusters along a northwest/southeast 
axis were observed for both E. carbunculus and P. filamento-
sus. According to the habitat typology of La Réunion Island, 
these species are separated into two habitat types, with coral 
reef habitat in the northwestern area (sampling locations A1, 
B2, B3, C4, Supplementary Fig. 1) and no coral reef in the 
southeastern area (sampling locations E9, D8, D7, D6, C5, 
C10).

In this study, only two populations were delineated out of 
nine possible species. Five other species were also delimited 
but without geographical continuity (Lutjanus kasmira, Sup-
plementary Fig. 1) or only one area versus all other areas. 
For these species, our results must be completed before 
stock units around La Réunion Island can be meaningfully 
discussed for these species. These delimitation issues could 
be an artefact of poor geographic sampling in addition to 
other confounding effects of otolith shape. To increase the 
discrimination power of this study, we recommend filling 
gaps in otolith shape data around La Réunion Island with 
more extensive sampling by species and location, integrat-
ing otolith data at a broader geographic scale, or comparing 
the results with other stock markers, such as genetics, and 
performing a combined multi-marker analysis (Randon et 
al., 2020).
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Supplementary figure 2. – Anatomical descriptions of sagittal otoliths for Lutjanus kasmira, 
Etelis carbunculus and Pristipomoides filamentosus.
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Supplementary table I. – Distribution of otoliths according to area 
sampling and cluster.

Species Area Cluster 1 Cluster 2

Aphareus rutilans

A1 7 3
B3 39 7
C5 4 2
D8 5 16
E9 7 2

Epinephelus fasciatus

A1 12 15
B3 35 52
C10 5 34
C4 6 0
D7 85 12

Etelis carbunculus

A1 25 31
B3 40 19
C5 1 5
D8 4 4
E9 14 24

Lutjanus kasmira

A1 75 30
B2 17 5
B3 8 95
C4 3 10
C5 9 39
D6 13 3
D7 27 83
D8 26 102

Supplementary table II. – Confusion matrix between sample areas and predicted areas (blue boxes show correct classification).

Species Jackknifed matrix
Predicted area          

A1 B3 C5 D8 E9          

Aphareus rutilans

A
ct

ua
l a

re
a A1 1 2 3 2 2          

B3 4 27 4 5 6          
C5 1 1 3 1 0          
D8 1 5 3 10 2          
E9 1 1 1 2 4          

Epinephelus fasciatus

Jackknifed matrix
Predicted area          

A1 B3 C10 C4 D7          

A
ct

ua
l a

re
a A1 3 4 9 3 8          

B3 6 35 20 5 21          
C10 5 10 14 8 2          
C4 1 0 0 4 1          
D7 9 11 5 7 65          

Etelis carbunculus

Jackknifed matrix
Predicted area          

A1 B3 C5 D8 E9          

A
ct

ua
l a

re
a A1 23 13 5 6 9          

B3 10 26 8 9 6          
C5 1 1 3 1 0          
D8 3 2 1 0 2          
E9 14 5 3 6 10          

Species Area Cluster 1 Cluster 2

Lutjanus notatus

A1 12 11
B3 11 89
C4 7 4
C5 16 24
D6 21 8
D7 30 49
D8 4 18
E9 2 7

Pristipomoides filamentosus

A1 13 10
B2 5 3
B3 57 39
C10 4 7
C4 11 2
C5 7 2
D6 4 4
D7 3 6
D8 8 8
E9 14 15

Variola albimarginata

A1 47 16
B3 7 0
C10 36 3
C4 5 1
D8 5 7
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Lutjanus kasmira

Jackknifed matrix
Predicted area    

A1 B2 B3 C4 C5 D6 D7 D8    

A
ct

ua
l a

re
a 

A1 25 27 14 5 2 16 3 13    
B2 3 14 0 0 0 2 0 3    
B3 3 3 33 17 16 1 16 14    
C4 0 0 1 5 2 1 1 3    
C5 6 0 5 9 18 0 3 7    
D6 3 4 0 1 0 6 0 2    
D7 8 6 26 13 13 12 14 18    
D8 12 10 24 20 13 3 7 39    

Lutjanus notatus

Jackknifed matrix
Predicted area    

A1 B3 C4 C5 D6 D7 D8 E9    

A
ct

ua
l a

re
a 

A1 1 2 3 2 7 1 5 2    
B3 6 36 0 6 3 10 27 12    
C4 0 1 6 0 2 0 1 1    
C5 4 2 6 7 8 4 5 4    
D6 1 1 8 2 13 2 1 1    
D7 3 20 14 4 9 6 14 9    
D8 1 10 1 1 1 1 3 4    
E9 3 0 0 2 2 2 0 0    

Pristipomoides 
filamentosus

Jackknifed matrix
Predicted area

A1 B2 B3 C10 C4 C5 D6 D7 D8 E9

A
ct

ua
l a

re
a 

A1 3 5 0 3 1 3 1 5 1 1
B2 1 2 0 0 3 0 0 1 1 0
B3 7 1 17 13 4 14 13 4 9 14
C10 1 0 3 0 0 1 3 2 1 0
C4 1 2 1 1 4 1 0 1 2 0
C5 0 1 1 0 3 2 1 0 0 1
D6 0 0 1 0 0 0 1 1 4 1
D7 2 0 0 0 0 1 1 2 3 0
D8 2 2 2 0 3 1 3 0 0 3
E9 3 1 3 5 3 5 3 0 3 3

Variola albimarginata

Jackknifed matrix
Predicted area          

A1 B3 C10 C4 D8          

A
ct

ua
l a

re
a A1 13 18 10 11 11          

B3 2 0 3 2 0          
C10 10 7 9 12 1          
C4 2 2 2 0 0          
D8 4 2 0 1 5          

Supplementary table II. – Continued.
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Supplementary table III. – Hypothesis tested to obtain the best rate of correct classification.

Species Hypothesis Area composition Correct classification rate (%)

Aphareus rutilans

1
D8

80.04*
A1, B3, C5, E9

2
D8, E9

70.06*
A1, B3, C5

3
D8, E9, A1

71.74*
B3, C5

4
D8, E9, C5

70.06*
A1, B3

Epinephelus fasciatus

1
A1, E9

68.26*
B3, C5, D8

2
A1, B3, E9

64.07*
C5, D8

3
A1, D8, E9

69.46*
B3, C5

4
A1, B3, D8, E9

77.84*
C5

Etelis carbunculus

1 A1, E9 
84.05*

  B3, C5, D8
2 A1, E9 , B3

85.51*
  C5, D8
3 A1, E9, D8

73.91*
  B3, C5

Lutjanus kasmira

1
A1, B2, D6

80.00*
B3, C4, C5, D7, D8

2
B3, C4, C5

65.70*
A1, B2, D6, D7, D8

3
A1, B2, B3, C4

57.00*
C5, D6, D7, D8

Lutjanus notatus

1
B3, D8, E9

67.09*
A1, C4, C5, D6, D7

2
A1, B3, C5, D8, E9

65.08*
C4, C5, D6, D7

3
D8, E9

54.63*
A1, B3, C4, C5, D6, D7

4
B3

67.73*
A1, C4, C5, D6, D7, D8, E9

Pristipomoides filamentosus

1
A1, B2, B3, C10, C4, C5

49.54*
D6, D7, D8, E9

2
A1, B2, B3, C4, C5, D6, D8

52.70*
C10, D7, E9

3
A1, B2, B3, C4, C5

54.40*
C10, D7, E9, D6, D8

4
A1, B2, B3, C4

54.5*
C5, C10, D7, E9, D6, D8

5
A1, B2, B3

49.50*
C4, C5, C10, D7, E9, D6, D8
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Species Hypothesis Area composition Correct classification rate (%)

Variola albimarginata

1
D8

84.25*
A1, B3, C10, C4 

2
A1, D8

62.99*
B3, C10, C4 

3
D8, C10

49.61*
A1, B3, C4 

4
D8, C4

74.80*
A1, B3, C10

Supplementary table III. – Continued.


