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Abstract
Otoliths are calcified structures and the information contained within their chemistry or shape can be used to infer life history events,
migration patterns, and stock structure of a fish population. Understanding how otolith chemistry is affected by temperature, salinity,
interactive effects of abiotic factors, ontogeny, physiology, etc. is essential for the reconstruction of the environment that affected
the fish. Otolith shape is also affected by environmental conditions in addition to the genotype. The applications of otolith chemistry
and shape for stock discrimination have increased in recent years because of the advancements in analytical methods and the related
software. The stock identification methods sometimes provide variable results but if we use complementary approach the information generated could be more reliable which can be used to prepare effective management and conservation strategies. It appears
warranted to generate more information on the factors influencing otolith chemistry and shape especially when two or more factors
exert synergetic influence. Therefore, the objectives of this review paper were to provide comprehensive information on various
factors influencing the otolith chemistry and shape, and the utility of otolith chemistry and shape for fish stock discrimination with
an emphasis towards the research areas needing additional studies.
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Introduction
Otoliths are calcified biominerals that are mainly composed of calcium carbonate polymorph aragonite and a
minor quantity of biomolecules such as proteoglycans
and glycoproteins (Campana 1999; Sollner et al. 2003).
The process of otolith biomineralization is influenced
by several genes and the fish may also use collagens to
stimulate biogenesis (Murayama et al. 2002; Sollner et
al. 2003). Moreover, it is reported that otolin-1 (meshwork-forming collagen) may contribute to forming biominerals composed of calcium carbonate (Murayama et
al. 2002). The mineralized calcium carbonate is precipitated from the endolymph fluid which contains calcium
and bicarbonate ions and it is reported that there is a daily

pause in deposition caused by changes in endolymph pH
cycles (Wright et al. 1992; Campana and Thorrold 2001).
Thus, the chemical composition of endolymph surrounding otolith is an important factor for otolith growth.
Otolith chemistry reflects the permanent record of
physical and chemical qualities of the ambient environment (Campana 1999). The whole dissolved otolith composition reveals the average of the lifetime exposure to
both the ambient environment and its physiological processes thus delineating based on differences among the
groups of fishes exposed to different environments (Campana et al. 2000). The variations in the elemental composition of whole otoliths cannot be used to infer the time
period when the groups of fishes remained separated because the arbitrary inhabitancy in different environmental
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conditions can lead to an evident change in the otolith
elemental composition (Campana 2005). The application
of beam-based instruments such as laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS)
has revolutionized the understanding of temporal patterns
in otolith composition (Di Franco et al. 2014).
Several studies have reported that the otolith chemistry
is influenced by environmental factors (e.g., water chemistry, temperature, salinity, and their interactive effects)
and physiological processes (e.g., growth, metabolism,
and reproductive stage) (Elsdon and Gillanders 2003;
Gaetani and Cohen 2006; Walther et al. 2010; Sturrock
et al. 2014; Stanley et al. 2015; Mazloumi et al. 2017;
Walsh and Gillanders 2018). Therefore, the knowledge
of how exogenous and endogenous factors affect otolith chemistry is essential to reconstruct the life history
events and the migration pattern of fish species (Elsdon
et al. 2008; Reis-Santos et al. 2013). The predominant
source of the elements incorporated into the otoliths is
the ambient water but for some elements such as Zn the
main source is diet thereby the relative contribution may
vary for different elements (Walther and Thorrold 2006;
Doubleday et al. 2013). The ambient water chemistry is
regulated by several factors such as underlying geology,
anthropogenic influences, precipitation, agricultural runoff, mixing of different water bodies, etc. (Elsdon et al.
2008). Therefore, the chemical composition may vary
between water bodies or even within a water body at temporal and spatial scales (Kerr et al. 2007; Elsdon et al.
2008). Moreover, otoliths permanently record spatial and
temporal variability in water chemistry (Campana et al.
2000; Dorval et al. 2005; Miller 2007; Mateo et al. 2010).
The shape of otoliths is species-specific and shows
less variation in growth comparative to somatic growth
(Campana and Casselman 1993; Lombarte and Lleonart
1993). Otolith shape variation of fish from different geographic areas is supposed to provide evidence that the fish
species occupied distinct regions during life history, thus
demonstrating a phenotypic method of stock identification
(Ihssen et al. 1981). Otolith shape is a more reliable tool
because it is comparatively more stable than external morphometric characters to the short-term variations caused by
changes in fish condition (feeding or spawning conditions)
or environmental variations (Vieira et al. 2014; Mahe et
al. 2018). Several studies have reported that the variations in otolith shape may be correlated with differences in
growth rate (Campana and Casselman 1993), as noted in
Atlantic mackerel, Scomber scombrus Linnaeus, 1758 (see
Castonguay et al. 1991); king mackerel, Scomberomorus
cavalla (Cuvier, 1829) (see DeVries et al. 2002); and blue
whiting, Micromesistius poutassou (Risso, 1827) (see
Keating et al. 2014). Vignon and Morat (2010) reported
that the left and right otoliths are influenced symmetrically
by the environment and genetics. This may have key implications because any unsystematic deviations from perfect
symmetry of otoliths may be used to study the developmental stress and hence could be a potential sign of fitness
(Lemberget and McCormick 2009; Palmer et al. 2010).
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Several studies have used otolith chemistry (Edmonds
et al. 1991; Campana et al. 1994; Campana 2005; Volpedo and Cirelli 2006; Pangle et al. 2010; Khan et al. 2012;
Khemiri et al. 2014; Miyan et al. 2014; Miyan et al.
2016; Avigliano et al. 2017; Moreira et al. 2018; Wright
et al. 2018; Nazir and Khan 2019) or shape of otoliths
(Campana and Casselman 1993; Begg and Brown 2000;
DeVries et al. 2002; Pothin et al. 2006; Stransky et al.
2008; Aguera and Brophy 2011; Keating et al. 2014;
Sadighzadeh et al. 2014; Vieira et al. 2014; Bacha et al.
2016; Ider et al. 2017; Khemiri et al. 2018) as a tool for
stock discrimination. However, the understanding of the
ecological and evolutionary processes that sustain the
fish population structure requires a multidisciplinary
approach (Abaunza et al. 2008; Taillebois et al. 2017).
Therefore, the environmental markers (e.g., otolith microchemistry) and genetic markers may provide important information to assess stock structure especially if
they show high agreement when used in union (Welch
et al. 2015; Tanner et al. 2016). Several researchers have
concurrently used otolith chemistry and shape to indirectly validate the percentage of correct classification
of individuals to their original location(s) (Turan 2006;
Longmore et al. 2010; Ferguson et al. 2011; Soeth et al.
2019). Further, it is preferable to conduct similar investigations to generate conclusive information on population structure and to assess the generality of the results
(Longmore et al. 2010).
Several review papers based on otolith chemistry
have been published both at the global and regional level (Campana 1999; Campana and Thorrold 2001; Elsdon
and Gillanders 2003; Elsdon et al. 2008; Sturrock et al.
2012; Pracheil et al. 2014; Avigliano and Volpedo 2016;
Tanner et al. 2016; Walther et al. 2017; etc.). However,
more information is warranted on all exogenous and endogenous factors influencing otolith chemistry and shape.
Therefore, the objectives of this review paper were to
provide comprehensive information on various factors influencing the otolith chemistry and shape, and the utility
of otolith chemistry and shape for fish stock discrimination with an emphasis towards the research areas needing
additional studies.

Factors affecting otolith
chemistry
Otolith chemistry reflects the habitat conditions at different life-history stages of a fish species (Elsdon and Gillanders 2003). The geographic variations in the ambient
environmental conditions may result in regional patterns
in otolith chemistry (Chang and Geffen 2013) and significant differences in otolith chemistry at spatial scales
were reported (Kennedy et al. 2005; Miyan et al. 2016;
Wright et al. 2018; Nazir and Khan 2019). The taxonomic
relations or ecological resemblances between fish species
may result in phylogenetic patterns in otolith chemistry
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(Chang and Geffen 2013), thereby limiting the implementation of a single common model (Martin and Wuenschel
2006). The physiological regulation has a greater impact
on otolith chemistry particularly when the source of elements is other than water (Walther et al. 2017). Therefore,
a complete understanding of exogenous and endogenous
factors and their relative effects on the accretion of elements in otolith is needed (Izzo et al. 2018).

Effect of temperature
Temperature variations at both spatial and temporal
scales influence otolith chemistry because it affects precipitation reactions of trace elements. Morse et al. (2007)
reported that the solubility of all pure carbonates decreases with increasing temperature. Temperature affects the
crystal precipitation process because it influences the pH
of the blood plasma and endolymph fluid (Romanek and
Gauldie 1996; Elsdon and Gillanders 2003). The complete information of the life history events and the migration pattern of the fish species may be possible by understanding the relation between temperature and otolith
chemistry (Mazloumi et al. 2017). Previously, several
studies through controlled experiments have reported the
effects of temperature on otolith chemistry (Miller 2009;
DiMaria et al. 2010; Reis-Santos et al. 2013). Moreover, a number of studies have reported the effects of
temperature on otolith chemical composition, which has
produced both positive and negative effects of temperature on otolith chemistry (DiMaria et al. 2010; Barnes
and Gillanders 2013; Reis-Santos et al. 2013; Stanley et
al. 2015; Walsh and Gillanders 2018). The variations in
the results may be due to the temperature ranges used
in the experiments which were generally narrower than
the fish typically experience in nature (Elsdon and Gillanders 2003; Reis-Santos et al. 2013). Recently, Izzo et
al. (2018) reported that the experiments undertaken at
low temperature (<5°C) or short duration experiments
(<20 days) produced varying results, thus emphasizing
that the experimental conditions may have an influential
effect on the final conclusion of the study. Therefore, it
is suggested to undertake future experiments at different life stages and by keeping in view the temperature
conditions experienced by the fish species under natural
conditions (Sturrock et al. 2012; Sturrock et al. 2015;
Izzo et al. 2018).
Several studies have reported the effects of temperature on otolith chemistry, but a full understanding of the
relation is lacking because it is complicated by other factors that affect otolith chemistry (such as salinity, diet,
species-specific physiology, etc.) and many empirical
studies do not replicate the range of conditions that the
species of interest experience naturally (Sturrock et al.
2012; Barnes and Gillanders 2013; Walsh and Gillanders
2018). Therefore, it is required that more studies should
be undertaken to validate and evaluate the temporal environmental changes which influence otolith chemistry
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(Miller 2011) and to examine the mechanism through
which temperature affects otolith chemistry across a full
reproductive cycle (Sturrock et al. 2012; Reis-Santos et
al. 2013).
During the assessment of the literature, we found some
specific study designs that were particularly good to
understand the factors influencing the otolith chemistry,
for example, Sturrock et al. (2015) carried out a 1-year
controlled experiment across immature and mature
reproductive stages of European plaice, Pleuronectes
platessa (Linnaeus, 1758), at nearly natural conditions to
assess the influence of environmental and physiological
variables to establish a basis for modeling the uptake and
transport pathways of elements to the otoliths. In another
controlled laboratory experiment on the fingerlings
of mulloway, Argyrosomus japonicus (Temminck et
Schlegel, 1843), the temperature and salinity ranges were
set similar to the natural conditions to study the influence
of environment and genetics on the chemical composition
of otoliths with a caution that a range of environmental
conditions to which the fish may be exposed should be
considered (Barnes and Gillanders 2013). The elements
such as Sr, Ba, and Mn are the most frequently used
elemental markers in otolith chemistry studies based on a
positive correlation between incorporation rates, ambient
concentrations, and/or temperature (Reis-Santos et al.
2013; Sturrock et al. 2015).

Effect of salinity
Salinity changes occur due to precipitation and evaporation processes within water bodies, leading to a stratification of the water column which often delimits boundaries
between different water bodies (Tomczak and Godfrey
1994). Mucci (1983) investigated the effect of salinity on
the stoichiometric solubility products and reported that
the solubility products of aragonite tend to increase with
increasing salinity. It is also described that the aragonite
precipitation rates tended to decrease (about five times)
with increasing salinity, although this decrease was only
observed for salinity ≥ 35‰ (Zhong and Mucci 1989).
The uptake of elements from blood-endolymph-otolith
is affected by salinity (McCormick 2001). In the case
of highly migratory fish species (diadromous species),
which moves across different salinity environments,
the gill membrane osmoregulates the movement of ions
(Miller 2011; Sturrock et al. 2012). Thus, the understanding of the effects of salinity on otolith chemistry is very
essential to study the migration pattern of fish species.
The influence of salinity on elements such as Sr and Ba
has been frequently studied in deciphering the migration
between habitats exhibiting strong gradients of salinity
(Milton and Chenery 2005; Reis-Santos et al. 2013).
Several studies have reported strong positive and
negative effects of salinity on otolith chemistry (Kraus
and Secor 2004; Dorval et al. 2007; Sturrock et al. 2012;
Reis-Santos et al. 2013; Panfili et al. 2015; Mazloumi et
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al. 2017; Walsh and Gillanders 2018). A number of studies also reported no significant effect of salinity on Sr, Ba,
Mg, and Mn concentrations in the otoliths (Elsdon and
Gillanders 2002; Elsdon and Gillanders 2005; Martin and
Wuenschel 2006; Gillanders and Munro 2012). This disagreement of results suggests that other factors may interact with salinity to affect the elemental incorporation and
also, the salinity does not influence all elements equally
and concurrently; consequently, the species may accrete
elements within their otoliths in different ways (Elsdon
and Gillanders 2003). Several reasons may explain this
disagreement or complexity of the results. The elements
such as Ba, Sr, Mn, Mg, and Li are mainly found as hydrated free ions both in seawater and blood, and these
ions are relatively constant in seawater and mostly vary
with salinity changes (Sturrock et al. 2012). Moreover,
the physiological processes, the kinetic growth effect, and
the synthesis of protein throughout somatic growth are
the pivotal factors that affect the ion uptake into otoliths
(Sinclair 2005; Trudel et al. 2010; Sturrock et al. 2012).
The Dynamic Energy Budget Models (e.g., biokinetic
and bioenergetic models) can be used to further investigate a suite of environmental and/or biological factors to
evaluate the rate of uptake of individual elements (Fablet
et al. 2011; Izzo et al. 2018). Thus, additional validation
experiments are needed to understand the influence of
salinity and other abiotic and biotic factors influencing
the incorporation rate of individual elements into otoliths
(Reis-Santos et al. 2013).

Interactive effects of
temperature and salinity
The water chemistry, temperature, and salinity are the
three key environmental factors influencing the otolith
chemistry and these variables are usually not independent of each other (Elsdon and Gillanders 2003). The
temperature and salinity have a significant influence on
the otolith chemistry especially in estuaries where more
than one factor can vary (Elsdon et al. 2008). Several
studies have reported that the Ba:Ca ratio usually shows
positive and negative relation with temperature and salinity, respectively (Elsdon and Gillanders 2005; Dorval
et al. 2007; Marohn et al. 2011; Reis-Santos et al. 2013;
Stanley et al. 2015; Mazloumi et al. 2017; Nelson and
Powers 2019). The Sr:Ca ratio generally shows positive
relation with both temperature and salinity (Bath et al.
2000; Zimmerman 2005; Martin and Wuenschel 2006;
Brown and Severin 2009; Miller 2009; Reis-Santos et al.
2013; Mazloumi et al. 2017; Nelson and Powers 2019).
Further, the Mn:Ca and Mg:Ca usually show no relation
with temperature and salinity (Elsdon and Gillanders
2002; Martin and Thorrold 2005; Tanner et al. 2011; Gillanders and Munro 2012; Mazloumi et al. 2017). Therefore, the interactive influence of temperature and salinity
should be considered for accurate reconstruction of the
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environmental history of fish species (Elsdon et al. 2008;
Miller 2011).
Laboratory-based validation experiments have been
performed to analyse the accretion of elements on the
otoliths for a number of species, but a limited number of
studies have examined the interactive effect of temperature and salinity (Walsh and Gillanders 2018). Therefore,
the interpretation of environmental histories of fishes
based on single environmental factor may provide imprecise information as the elements are possibly confounded
by the effect of other variables thereby highlighting the
importance of studying interactive effects of environmental factors (Martin and Wuenschel 2006). Moreover, the
interactive effects of environmental variables may also
represent species-specific responses to these variables
(Tzeng 1996; Chesney et al. 1998). Evaluating the interactive effect of temperature and salinity on otolith chemistry by using a multi-element approach can enhance our
interpretation of migration patterns and stock assessment
(Elsdon and Gillanders 2003).

Effect of crystal structure
Several studies have reported that the otoliths vary considerably in the crystal structure and the differences in
elemental composition were found among CaCO3 polymorphs (Melancon et al. 2005; Tzeng et al. 2007; Ma et
al. 2008; Veinott et al. 2009). All the elements which are
incorporated from the water into the aragonite and vaterite
do not follow the same pattern (Pracheil et al. 2017). Typically, the vaterite contains lower elemental concentrations than aragonite (Pracheil et al. 2019). The elements
such as Sr and Ba have lower elemental concentrations
in vaterite portions than aragonite portions, for example,
the otoliths of European eel, Anguilla anguilla (Linnaeus,
1758) (see Tzeng et al. 2007). Further, the elements such
as Mg and Mn have increased concentrations in vaterite
compared to aragonite sections, for example, the otoliths
of lake trout, Salvelinus namaycush (Walbaum, 1792) (see
Melancon et al. 2005), brown trout, Salmo trutta (Linnaeus, 1758), and brook charr, Salvelinus fontinalis (Mitchill,
1814) (see Morat et al. 2008). Moreover, it is reported
that aragonite otolith chemistry reflects water chemistry
whereas vaterite otolith chemistry does not reflect ambient water chemistry thereby vaterite otoliths may be of
limited use in stock identification and reconstructing the
environmental history of fishes (Bath et al. 2000; Gillanders and Kingsford 2000; Pracheil et al. 2017). Usually,
otoliths have aragonite or vaterite crystal structure, however, Campana (1983) first documented the coprecipitation of aragonite and vaterite in the same otolith but at
different growth zones and later it was reported that the
environmental stress and/or changes within soluble proteins of the endolymph are mainly responsible for this to
occur especially in hatchery-reared fishes (Sweeting et
al. 2004; Tomas et al. 2004; Ma et al. 2008; Morat et al.
2008). Gauldie (1986) reported that the water temperature
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was a prime cause in producing a shift between aragonite
and vaterite in otoliths of chinook salmon, Oncorhynchus
tshawytscha (Walbaum, 1792). Aragonite and vaterite
otoliths differ in their densities and lattice structure; vaterite is less dense than aragonite (Tomas and Geffen 2003;
Chakoumakos et al. 2016; Neves et al. 2017), resulting
in otolith mass asymmetry (Vignon and Aymes 2020).
The vaterite precipitation has a negative impact on auditory sensitivity in fishes (Reimer et al. 2016). Moreover,
the functional, behavioural, and ecological implications
of vaterite deposition at the organismal level are usually
untested experimentally (Vignon and Aymes 2020). The
calcium and other trace element concentrations may vary
from one polymorph to another thereby the data should
be normalised accordingly otherwise it will lead to inaccurate results (Pracheil et al. 2017). To increase the accuracy of the otolith chemistry technique, there is a need
to understand the link between calcium polymorphs and
incorporation rate of elements, and the occurrence of several calcium polymorphs across the hatchery-reared and
wild fish species (Pracheil et al. 2019).

Effects of growth, diet, and
ontogeny
The growth rate of a fish species is known to influence
the elemental incorporation in otolith (Martin and Thorrold 2005; Sturrock et al. 2012). Further, it is reported
that the individuals which live in the same water body
may have different otolith compositions if they exhibit
different growth rates (DiMaria et al. 2010). However,
several studies have reported that the chemical composition of otoliths usually shows a negative or no relation
with growth (Bath et al. 2000; Martin et al. 2004; Martin
and Thorrold 2005; Lin et al. 2007; Miller 2009). The
variations in growth rate among the groups of fish should
be determined if whole otoliths are analysed (Elsdon et
al. 2008). Thus, it is necessary that the fish of known or
same sex, size, and age should be collected among areas
for analysis (Wells et al. 2003; Sturrock et al. 2012). In
general, two hypotheses have been put forward, such as
the kinetic and the physiological hypothesis to explain
the influence of growth rate differences on the accretion of elements in otoliths (Walther et al. 2010). The
kinetic hypothesis describes the calcification rate such
as precipitation and substitution in the otolith (Sinclair
2005). Also, the kinetic hypothesis suggests that the pH
influences the level of calcium concentration in the endolymph and it also changes the relative abundance of
bivalent ions in the calcifying fluid especially when the
incorporation rate is fast (Sinclair 2005; Sinclair and
Risk 2006). Kinetic hypothesis needs to be completely
resolved experimentally, because of the incongruities
among the kinetic hypothesis models of calcification
(Walther et al. 2010). A fish species physiologically
change the relative concentration of ions during transport
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across interfaces from the ambient environment to crystal
lattice (Campana 1999; Walther et al. 2010). However,
the majority of the studies focus on the applicability of
otolith chemistry instead of mechanisms of incorporation
of elements in otoliths (Hussy et al. 2020). The physiological processes (e.g., growth) are known to affect the
otolith chemistry and it is known that the faster growth
rate could alter the concentration of ions in endolymph
because of protein synthesis especially calcium-binding
proteins during somatic growth (Trudel et al. 2010; Walther et al. 2010). The growth rate is the most important
factor among physiological factors that show significant
relation with otolith chemistry (Stanley et al. 2015). Furthermore, the growth rate effects confound efforts to spatially discriminate fishes based on the variations in otolith chemistry; therefore, to understand the influence of
growth rate on the composition of otoliths further studies
should be undertaken to elucidate its effects. The elemental incorporation in otoliths is highly element-specific
and varies among life history stages, species, and ecosystems (Hussy et al. 2020) therefore, it is in general difficult
to separate and identify the respective roles of kinetic and
physiological hypotheses.
The elemental signatures in otoliths are accreted usually from water but the effect of diet is also significant for
few elements such as Sr and Ba (Woodcock et al. 2012;
Doubleday et al. 2013; Woodcock and Walther 2014).
Several studies reported that the diet influences Sr and
Ba concentration in otoliths of freshwater, marine, and
estuarine fish species by manipulating diet; though, the
reported results show contradiction (Hoff and Fuiman
1995; Limburg 1995; Milton and Chenery 2001; Buckel
et al. 2004; Marohn et al. 2009; Engstedt et al. 2012).
Tanner et al. (2016) reported that the diet shifts with life
history stages in the same habitat, or when individuals
from geographically distinct populations feed on different preys, show different otolith compositions. The bioaccumulation of elements during the dietary shift towards
higher trophic level makes it very difficult to evaluate the
influence of diet on otolith chemistry (Gray 2002). Other
than water chemistry and diet, several factors may affect
otolith chemistry at varying degrees such as fish species,
temperature, salinity, growth rate, ontogeny, etc. The
combined effect of these variables is seldom tested and
may obscure the relative contributions of water chemistry
and diet (Doubleday et al. 2013).
Otolith chemistry can vary with life history stages
(growth from larval to juvenile and juvenile to adult stages) and metamorphosis (Toole et al. 1993; Elsdon and
Gillanders 2003). If the variations in otolith chemistry
of a fish species bridge with life-history stages then the
elemental profile of otoliths may be a reflection of ontogenetic effects rather than changes in the environmental conditions (Elsdon et al. 2008). Fish species such as
eels show metamorphosis thereby are very susceptible
to ontogenetic changes in the chemical composition of
otoliths which could be misinterpreted as migration patterns (Arai et al. 2002; Correia et al. 2003). To understand
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how ontogeny affects otolith chemistry, validation experiments by rearing fish at constant or known environmental conditions during ontogenetic and/or physiological
changes (Fowler et al. 1995; Elsdon and Gillanders 2005;
Zimmerman 2005) can elucidate such effects.

Other factors affecting otolith
chemistry
Stress can influence otolith chemistry but the trend and
mechanism driving such results are still not clearly known
(Kalish 1992; Walther et al. 2010). Mohan et al. (2014)
hypothesized that hypoxic stress can affect otolith chemistry because of physiological changes in blood chemistry
resulting from changes in blood proteins. Further, the authors observed without a clear mechanism that constant
hypoxia exposure over few weeks does not affect otolith
chemistry whereas the periodic hypoxia influences otolith
chemistry in Atlantic croaker, Micropogonias undulatus
(Linnaeus, 1766). Manganese can be used as an environmental indicator to study hypoxic stress because Mn:Ca
ratio is not affected by endogenous hypoxic stress (Mohan et al. 2014; Limburg et al. 2015). Laboratory validation experiments are required to address the mechanism
underlying the effect of stress on otolith chemistry.
The reproductive conditions can influence the ion
transport, flux of elements into the blood plasma, and
consequently the availability of elements for uptake into
otolith (Sturrock et al. 2014). Laboratory experiments
separating their influences from other prominent factors
such as temperature, salinity, and growth could provide
critical evidence for the accurate interpretation of uptake
into otolith (Sturrock et al. 2014). Further work is warranted to experimentally address the effect of a full reproductive cycle on the otolith chemistry.

Factors affecting otolith shape
The exogenous and endogenous factors determine the
shape of otoliths and these variables may change between populations thereby resulting in stock-specific
characteristics of otoliths (Campana and Neilson 1985).
However, a complete understanding of the environmental and genetic factors which determine otolith shape is
lacking (Vignon and Morat 2010). Several studies have
reported that both genetic and environmental influences may be responsible for otolith shape variations in a
particular fish species (Cardinale et al. 2004; Burke et
al. 2008; Vignon and Morat 2010). However, few empirical studies have investigated the influence of both
environmental and genetic factors on otolith shape. For
example, Cardinale et al. (2004) released hatchery cod,
Gadus morhua Linnaeus, 1758, into the wild and after
some years recaptured the species to validate the genetic
and environmental influences on the otolith shape. Hus-
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sy et al. (2016a) reported the combined effect of environment, ontogenetic and genetic influence on otolith
shape of Baltic Sea cod, Gadus morhua. Several studies have suggested that local environmental conditions
are responsible for otolith shape variations in absence
of genetic differences (Simoneau et al. 2000; Katayama
and Isshiki 2007; Legua et al. 2013). The introduction of
non-native fish species having distinct evolutionary history and genetics could provide a remarkable method to
analyse both genetic and environmental influence on otolith shape particularly when the species were introduced
in the same habitat (Vignon and Morat 2010). The environmental conditions, genetics, and their interaction may
act symmetrically on both left and right otolith thereby
carrying the same kind of information (Vignon and Morat 2010). Additional studies should be undertaken to elucidate the effects of other confounding factors such as
sex, size, age, stock, food availability, temperature, etc.
on the shape of otoliths.
Several studies have reported abnormal otoliths
which have different size, shape, and density as compared to normal otoliths in a number of freshwater and
marine fishes (Sweeting et al. 2004; Oxman et al. 2007;
Ma et al. 2008; Reimer et al. 2016). In the case of abnormal otoliths, the aragonite is replaced by vaterite but
in some species, calcite may replace aragonite (Gauldie 1993; Campana 1999; Ma et al. 2008; Reimer et al.
2017). Various factors are responsible for aberrant otoliths such as stress, genetic and neuroendocrine factors
but a limited number of studies have tested the effect of
these factors (Tomas et al. 2004; Ma et al. 2008; Reimer
et al. 2017). The replacement of aragonite by vaterite
is usually higher in fish species that are hatchery-reared
but this may also occur in wild fishes (Tomas and Geffen 2003). Currently, there are high incidences of culture
fishes entering into the natural water bodies; therefore, it
becomes necessary to evaluate otolith abnormality and
to verify its effects before analyzing otolith shape for
fish stock discrimination.
Diet is also known to influence otolith shape because
the composition of the diet may affect saccular endolymph proteins which play an essential role in otolith
biomineralization (Mille et al. 2016). However, there is
a paucity of information regarding the relation between
diet and otolith shape. Oceanic acidification is known to
change the carbonate structure morphologically in invertebrates and fish otoliths (Checkley et al. 2009; Bignami
et al. 2013; Reveillac et al. 2015). Mirasole et al. (2017)
reported the effects of ocean acidification on otolith shape
and suggested that the fish species which show high site
fidelity/territorial behaviour are more influenced as compared to pelagic and more mobile species. The effect of
ocean acidification on otolith shape depends on exposure
time, levels of CO2, and species behaviour (Munday et
al. 2011). The complete understanding of the variations
in otolith shape on fish physiology and behavior needs
further investigation in acidified oceans (Munday et al.
2014; Mirasole et al. 2017).
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Otoliths as a tool in stock
discrimination

Dorval et al. 2005; Pangle et al. 2010). Therefore, it is
suggested to construct an annual baseline of water chemistry and otolith chemistry signatures of cohorts of known
origin to assess variability over time.
The utility of otolith chemistry for stock discrimination has risen effectively in the past two decades. The
otolith chemistry and its utility in stock discrimination
have appeared in nearly 1500 peer-reviewed papers from
2000 to 2019 (Web of ScienceTM, search on 17 September
2020; search term: otolith chemistry OR otolith microchemistry OR otolith elemental composition (black bar),
and otolith chemistry OR otolith microchemistry OR
otolith elemental composition AND stock discrimination
OR stock delineation OR stock deciphering (grey bar)).
Approximately 39% of these papers were published in the
past five years and the number of papers based on this
parameter is increasing with time (Fig. 1). Jonsdottir et al.
(2006b) used otolith elemental composition to study the
stock structure of Icelandic cod, Gadus morhua. Moreover, the otolith chemistry (especially Ba, Li, and Sr at all
locations) showed differences in the spawning area of cod
in the north and south of Iceland. Similarly, the spawning cod showed different otolith chemistry in the south
of Iceland at the main spawning ground below and above
125 m depth. The Icelandic cod was managed as a single
stock; however, several studies have indicated more than
two stock residing north and south of Iceland by using
a holistic approach such as otolith shape and insights
from microsatellites, Syp I locus, Pan I locus, and tag-

Otolith chemistry
Traditionally, the artificial tagging of fish and telemetry
are applied to study the life history events (Landsman et
al. 2011). The main challenges with tagging are the high
investment required (both in costs and human time) and
the comparatively small resulting amount of data collected. Even if tagging is cheaper there is still the issue of
diminishing returns of tagged individuals (Carlson et al.
2017). Currently, the information contained within otolith chemistry has been used to infer the stock structure
and environmental history of the fish species (Clarke et
al. 2007; Allen et al. 2009; Reis-Santos et al. 2018). The
otolith chemistry has been effectively used to identify the
natal origin or dispersal pattern of a number of marine,
freshwater, and anadromous fishes (Schaffler and Winkelman 2008; Zeigler and Whitledge 2010; Turner and
Limburg 2014; Bailey et al. 2015; Garcez et al. 2015).
A major disadvantage of using otolith chemistry is the
temporal variability in water chemistry within the natal
origin of fish populations (Pangle et al. 2010). Moreover,
large temporal variations may restrict the use of otolith
chemistry for stock discrimination of fish populations
of several age classes because it may influence the classification accuracy at spatial scales (Hamer et al. 2003;
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Figure 1. Number of publications per year featuring otolith chemistry (Web of Science, search on 17 September 2020, search term:
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ging experiments (Jonsdottir et al. 2002; Jonsdottir et al.
2006a, 2006b; Pampoulie et al. 2006; Petursdottir et al.
2006). The management strategies developed for a single
cod stock around Iceland is not effective because the connectivity of the cod populations (northeast and southwest)
and the migration to and from feeding grounds were not
taken into consideration (Pampoulie et al. 2012). Dou et
al. (2012) reported that the otolith chemistry of tapertail
anchovy, Coilia nasus Temminck et Schlegel, 1846 varied considerably among five Chinese estuaries (Liaohe
River estuary, the Haihe River estuary, the Yellow River
estuary, the Daguhe River estuary, and the Yangtze River
estuary). They observed that the Sr and Ba composition in
the otolith nuclei exhibited inter-site differences and can
be used as a successful natural marker for discriminating stocks with an overall classification accuracy rate of
72.7%. Although, the authors recommended that further
studies on the interactions of environmental factors in the
spawning sites as well as the physiological effects on the
elemental uptake into the otoliths are necessary. Miyan et
al. (2016) reported that the variations in Sr, Ba, Li, Cu,
Fe, Pb, Zn, Mn, Ni, and Mg were important to isolate
the stocks of the giant river-catfish, Sperata seenghala
(Sykes, 1839), in the Gangetic River system (rivers Ganga, Yamuna, and Gomti) with a mean classification accuracy of 83.2%. Moreover, site-specific elemental variances in S. seenghala otoliths showed a high level of fidelity
to its feeding/growing area. Furthermore, the barrages
at Narora and Kanpur locations along the Ganga River
could have restricted the movement which consequently
could have led to the stock separation in the Ganga River. The microsatellite markers showed different populations of the giant river catfish among the rivers Ganga,
Brahmaputra, Godavari, Mahanadi, and Narmada, and
therefore separate management plans should be formulated for these populations (Acharya et al. 2019). Wright
et al. (2018) reported that in the North Sea, the lesser
sandeel, Ammodytes marinus (Raitt, 1934), shows significant spatial differences in otolith chemistry although
overall classification accuracy was low (48.8%). Further,
the elements such as Mn and Rb were important in stock
discrimination of A. marinus and likely reflect the physico-chemical environment. The authors also reported that
the A. marinus is currently managed as seven stocks discriminated based on biophysical model predictions of the
restricted larval mixing among the stocks. It is reported
that the lesser sandeel shows weak genetic differentiation
although strong functional genomic signal in the North
Sea, however, the use of several genetic markers can increase the power to characterize the genetic population
structure (Jimenez-Mena et al. 2020). Nazir and Khan
(2019) reported site-specific four stocks of long-whiskered catfish, Sperata aor (Hamilton, 1822), from the
Ganga River; furthermore, the otolith chemistry showed
comparatively low temporal variations as compared to
spatial variations thereby the classification success (overall correct classification was 83.5%) remained constant
over the three selected sampling years (2013, 2014, and
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2015). The elements such as Ba, Sr, K, and Mg were
used to correctly classify the individuals to their original location of S. aor from the Ganga River. The otolith
chemistry, truss morphometry of the fish body, and microsatellite markers showed non-significant variation in
percentage classification accuracy of S. aor stocks from
the Ganga River (Nazir 2018). However, these methods
showed three to four stocks among the selected locations
across the Ganga River (cf. Nazir and Khan 2017; Khan
and Nazir 2019; Nazir and Khan 2019).
The majority of the stock discrimination studies using
otolith chemistry have not considered the effects of multiple environmental and biological factors that govern the
incorporation of elements in otoliths. Therefore, future
studies at spatial and temporal scales to disentangle the
relative influence of these factors should be undertaken
to strengthen our understanding of otolith chemistry and
its field applications. Moreover, studies based on otolith
chemistry (about 83%) have not described the applications of otolith chemistry for fisheries management (Carlson et al. 2017) because of several limitations mostly in
adult fishes such as brief residence time (spawning migration) and slow growth in older fish (Pracheil et al. 2014).
Carlson et al. (2017) suggested that the information gap
can be filled through descriptive case studies (e.g., identifying natal origins and stock assignment, larval dispersal and population connectivity, stock enhancement, etc.)
that elucidate management applications of otolith chemistry both in freshwater and marine ecosystems. Pracheil
et al. (2014) suggested that the information produced by
otolith chemistry can be used in fisheries management
when integrated with other methods (genetics, telemetry,
and/or tagging). The otolith chemistry provides information on fish stock structure, life-history, and habitat use
which are very useful for fisheries management and conservation thereby fisheries managers can use this method
to develop science-based management plans (Pracheil et
al. 2014; Tanner et al. 2016; Carlson et al. 2017).

Otolith shape
Otolith shape variation has become widely used for stock
discrimination (Burke et al. 2008; Aguera and Brophy
2011; Ider et al. 2017; Moreira et al. 2019) and has advanced from simple distance measurements to geometric
morphometry with the improvements in image analyzing tools (Cadrin and Friedland 1999; Stransky 2014).
The otolith shape and its utility in stock discrimination
have appeared in almost 801 peer-reviewed papers from
2000 to 2019 (Web of ScienceTM, search on 17 September
2020; search term: otolith shape OR otolith morphometry
(black bar), and otolith shape OR otolith morphometry
AND stock discrimination OR stock delineation OR stock
deciphering (grey bar)) (Fig. 2). Otolith morphometry is
preferred over the traditional method of morphometric
and meristic characters of the fish body because otoliths
are usually not affected by the short-term changes in fish
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Figure 2. Number of publications per year featuring otolith shape (Web of Science, search on 17 September 2020, search term:
otolith shape OR otolith morphometry (black bar), and otolith shape OR otolith morphometry AND stock discrimination OR stock
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condition or preservation of samples (Campana and Casselman 1993). Geometric outline and landmark methods
are commonly used to study otolith shape variations between or among fish groups by removing size-dependent
variation using an allometric approach (Stransky 2014).
Otolith shape variation analysis by geometric outline
method involves capturing otolith outline and deriving
Cartesian coordinates (x, y) using image analysis software such as ImageJ (http://rsbweb.nih.gov/ij/) and tpsDIG (http://life.bio.sunysb.edu/morph/) (Stransky 2014).
Several methods are being used for fitting outlines; however, the Fourier analysis (FA) is most commonly employed (Stransky 2014) but has limited applicability for
otoliths which show significant and complex curvatures.
The issues with Fourier analysis can be alleviated by using Elliptical Fourier analysis (EFA) which decomposes
the complex curves of otoliths by generating the sum of
harmonically related ellipses (Crampton 1995; Tracey et
al. 2006; Stransky 2014). The Wavelet transform can be
used as a substitute to the usually applied Fourier transform. Moreover, the Wavelet transform can resolve the
problem of poor estimation of sharp edges of otoliths associated with Fourier transform (Libungan and Palsson
2015). The software products for FA of 2D outlines are
HANGLE, HMATCH, and HCURVE (Crampton and
Haines 1996) while for EFA, EFAwin (Isaev and Denisova 1995), SHAPE package (Iwata and Ukai 2002), and
ShapeR and Momocs packages in the R environment (Libungan and Palsson 2015; Brophy et al. 2016; Denechaud

et al. 2020) are commonly used. The ShapeR package is
more common as it has been specifically designed for
otolith shape study while Momocs on the other hand is
used for general image and shape analysis.
Otolith shape analysis has been used for stock discrimination in a number of fish species. For example,
Aguera and Brophy (2011) reported that the Atlantic saury, Scomberesox saurus saurus (Walbaum, 1792), larvae
exposed to different ambient conditions in the Mediterranean Sea and the North-eastern Atlantic and irrespective
of where they have spawned show distinct stocks with a
cross-validated correct classification of 86%. Moreover,
the Mediterranean and Atlantic show considerable difference in environmental factors, such as temperature,
salinity, and food availability (Patarnello et al. 2007)
which could have affected the growth rates of the fish
that exist there and may be responsible for significant
changes in fish condition between saury from these two
regions. The stock structure of Atlantic saury is still unclear because of limited studies and therefore, this species
should be managed like other short-lived forage species
(Aguera and Brophy 2012). Paul et al. (2013) described
that the two stocks of cod, Gadus morhua, in the Baltic
Sea show significantly different otolith shape and more
than 90% of the individuals were correctly classified to
one of the two stocks. These findings highlight that the
otolith shape analysis can be effectively used to discriminate adults of Baltic cod stocks. Similarly, two genetic stocks of Baltic cod with a classification accuracy of
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92% were reported but these two stocks show considerable mixing, thereby future studies should evaluate the
mixing dynamics of populations to fully understand the
ecology of the species (Weist et al. 2019). Keating et al.
(2014) stated that the blue whiting, Micromesistius poutassou (Risso, 1827), population in the North-eastern Atlantic was classified into two morphotypes (99% correct
classification success) with a strong latitudinal influence
despite the complex stock structuring at the spawning
grounds. Furthermore, consistent with earlier studies of
stock differentiation in blue whiting, the results further
suggested the blue whiting to be considered as separate
stocks because of separate feeding and breeding grounds
with varying degree of mixing in the common spawning
grounds. Previous studies have reported some degree
of genetic differentiation among blue whiting spawning
groups, however, these differences reflect only a snapshot
in time and there are enough chances of intermixing of
populations at the breeding grounds (Mork and Giaever
1995; Was et al. 2006). Vasconcelos et al. (2018) studied
the population structure of blue jack mackerel, Trachurus
picturatus (Bowdich, 1825), in the North-eastern Atlantic (Peniche, Madeira, and Canary islands) using otolith
shape and they found three populations with an overall
73.3% correct classification. Further, the authors reported
that the remaining percentage represents misclassification
which may be due to the migration driven by feeding and
spawning requirements. The use of parasites as a tag revealed the presence of three stocks (Portuguese mainland,
Madeira archipelago, and Canary archipelago) of blue
jack mackerel in the North-eastern Atlantic (Vasconcelos
et al. 2017). In another study on the blue jack mackerel,

four stocks namely Portugal mainland, Azores, Madeira,
and the Canaries were identified from North-eastern Atlantic with an overall classification success of 81% using
otolith microchemistry (Moreira et al. 2018).
During the review of literature, the interest in population discrimination was much lower in freshwater ecosystems where exploitation is less in scale and populations
are often well spatially-separated compared to marine
ecosystems. In general, the otolith shape method itself is
not comparably less used but there are simply fewer analyses of population discrimination in freshwater ecosystems. The utility of otolith shape for stock discrimination
has shown an increasing trend because it can be used as a
complementary technique that certainly can improve our
understanding of the stock structure (Begg and Waldman
1999; Cadrin 2000; Begg et al. 2005; Campana 2005).
Further, it is a less expensive tool as compared to genetic
markers or otolith chemistry.

Otolith chemistry and otolith shape: a
complementary approach
In the past two decades, the number of publications per
year based on otolith chemistry and otolith shape is showing an increasing trend (Web of ScienceTM, search on 17
September 2020, search term: otolith chemistry OR otolith microchemistry OR otolith elemental composition
(black bar), otolith shape OR otolith morphometry (grey
bar), and otolith chemistry OR otolith microchemistry OR
otolith elemental composition AND otolith shape OR otolith morphometry (light grey bar)) (Fig. 3). Several studies
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have reported that the otolith chemistry and shape provide
concordance in results but some workers have argued that
otolith chemistry is more efficient in discriminating fish
stocks (Turan 2006; Longmore et al. 2010; Ferguson et al.
2011). Turan (2006) demonstrated that the otolith shape
and chemistry can be used as complementary techniques
and both these methods showed two stocks (the central
Black Sea and Aegean Sea stocks) of the Mediterranean
horse mackerel, Trachurus mediterraneus (Steindachner,
1868). However, no stock separation was found in a previous study based on morphometric and meristic data (Turan 2004). Turan (2006) also found no significant correlation between geographical distances with the Euclidean
distances for both the selected methods thereby showing
that the geographic distance does not restrict the movement of T. mediterraneus populations among selected areas. Moreover, the otolith shape revealed 79% while otolith chemistry showed 83% correct classification thereby
the individuals of this species may have spent a significant
part of their lives in different environmental conditions.
Longmore et al. (2010) examined spatial variations in a
deep-sea teleost, Coryphaenoides rupestris Gunnerus,
1765, collected from different areas in the North Atlantic using otolith chemistry and shape. Overall, otolith
chemistry (92% classification success) was comparatively
more successful in identifying individual fish from different areas as compared to otolith shape (43% classification
success). The high percentage of correct classification obtained using otolith chemistry showed that the individual
fish inhabiting different deep sea areas can be accurately
delineated to their original stock. The otolith shape showed
low classification accuracy (<50%) and similar results
were found in another deep sea fish, the beaked redfish,
Sebastes mentella Travin, 1951 (see Stransky 2005). The
strong variations in classification accuracy between otolith chemistry and shape in deep sea fishes may be because
of slow growth and deep sea do not show strong variations
in environmental conditions (Longmore et al. 2010). The
authors also recommended further studies to evaluate the
extent of otolith chemistry reflect actual stock structure by
investigating chemical signatures across different life history events and to compare the results with genetic data. In
another study, a similar approach was used to discriminate
stocks of mulloway, Argyrosomus japonicus, collected
from western, central, and eastern coasts of South Australia (Ferguson et al. 2011). The stock discrimination methods provided complementary results although allocation
success was lower for otolith shape and morphometric
indices (83%) compared to the elemental composition of
the otolith edge (94%). Although, the otolith shape and
morphometric indices showed that the regional differences were temporally stable but the authors recommended
the comparison of otolith shape between sexes, size-classes, and multiple spatial and temporal scales to understand
the potential utility of this method in stock discrimination.
Barnes et al. (2016) investigated the genetic stock structure of mulloway, A. japonicus, within Australian waters
and between Australia and South Africa, and reported
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strong genetic variations between Australia and South Africa using microsatellite markers. Izzo et al. (2017) studied age-related and temporal patterns of the stock structure of sardine, Sardinops sagax (Jenyns, 1842), collected
from South Australia and the east coast through combined
analysis of otolith chemistry and shape using archived
otoliths. The integrated analysis of otolith chemistry and
shape revealed the presence of separate stocks of young
sardine (1–3 years of age) in northern and southern New
South Wales. However, the occurrence of age-related and
temporal patterns of stock sub-structuring of sardine in
Australian waters complicates the separation of discrete
stocks (Izzo et al. 2017). Soeth et al. (2019) studied the
stock structure of Atlantic spadefish, Chaetodipterus faber
(Broussonet, 1782), from the South-western Atlantic
Ocean and found spatially structured semi-discrete groups
between 23°S and 27°S with the possibility of intermixing. The authors further suggested that the local populations of C. faber should be considered as different stocks
even with the possibility of an intermingling of populations and without knowing the recruitment sources in the
Brazilian South-western Atlantic coast. Further, the overall classification success was 59% and 76% as shown by
otolith shape and chemistry, respectively. However, when
the authors combined the data of both the techniques the
overall classification success increased to 83%. Therefore,
the concurrent use of otolith chemistry and shape is desirable to maximize the likelihood of correct classification of
individuals to their original populations. Machado et al.
(2017) reported tropical and subtropical clades of C. faber
based on mitochondrial DNA and haplotype distribution
showed peripheral isolation throughout Southwestern
Atlantic between 2°S and 27°S.
The choice of stock discrimination methods is important because each method has its particular associated
challenges such as ecological interpretation, spatio-temporal variations, discriminatory power, and related expenses (Tanner et al. 2016). Therefore, the comparison
of methods is recommended because sometimes a single
method may fail to identify stock separation. During the
review of different studies, we found that a single method may not show stock discrimination because of several
reasons such as the fish population is homogeneous especially in the marine environment, the marker may fail
to detect changes at spatial and temporal scales, and the
discrimination power of the method is very low. Therefore, two or more methods should be used complementarily to study the stock structure, and connectivity of fish
populations at common breeding and feeding grounds
(Randon et al. 2020). The concurrent use of several stock
discrimination techniques operating over broader spatial
and temporal scales may provide sufficient data to understand both evolutionary and ecological processes that
sustain the fish stock structure (Abaunza et al. 2008; Taillebois et al. 2017). The holistic approaches combining
otolith chemistry with different and potentially complementary tools may explicitly determine the stock structure and promote interconnection between management
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plans and biological processes (Welch et al. 2015; Tanner
et al. 2016). Further, to investigate the utility of otolith
chemistry and shape for stock discrimination, the genetic
markers especially microsatellite markers or single nucleotide polymorphism (SNPs) should be used to complement the information of stock structure (Ferguson et
al. 2011; Soeth et al. 2019). Currently, there is a need to
develop new technology, statistics, and/or integrate methods to define the stocks and to include the information of
population structure into fisheries management especially
when there is a mismatch between population structure
and management units (Kerr et al. 2017).
Otolith chemistry in association with growth increments can be used to document the environment information in which fish species live and habitat changes
throughout ontogeny (Sturrock et al. 2012; Tanner et al.
2016). Further, the otolith chemistry provides complete
information on fish migration which makes it unique
when compared with other available tools (Secor 2010).
Generally, the otolith chemistry studies have provided
ample information on several processes such as natal origin, connectivity, migration pattern, life history events,
spawning and nursery areas, etc. with cost-effective
methodologies (Avigliano and Volpedo 2016). The seasonal pattern of trace elemental incorporation in otoliths
is being used as a tool for age estimation and validation
in the fish species which do not show significant contrast
between growth bands (Hussy et al. 2016b; Heimbrand
et al. 2020). However, more studies are warranted to validate this technique particularly if annual changes in fish
growth rate do not occur. Currently, otolith chemistry has
been used as an intrinsic proxy of fish metabolism to understand how a species interact with their environment
to survive but it is very challenging to study in natural
conditions (Chung et al. 2019; Martino et al. 2020).

Conclusion
In recent years, the information contained within otolith chemistry and shape has been commonly used for
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fish stock discrimination and to interlink management
strategies and biological processes. However, the otolith chemistry and shape are influenced by several exogenous and endogenous factors. Several studies have
reported that temperature and salinity are important
environmental factors influencing otolith chemistry but
these studies usually have not utilized a broad range
of temperature and salinity typically the fish experience in nature. Comprehensive in situ validation experiments across a complete reproductive cycle should
be undertaken to fully understand the relation between
these factors and the otolith chemistry. The biokinetic and bioenergetics models can be used to evaluate
a suite of environmental and biological factors influencing the uptake of elements in otoliths. The relation
between calcium polymorphs and the rate of elemental
uptake needs further assessment. To fully utilize otolith
chemistry for stock discrimination at both spatial and
temporal scales, it is recommended to build a multiyear database of otolith chemistry and water chemistry
signatures. The complete understanding of local environmental conditions and genetic factors influencing
otolith shape requires further investigations. The introduction of exotic fish species having distinct evolutionary histories can provide an effective method to
analyse the influence of environment and genetics on
otolith shape. A complementary approach is desirable
because of the limitations and assumptions associated
with any particular method and as far as proper fisheries management is concerned. Further, a collaboration
between different stakeholders should be mediated by
fisheries managers about the utility of otolith chemistry
and shape to bridge the gap between research and ecosystem-based fisheries management.

Acknowledgments
The authors are grateful to the Chairperson, Department
of Zoology, Aligarh Muslim University, Aligarh, India for
providing necessary facilities.

References
Abaunza P, Murta AG, Campbell N, Cimmaruta R, Comesana AS, Dahle
G, Santamaria MG, Gordo LS, Iversen SA, MacKenzie K, Magoulas
A (2008) Stock identity of horse mackerel (Trachurus trachurus) in
the Northeast Atlantic and Mediterranean Sea: Integrating the results
from different stock identification approaches. Fisheries Research
89(2): 196–209. https://doi.org/10.1016/j.fishres.2007.09.022
Acharya AP, Pavan-Kumar A, Gireesh-Babu P, Joshi CG, Chaudhari A,
Krishna G (2019) Population genetics of Indian giant river-catfish,
Sperata seenghala (Sykes, 1839) using microsatellite markers. Aquatic
Living Resources 32: e4. [11 pp.] https://doi.org/10.1051/alr/2019002
Aguera A, Brophy D (2011) Use of sagittal otolith shape analysis to discriminate Northeast Atlantic and Western Mediterranean stocks of
Atlantic saury, Scomberesox saurus saurus (Walbaum). Fisheries Research 110(3): 465–471. https://doi.org/10.1016/j.fishres.2011.06.003

Aguera A, Brophy D (2012) Growth and age of Atlantic saury, Scomberesox saurus saurus (Walbaum), in the northeastern Atlantic
Ocean. Fisheries Research 131: 60–66. https://doi.org/10.1016/j.
fishres.2012.07.014
Allen PJ, Hobbs JA, Cech Jr JJ, Van Eenennaam JP, Doroshov SI
(2009) Using trace elements in pectoral fin rays to assess life history movements in sturgeon: Estimating age at initial seawater entry
in Klamath River green sturgeon. Transactions of the American
Fisheries Society 138(2): 240–250. https://doi.org/10.1577/T08061.1
Arai T, Ikemoto T, Kunito T, Tanabe S, Miyazaki N (2002) Otolith
microchemistry of the conger eel, Conger myriaster. Journal of
the Marine Biological Association of the United Kingdom 82(2):
303–305. https://doi.org/10.1017/S0025315402005490

Acta Ichthyologica et Piscatoria 51(2), 2021, 199–218

211

Avigliano E, Volpedo AV (2016) A review of the application of otolith
microchemistry toward the study of Latin American fishes. Reviews
in Fisheries Science and Aquaculture 24(4): 369–384. https://doi.or
g/10.1080/23308249.2016.1202189
Avigliano E, de Carvalho BM, Leisen M, Romero R, Velasco G, Vianna M, Barra F, Volpedo AV (2017) Otolith edge fingerprints as
approach for stock identification of Genidens barbus. Estuarine,
Coastal and Shelf Science 194: 92–96. https://doi.org/10.1016/j.
ecss.2017.06.008
Bacha M, Jeyid AM, Jaafour S, Yahyaoui A, Diop M, Amara R (2016)
Insights on stock structure of round sardinella Sardinella aurita off
northwest Africa based on otolith shape analysis. Journal of Fish
Biology 89(4): 2153–2166. https://doi.org/10.1111/jfb.13117
Bailey DS, Fairchild E, Kalnejais LH (2015) Microchemical signatures
in juvenile winter flounder otoliths provide identification of natal
nurseries. Transactions of the American Fisheries Society 144(1):
173–183. https://doi.org/10.1080/00028487.2014.982259
Barnes TC, Gillanders BM (2013) Combined effects of extrinsic and intrinsic factors on otolith chemistry: Implications for environmental
reconstructions. Canadian Journal of Fisheries and Aquatic Sciences
70(8): 1159–1166. https://doi.org/10.1139/cjfas-2012-0442
Barnes TC, Junge C, Myers SA, Taylor MD, Rogers PJ, Ferguson GJ,
Lieschke JA, Donnellan SC, Gillanders BM (2016) Population
structure in a wide-ranging coastal teleost (Argyrosomus japonicus,
Sciaenidae) reflects marine biogeography across southern Australia. Marine and Freshwater Research 67(8): 1103–1113. https://doi.
org/10.1071/MF15044
Bath GE, Thorrold SR, Jones CM, Campana SE, McLaren JW, Lam JW
(2000) Strontium and barium uptake in aragonitic otoliths of marine
fish. Geochimica et Cosmochimica Acta 64(10): 1705–1714. https://
doi.org/10.1016/S0016-7037(99)00419-6
Begg GA, Brown RW (2000) Stock identification of haddock Melanogrammus aeglefinus on Georges Bank based on otolith shape
analysis. Transactions of the American Fisheries Society 129(4):
935–945. https://doi.org/10.1577/1548-8659(2000)129%3C0935:SIOHMA%3E2.3.CO;2
Begg GA, Waldman JR (1999) An holistic approach to fish stock identification. Fisheries Research 43(1–3): 35–44. https://doi.org/10.1016/
S0165-7836(99)00065-X
Begg GA, Campana SE, Fowler AJ, Suthers IM (2005) Otolith research
and application: Current directions in innovation and implementation. Marine and Freshwater Research 56(5): 477–483. https://doi.
org/10.1071/MF05111

Buckel JA, Sharack BL, Zdanowicz VS (2004) Effect of diet on otolith
composition in Pomatomus saltatrix, an estuarine piscivore. Journal
of Fish Biology 64(6): 1469–1484. https://doi.org/10.1111/j.00221112.2004.00393.x
Burke N, Brophy D, King PA (2008) Otolith shape analysis: Its application for discriminating between stocks of Irish Sea and Celtic Sea
herring (Clupea harengus) in the Irish Sea. ICES Journal of Marine
Science 65(9): 1670–1675. https://doi.org/10.1093/icesjms/fsn177
Cadrin SX (2000) Advances in morphometric identification of fishery stocks. Reviews in Fish Biology and Fisheries 10(1): 91–112.
https://doi.org/10.1023/A:1008939104413
Cadrin SX, Friedland KD (1999) The utility of image processing techniques
for morphometric analysis and stock identification. Fisheries Research
43(1–3): 129–139. https://doi.org/10.1016/S0165-7836(99)00070-3
Campana SE (1983) Feeding periodicity and the production of daily
growth increment in otoliths of steelhead trout (Salmo gairdneri)
and starry flounder (Platichthys stellatus). Canadian Journal of
Zoology 61(7): 1591–1597. https://doi.org/10.1139/z83-214
Campana SE (1999) Chemistry and composition of fish otoliths:
Pathways, mechanisms and applications. Marine Ecology Progress
Series 188: 263–297. https://doi.org/10.3354/meps188263
Campana SE (2005) Otolith elemental composition as a natural marker of fish stocks. In: Cadrin SX, Friedland KD, Waldman JR (Eds)
stock identification methods. Academic Press, New York, 227‒245.
https://doi.org/10.1016/B978-012154351-8/50013-7
Campana SE, Casselman JM (1993) Stock discrimination using otolith
shape analysis. Canadian Journal of Fisheries and Aquatic Sciences
50(5): 1062–1083. https://doi.org/10.1139/f93-123
Campana SE, Neilson JD (1985) Microstructure of fish otoliths. Canadian Journal of Fisheries and Aquatic Sciences 42(5): 1014–1032.
https://doi.org/10.1139/f85-127
Campana SE, Thorrold SR (2001) Otoliths, increments, and elements:
Keys to a comprehensive understanding of fish populations? Canadian Journal of Fisheries and Aquatic Sciences 58(1): 30–38. https://
doi.org/10.1139/f00-177
Campana SE, Fowler AJ, Jones CM (1994) Otolith elemental fingerprinting for stock identification of Atlantic cod (Gadus morhua) using laser ablation ICPMS. Canadian Journal of Fisheries and Aquatic Sciences 51(9): 1942–1950. https://doi.org/10.1139/f94-196
Campana SE, Chouinard GA, Hanson JM, Frechet A, Brattey J (2000)
Otolith elemental fingerprints as biological tracers of fish stocks.
Fisheries Research 46(1–3): 343–357. https://doi.org/10.1016/
S0165-7836(00)00158-2

Bignami S, Enochs IC, Manzello DP, Sponaugle S, Cowen RK (2013)
Ocean acidification alters the otoliths of a pantropical fish species
with implications for sensory function. Proceedings of the National Academy of Sciences of the United States of America 110(18):
7366–7370. https://doi.org/10.1073/pnas.1301365110
Brophy D, Haynes P, Arrizabalaga H, Fraile I, Fromentin JM, Garibaldi
F, Katavic I, Tinti F, Karakulak S, Macias D, Busawon D, Hanke A,
Kimoto A, Sakai O, Deguara S, Nouredinne A, Santos MN (2016)
Otolith shape variation provides a marker of stock origin for north
Atlantic bluefin tuna (Thunnus thynnus). Marine and Freshwater Research 67(7): 1023–1036. https://doi.org/10.1071/MF15086
Brown RJ, Severin KP (2009) Otolith chemistry analyses indicate
that water Sr: Ca is the primary factor influencing otolith Sr: Ca
for freshwater and diadromous fish but not for marine fish. Canadian Journal of Fisheries and Aquatic Sciences 66(10): 1790–1808.
https://doi.org/10.1139/F09-112

Cardinale M, Doering-Arjes P, Kastowsky M, Mosegaard H (2004) Effects of sex, stock, and environment on the shape of known-age Atlantic cod (Gadus morhua) otoliths. Canadian Journal of Fisheries and
Aquatic Sciences 61(2): 158–167. https://doi.org/10.1139/f03-151
Carlson AK, Phelps QE, Graeb BDS (2017) Chemistry to conservation:
Using otoliths to advance recreational and commercial fisheries
management. Journal of Fish Biology 90(2): 505–527. https://doi.
org/10.1111/jfb.13155
Castonguay M, Simard P, Gagnon P (1991) Usefulness of Fourier analysis of otolith shape for Atlantic mackerel (Scomber scombrus) stock
discrimination. Canadian Journal of Fisheries and Aquatic Sciences
48(2): 296–302. https://doi.org/10.1139/f91-041
Chakoumakos BC, Pracheil BM, Koenigs RP, Bruch RM, Feygenson M
(2016) Empirically testing vaterite structural models using neutron
diffraction and thermal analysis. Scientific Reports 6(1): e36799.
https://doi.org/10.1038/srep36799

212

Nazir and Khan: Using otoliths for fish stock discrimination

Chang MY, Geffen AJ (2013) Taxonomic and geographic influences
on fish otolith microchemistry. Fish and Fisheries 14(4): 458–492.
https://doi.org/10.1111/j.1467-2979.2012.00482.x
Checkley DM, Dickson AG, Takahashi M, Radich JA, Eisenkolb N,
Asch R (2009) Elevated CO2 enhances otolith growth in young fish.
Science 324(5935): 1683. https://doi.org/10.1126/science.1169806
Chesney EJ, McKee BM, Blanchard T, Chan LH (1998) Chemistry of
otoliths from juvenile menhaden Brevoortia patronus: Evaluating
strontium: strontium: calcium and strontium isotope ratios as environmental indicators. Marine Ecology Progress Series 171: 261–273.
https://doi.org/10.3354/meps171261
Chung MT, Trueman CN, Godiksen JA, Holmstrup ME, Grønkjær P
(2019) Field metabolic rates of teleost fishes are recorded in otolith carbonate. Communications Biology 2(1): 1–10. https://doi.
org/10.1038/s42003-018-0266-5
Clarke AD, Telmer KH, Mark-Shrimpton J (2007) Elemental analysis of
otoliths, fin rays and scales: A comparison of bony structures to provide population and life‐history information for the Arctic grayling
(Thymallus arcticus). Ecology of Freshwater Fish 16(3): 354–361.
https://doi.org/10.1111/j.1600-0633.2007.00232.x
Correia AT, Antunes C, Isidro EJ, Coimbra J (2003) Changes in otolith
microstructure and microchemistry during larval development of
the European conger eel (Conger conger). Marine Biology 142(4):
777–789. https://doi.org/10.1007/s00227-002-0993-4
Crampton JS (1995) Elliptic Fourier shape analysis of fossil bivalves:
Some practical considerations. Lethaia 28(2): 179–186. https://doi.
org/10.1111/j.1502-3931.1995.tb01611.x
Crampton JS, Haines AJ (1996) User’s manual for programs HANGLE,
HMATCH, and HCURVE for the Fourier shape analysis of two-dimensional outlines. Institute of Geological and Nuclear Sciences.
Scientific Reports 96: 1–28.
Denechaud C, Smolinski S, Geffen AJ, Godiksen JA (2020) Long-term
temporal stability of northeast Arctic cod (Gadus morhua) otolith
morphology. ICES Journal of Marine Science 77(3): 1043–1054.
https://doi.org/10.1093/icesjms/fsz259
DeVries DA, Grimes CB, Prager MH (2002) Using otolith shape analysis to distinguish eastern Gulf of Mexico and Atlantic Ocean stocks
of king mackerel. Fisheries Research 57(1): 51–62. https://doi.
org/10.1016/S0165-7836(01)00332-0
Di Franco A, Bulleri F, Pennetta A, De Benedetto G, Clarke KR, Guidetti P (2014) Within-otolith variability in chemical fingerprints:
Implications for sampling designs and possible environmental interpretation. PLoS ONE 9(7): e108539. https://doi.org/10.1371/

Dou SZ, Amano Y, Yu X, Cao L, Shirai K, Otake T, Tsukamoto K
(2012) Elemental signature in otolith nuclei for stock discrimination
of anadromous tapertail anchovy (Coilia nasus) using laser ablation
ICPMS. Environmental Biology of Fishes 95(4): 431–443. https://
doi.org/10.1007/s10641-012-0032-3
Doubleday ZA, Izzo C, Woodcock SH, Gillanders BM (2013) Relative
contribution of water and diet to otolith chemistry in freshwater fish.
Aquatic Biology 18(3): 271–280. https://doi.org/10.3354/ab00511
Edmonds JS, Caputi N, Morita M (1991) Stock discrimination by
trace-element analysis of otoliths of orange roughy (Hoplostethus
atlanticus), a deep-water marine teleost. Marine and Freshwater Research 42(4): 383–389. https://doi.org/10.1071/MF9910383
Elsdon TS, Gillanders BM (2002) Interactive effects of temperature and
salinity on otolith chemistry: Challenges for determining environmental histories of fish. Canadian Journal of Fisheries and Aquatic
Sciences 59(11): 1796–1808. https://doi.org/10.1139/f02-154
Elsdon TS, Gillanders BM (2003) Reconstructing migratory patterns
of fish based on environmental influences on otolith chemistry.
Reviews in Fish Biology and Fisheries 13(3): 217–235. https://doi.
org/10.1023/B:RFBF.0000033071.73952.40
Elsdon TS, Gillanders BM (2005) Alternative life-history patterns of estuarine fish: Barium in otoliths elucidates freshwater residency. Canadian Journal of Fisheries and Aquatic Sciences 62(5): 1143–1152.
https://doi.org/10.1139/f05-029
Elsdon TS, Wells BK, Campana SE, Gillanders BM, Jones CM, Limburg KE, Secor DH, Thorrold SR, Walther BD (2008) Otolith chemistry to describe movements and life-history parameters of fishes:
Hypotheses, assumptions, limitations, and inferences. Oceanography and Marine Biology – an Annual Review 46(1): 297–330.
https://doi.org/10.1201/9781420065756.ch7
Engstedt O, Koch-Schmidt P, Larsson P (2012) Strontium (Sr) uptake
from water and food in otoliths of juvenile pike (Esox lucius L.).
Journal of Experimental Marine Biology and Ecology 418: 69–74.
https://doi.org/10.1016/j.jembe.2012.03.007
Fablet R, Pecquerie L, de Pontual H, Hoie H, Millner R, Mosegaard H,
Kooijman SALM (2011) Shedding light on fish otolith biomineralization using a bioenergetic approach. PLoS ONE 6(11): e27055.
https://doi.org/10.1371/journal.pone.0027055
Ferguson GJ, Ward TM, Gillanders BM (2011) Otolith shape and elemental composition: Complementary tools for stock discrimination of mulloway (Argyrosomus japonicus) in southern Australia.
Fisheries Research 110(1): 75–83. https://doi.org/10.1016/j.fishres.2011.03.014

journal.pone.0101701
DiMaria R, Miller J, Hurst T (2010) Temperature and growth effects on
otolith elemental chemistry of larval Pacific cod, Gadus macrocephalus. Environmental Biology of Fishes 89(3–4): 453–462. https://
doi.org/10.1007/s10641-010-9665-2
Dorval E, Jones CM, Hannigan R, van Montfrans J (2005) Can otolith chemistry be used for identifying essential seagrass habitats
for juvenile spotted seatrout, Cynoscion nebulosus in Chesapeake
Bay. Marine and Freshwater Research 56(5): 645–653. https://doi.
org/10.1071/MF04179
Dorval E, Jones CM, Hannigan R, van Montfrans J (2007) Relating otolith chemistry to surface water chemistry in a coastal plain estuary.
Canadian Journal of Fisheries and Aquatic Sciences 64(3): 411–424.
https://doi.org/10.1139/f07-015

Fowler AJ, Campana SE, Thorrold SR, Jones CM (1995) Experimental
assessment of the effect of temperature and salinity on elemental
composition of otoliths using laser ablation ICPMS. Canadian Journal of Fisheries and Aquatic Sciences 52(7): 1431–1441. https://doi.
org/10.1139/f95-138
Gaetani GA, Cohen AL (2006) Element partitioning during precipitation of aragonite from seawater: A framework for understanding paleoproxies. Geochimica et Cosmochimica Acta 70(18): 4617–4634.
https://doi.org/10.1016/j.gca.2006.07.008
Garcez RCS, Humston R, Harbor D, Freitas CEC (2015) Otolith geochemistry in young-of-the-year peacock bass Cichla temensis for
investigating natal dispersal in the Rio Negro (Amazon-Brazil) river system. Ecology of Freshwater Fish 24(2): 242–251. https://doi.
org/10.1111/eff.12142

Acta Ichthyologica et Piscatoria 51(2), 2021, 199–218

213

Gauldie RW (1986) Vaterite otoliths from chinook salmon (Oncorhynchus tshawytscha). New Zealand Journal of Marine and Freshwater
Research 20(2): 209–217. https://doi.org/10.1080/00288330.1986.9
516145
Gauldie RW (1993) Polymorphic crystalline structure of fish otoliths.
Journal of Morphology 218(1): 1–28. https://doi.org/10.1002/
jmor.1052180102
Gillanders BM, Kingsford MJ (2000) Elemental fingerprints of otoliths
of fish may distinguish estuarine ‘nursery’ habitats. Marine Ecology
Progress Series 201: 273–286. https://doi.org/10.3354/meps201273
Gillanders BM, Munro AR (2012) Hypersaline waters pose new challenges for reconstructing environmental histories of fish based on
otolith chemistry. Limnology and Oceanography 57(4): 1136–1148.
https://doi.org/10.4319/lo.2012.57.4.1136
Gray JS (2002) Biomagnification in marine systems: the perspective of
an ecologist. Marine Pollution Bulletin 45(1–12): 46‒52. https://doi.
org/10.1016/S0025-326X(01)00323-X
Hamer PA, Jenkins G, Gillanders BM (2003) Otolith chemistry of juvenile snapper Pagrus auratus in Victorian waters: Natural chemical
tags and their temporal variation. Marine Ecology Progress Series
263: 261–273. https://doi.org/10.3354/meps263261
Heimbrand Y, Limburg KE, Hussy K, Casini M, Sjoberg R, Palmen
Bratt AM, Levinsky SE, Karpushevskaia A, Radtke K, Ohlund J
(2020) Seeking the true time: Exploring otolith chemistry as an age‐
determination tool. Journal of Fish Biology 97(2): 552–565. https://
doi.org/10.1111/jfb.14422
Hoff GR, Fuiman LA (1995) Environmentally induced variation in elemental composition of red drum (Sciaenops ocellatus) otoliths. Bulletin of Marine Science 56(2): 578–591.
Hussy K, Mosegaard H, Albertsen CM, Nielsen EE, Hansen JH, Eero M
(2016a) Evaluation of otolith shape as a tool for stock discrimination
in marine fishes using Baltic Sea cod as a case study. Fisheries Research 174: 210–218. https://doi.org/10.1016/j.fishres.2015.10.010
Hussy K, Groger J, Heidemann F, Hinrichsen HH, Marohn L (2016b)
Slave to the rhythm: Seasonal signals in otolith microchemistry reveal
age of eastern Baltic cod (Gadus morhua). ICES Journal of Marine
Science 73(4): 1019–1032. https://doi.org/10.1093/icesjms/fsv247
Hussy K, Limburg KE, de Pontual H, Thomas OR, Cook PK, Heimbrand
Y, Blass M, Sturrock AM (2020) Trace element patterns in otoliths:
The role of biomineralization. Reviews in Fisheries Science and
Aquaculture 1–33. https://doi.org/10.1080/23308249.2020.1760204
Ider D, Ramdane Z, Mahe K, Jean-Louis D, Bacha M, Amara R (2017)
Use of otolith-shape analysis for stock discrimination of Boops

Izzo C, Ward TM, Ivey AR, Suthers IM, Stewart J, Sexton SC, Gillanders BM (2017) Integrated approach to determining stock structure:
Implications for fisheries management of sardine, Sardinops sagax,
in Australian waters. Reviews in Fish Biology and Fisheries 27(1):
267–284. https://doi.org/10.1007/s11160-017-9468-z
Izzo C, Reis-Santos P, Gillanders BM (2018) Otolith chemistry does
not just reflect environmental conditions: A meta-analytic evaluation. Fish and Fisheries 19(3): 441–454. https://doi.org/10.1111/
faf.12264
Jimenez-Mena B, Le Moan A, Christensen A, van Deurs M, Mosegaard
H, Hemmer-Hansen J, Bekkevold D (2020) Weak genetic structure
despite strong genomic signal in lesser sandeel in the North Sea.
Evolutionary Applications 13(2): 376–387. https://doi.org/10.1111/
eva.12875
Jonsdottir ODB, Imsland AK, Danielsdottir AK, Marteinsdottir G
(2002) Genetic heterogeneity and growth properties of different
genotypes of Atlantic cod (Gadus morhua L.) at two spawning sites
off south Iceland. Fisheries Research 55(1–3): 37–47. https://doi.
org/10.1016/S0165-7836(01)00296-X
Jonsdottir IG, Campana SE, Marteinsdottir G (2006a) Otolith shape
and temporal stability of spawning groups of Icelandic cod (Gadus
morhua L.). ICES Journal of Marine Science 63(8): 1501–1512.
https://doi.org/10.1016/j.icesjms.2006.05.006
Jonsdottir IG, Campana SE, Marteinsdottir G (2006b) Stock structure of
Icelandic cod Gadus morhua L. based on otolith chemistry. Journal
of Fish Biology 69(sc): 136–150. https://doi.org/10.1111/j.10958649.2006.01271.x
Kalish JM (1992) Formation of a stress-induced chemical check in
fish otoliths. Journal of Experimental Marine Biology and Ecology
162(2): 265–277. https://doi.org/10.1016/0022-0981(92)90206-P
Katayama S, Isshiki T (2007) Variation in otolith macrostructure of Japanese flounder (Paralichthys olivaceus): A method to discriminate
between wild and released fish. Journal of Sea Research 57(2–3):
180–186. https://doi.org/10.1016/j.seares.2006.09.006
Keating JP, Brophy D, Officer RA, Mullins E (2014) Otolith shape
analysis of blue whiting suggests a complex stock structure at their
spawning grounds in the Northeast Atlantic. Fisheries Research 157:
1–6. https://doi.org/10.1016/j.fishres.2014.03.009
Kennedy BP, Chamberlain CP, Blum JD, Nislow KH, Folt CL (2005)
Comparing naturally occurring stable isotopes of nitrogen, carbon,
and strontium as markers for the rearing locations of Atlantic salmon
(Salmo salar). Canadian Journal of Fisheries and Aquatic Sciences
62(1): 48–57. https://doi.org/10.1139/f04-184

boops along the Algerian coast (southwestern Mediterranean Sea).
African Journal of Marine Science 39(3): 251–258. https://doi.org/1
0.2989/1814232X.2017.1363817
Ihssen PE, Booke HE, Casselman JM, McGlade JM, Payne NR, Utter
FM (1981) Stock identification: Materials and methods. Canadian Journal of Fisheries and Aquatic Sciences 38(12): 1838–1855.
https://doi.org/10.1139/f81-230
Isaev MA, Denisova LN (1995) The computer programs for shape analysis of plant leaves. In: Proceedings of the Mathematics Computer
Education International Conference, Pushchino, 90.
Iwata H, Ukai Y (2002) Shape: A computer program package for
quantitative evaluation of biological shapes based on elliptic Fourier descriptors. Journal of Heredity 93(5): 384–385. https://doi.
org/10.1093/jhered/93.5.384

Kerr LA, Secor DH, Kraus RT (2007) Stable isotope (δ13C and δ18O) and
Sr/Ca composition of otoliths as proxies for environmental salinity
experienced by an estuarine fish. Marine Ecology Progress Series
349: 245–253. https://doi.org/10.3354/meps07064
Kerr LA, Hintzen NT, Cadrin SX, Clausen LW, Dickey-Collas M,
Goethel DR, Hatfield EMC, Kritzer JP, Nash RDM (2017) Lessons learned from practical approaches to reconcile mismatches
between biological population structure and stock units of marine
fish. ICES Journal of Marine Science 74(6): 1708–1722. https://doi.
org/10.1093/icesjms/fsw188
Khan MA, Nazir A (2019) Stock delineation of the long-whiskered
catfish, Sperata aor (Hamilton 1822), from River Ganga by using
morphometrics. Marine and Freshwater Research 70(1): 107–113.
https://doi.org/10.1071/MF17306

214

Nazir and Khan: Using otoliths for fish stock discrimination

Khan MA, Miyan K, Khan S, Patel DK, Ansari NG (2012) Studies on
the elemental profile of otoliths and truss network analysis for stock
discrimination of the threatened stinging catfish Heteropneustes fossilis (Bloch 1794) from the Ganga River and its tributaries. Zoological Studies (Taipei, Taiwan) 51: 1195–1206.
Khemiri S, Labonne M, Gaamour A, Munaron SM, Morize E (2014)
The use of otolith chemistry to determine stock structure of Sardina
pilchardus and Engraulius encrasicolus in Tunisian coasts. Cahiers
de Biologie Marine 55(1): 21–29.
Khemiri S, Gaamour A, Ben Abdallah L, Fezzani S (2018) The use of
otolith shape to determine stock structure of Engraulis encrasicolus
along the Tunisian coast. Hydrobiologia 821(1): 73–82. https://doi.
org/10.1007/s10750-017-3305-1
Kraus RT, Secor DH (2004) Incorporation of strontium into otoliths of
an estuarine fish. Journal of Experimental Marine Biology and Ecology 302(1): 85–106. https://doi.org/10.1016/j.jembe.2003.10.004
Landsman SJ, Nguyen VM, Gutowsky LFG, Gobin J, Cook KV, Binder
TR, Lower N, McLaughlin RL, Cooke SJ (2011) Fish movement
and migration studies in the Laurentian Great Lakes: Research
trends and knowledge gaps. Journal of Great Lakes Research 37(2):
365–379. https://doi.org/10.1016/j.jglr.2011.03.003
Legua J, Plaza G, Perez D, Arkhipkin A (2013) Otolith shape analysis as
a tool for stock identification of the southern blue whiting, Micromesistius australis. Latin American Journal of Aquatic Research 41(3):
479–489. https://doi.org/10.3856/vol41-issue3-fulltext-11
Lemberget T, McCormick MI (2009) Replenishment success linked
to fluctuating asymmetry in larval fish. Oecologia 159(1): 83–93.
https://doi.org/10.1007/s00442-008-1212-x
Libungan LA, Palsson S (2015) ShapeR: An R package to study otolith shape variation among fish populations. PLoS ONE 10(3):
e0121102. https://doi.org/10.1371/journal.pone.0121102
Limburg KE (1995) Otolith strontium traces environmental history of
sub-yearling American shad Alosa sapidissima. Marine Ecology
Progress Series 119: 25–35. https://doi.org/10.3354/meps119025
Limburg KE, Walther BD, Lu Z, Jackman G, Mohan J, Walther Y,
Schmitt AK (2015) In search of the dead zone: Use of otoliths for
tracking fish exposure to hypoxia. Journal of Marine Systems 141:
167–178. https://doi.org/10.1016/j.jmarsys.2014.02.014
Lin SH, Chang CW, Iizuka Y, Tzeng WN (2007) Salinities, not diets, affect strontium/calcium ratios in otoliths of Anguilla japonica. Journal of Experimental Marine Biology and Ecology 341(2): 254–263.
https://doi.org/10.1016/j.jembe.2006.10.025
Lombarte A, Lleonart J (1993) Otolith size changes related with body

Mahe K, Ider D, Massaro A, Hamed O, Jurado-Ruzafa A, Gonçalves
P, Anastasopoulou A, Jadaud A, Mytilineou C, Elleboode R, Ramdane Z, Bacha M, Amara R, de Pontual H, Ernande B (2018) Directional bilateral asymmetry in otolith morphology may affect fish
stock discrimination based on otolith shape analysis. ICES Journal
of Marine Science 76(1): 232–243. https://doi.org/10.1093/icesjms/
fsy163
Marohn L, Prigge E, Zumholz K, Klugel A, Anders H, Hanel R (2009)
Dietary effects on multi-element composition of European eel (Anguilla anguilla) otoliths. Marine Biology 156(5): 927–933. https://
doi.org/10.1007/s00227-009-1138-9
Marohn L, Hilge V, Zumholz K, Klugel A, Anders H, Hanel R (2011)
Temperature dependency of element incorporation into European eel
(Anguilla anguilla) otoliths. Analytical and Bioanalytical Chemistry
399(6): 2175–2184. https://doi.org/10.1007/s00216-010-4412-2
Martin GB, Thorrold SR (2005) Temperature and salinity effects on
magnesium manganese, and barium incorporation in otoliths
of larval and early juvenile spot Leiostomus xanthurus. Marine
Ecology Progress Series 293: 223–232. https://doi.org/10.3354/
meps293223
Martin GB, Wuenschel MJ (2006) Effect of temperature and salinity
on otolith element incorporation in juvenile grey snapper Lutjanus
griseus. Marine Ecology Progress Series 324: 229–239. https://doi.
org/10.3354/meps324229
Martin GB, Thorrold SR, Jones CM (2004) Temperature and salinity
effects on strontium incorporation in otoliths of larval spot (Leiostomus xanthurus). Canadian Journal of Fisheries and Aquatic Sciences
61(1): 34–42. https://doi.org/10.1139/f03-143
Martino JC, Doubleday ZA, Chung MT, Gillanders BM (2020) Experimental support towards a metabolic proxy in fish using otolith carbon isotopes. Journal of Experimental Biology 223(6): jeb217091.
https://doi.org/10.1242/jeb.217091
Mateo I, Durbin EG, Bengtson DA, Kingsley R, Swart PK, Durant D
(2010) Spatial and temporal variation in otolith chemistry for tautog (Tautoga onitis) in Narragansett Bay and Rhode Island coastal
ponds. Fish Bulletin 108(2): 155–161.
Mazloumi N, Doubleday ZA, Gillanders BM (2017) The effects of
temperature and salinity on otolith chemistry of King George whiting. Fisheries Research 196: 66–74. https://doi.org/10.1016/j.fishres.2017.08.010
McCormick SD (2001) Endocrine control of osmoregulation in teleost
fish. American Zoologist 41(4): 781–794. https://doi.org/10.1093/
icb/41.4.781

growth, habitat depth and temperature. Environmental Biology of
Fishes 37(3): 297–306. https://doi.org/10.1007/BF00004637
Longmore C, Fogarty K, Neat F, Brophy D, Trueman C, Milton A, Mariani S (2010) A comparison of otolith microchemistry and otolith
shape analysis for the study of spatial variation in a deep-sea teleost,
Coryphaenoides rupestris. Environmental Biology of Fishes 89(3–4):
591–605. https://doi.org/10.1007/s10641-010-9674-1
Ma T, Kuroki M, Miller MJ, Ishida R, Tsukamoto K (2008) Morphology
and microchemistry of abnormal otoliths in the ayu, Plecoglossus
altivelis. Environmental Biology of Fishes 83(2): 155–167. https://
doi.org/10.1007/s10641-007-9308-4
Machado LF, Damasceno JS, Bertoncini AA, Tosta VC, Farro APC, Hostim-Silva M, Oliveira C (2017) Population genetic structure and demographic history of the spadefish, Chaetodipterus faber (Ephippidae)
from Southwestern Atlantic. Journal of Experimental Marine Biology
and Ecology 487: 45–52. https://doi.org/10.1016/j.jembe.2016.11.005

Melancon S, Fryer BJ, Ludsin SA, Gagnon JE, Yang Z (2005) Effects
of crystal structure on the uptake of metals by lake trout (Salvelinus
namaycush) otoliths. Canadian Journal of Fisheries and Aquatic Sciences 62(11): 2609–2619. https://doi.org/10.1139/f05-161
Mille T, Mahe K, Cachera M, Villanueva M, de Pontual H, Ernande
B (2016) Diet is correlated with otolith shape in marine fish. Marine Ecology Progress Series 555: 167–184. https://doi.org/10.3354/
meps11784
Miller JA (2007) Scales of variation in otolith elemental chemistry of
juvenile staghorn sculpin (Leptocottus armatus) in three Pacific
Northwest estuaries. Marine Biology 151(2): 483–494. https://doi.
org/10.1007/s00227-006-0477-z
Miller JA (2009) The effects of temperature and water concentration on
the otolith incorporation of barium and manganese in black rockfish
Sebastes melanops. Journal of Fish Biology 75(1): 39–60. https://
doi.org/10.1111/j.1095-8649.2009.02262.x

Acta Ichthyologica et Piscatoria 51(2), 2021, 199–218

215

Miller JA (2011) Effects of water temperature and barium concentration on otolith composition along a salinity gradient: Implications
for migratory reconstructions. Journal of Experimental Marine Biology and Ecology 405(1–2): 42–52. https://doi.org/10.1016/j.jembe.2011.05.017
Milton DA, Chenery SR (2001) Sources and uptake of trace metals in
otoliths of juvenile barramundi (Lates calcarifer). Journal of Experimental Marine Biology and Ecology 264(1): 47–65. https://doi.
org/10.1016/S0022-0981(01)00301-X
Milton DA, Chenery SR (2005) Movement patterns of barramundi
Lates calcarifer, inferred from 87Sr/86Sr and Sr/Ca ratios in otoliths,
indicate non-participation in spawning. Marine Ecology Progress
Series 301: 279–291. https://doi.org/10.3354/meps301279
Mirasole A, Gillanders BM, Reis-Santos P, Grassa F, Capasso G,
Scopelliti G, Mazzola A, Vizzini S (2017) The infuence of high
pCO2 on otolith shape, chemical and carbon isotope composition
of six coastal fish species in a Mediterranean shallow CO2 vent.
Marine Biology 164(9): e191. https://doi.org/10.1007/s00227017-3221-y
Miyan K, Khan MA, Khan S (2014) Stock structure delineation using variation in otolith chemistry of snakehead Channa punctata
(Bloch, 1793), from three Indian rivers. Journal of Applied Ichthyology 30(5): 881–886. https://doi.org/10.1111/jai.12479
Miyan K, Khan MA, Patel DK, Khan S, Prasad S (2016) Otolith fingerprints reveal stock discrimination of Sperata seenghala inhabiting the Gangetic River system. Ichthyological Research 63(2):
294–301. https://doi.org/10.1007/s10228-015-0500-9
Mohan JA, Rahman MS, Thomas P, Walther B (2014) Influence of
constant and periodic experimental hypoxic stress on Atlantic
croaker otolith chemistry. Aquatic Biology 20(1): 1–11. https://doi.
org/10.3354/ab00542
Morat F, Betoulle S, Robert M, Thailly AF, Biagianti-Risbourg S, Lecomte-Finiger R (2008) What can otolith examination tell us about
the level of perturbations of salmonid fish from the Kerguelen Islands? Ecology of Freshwater Fish 17(4): 617–627. https://doi.
org/10.1111/j.1600-0633.2008.00313.x
Moreira C, Froufe E, Sial AN, Caeiro A, Vax-Pires P, Correia AT
(2018) Population structure of the blue jack mackerel (Trachurus
picturatus) in the NE Atlantic inferred from otolith microchemistry. Fisheries Research 197: 113–122. https://doi.org/10.1016/j.fishres.2017.08.012
Moreira C, Froufe E, Vaz-Pires P, Correia AT (2019) Otolith shape analysis as a tool to infer the population structure of the blue jack mack-

Munday PL, Cheal AJ, Dixson DL, Rummer JL, Fabricius KE (2014)
Behavioural impairment in reef fishes caused by ocean acidification
at CO2 seeps. Nature Climate Change 4(6): 487–492. https://doi.
org/10.1038/nclimate2195
Murayama E, Takagi Y, Ohira T, Davis JG, Greene MI, Nagasawa H
(2002) Fish otolith contains a unique structural protein, otolin-1.
European Journal of Biochemistry 269(2): 688–696. https://doi.
org/10.1046/j.0014-2956.2001.02701.x
Nazir A (2018) Precise age and growth estimation, and stock identification of long-whiskered catfish, Sperata aor (Hamilton, 1822),
inhabiting river Ganga. PhD Thesis, Aligarh Muslim University,
Aligarh.
Nazir A, Khan MA (2017) Stock discrimination of Sperata aor from
river Ganga using microsatellite markers: Implications for conservation and management. Aquatic Living Resources 30: e33. [9 pp.]
https://doi.org/10.1051/alr/2017033
Nazir A, Khan MA (2019) Spatial and temporal variation in otolith
chemistry and its relationship with water chemistry: Stock discrimination of Sperata aor. Ecology ofFreshwater Fish 28(3): 499–511.
https://doi.org/10.1111/eff.12471
Nelson TR, Powers SP (2019) Validation of species specific otolith
chemistry and salinity relationships. Environmental Biology of
Fishes 102(5): 801–815. https://doi.org/10.1007/s10641-01900872-9
Neves V, Guedes A, Valentim B, Campos J, Freitas V (2017) High
incidence of otolith abnormality in juvenile European flounder
Platichthys flesus from a tidal freshwater area. Marine Biology
Research 13(9): 933–941. https://doi.org/10.1080/17451000.2017
.1331041
Oxman DS, Barnett-Johnson R, Smith ME, Coffin A, Miller DL, Josephson R, Popper AN (2007) The effect of vaterite deposition on
sound reception, otolith morphology, and inner ear sensory epithelia
in hatchery-reared Chinook salmon (Oncorhynchus tshawytscha).
Canadian Journal of Fisheries and Aquatic Sciences 64(11): 1469–
1478. https://doi.org/10.1139/f07-106
Palmer M, Linde M, Morales-Nin B (2010) Disentangling fluctuating
asymmetry from otolith shape. Marine Ecology Progress Series 399:
261–272. https://doi.org/10.3354/meps08347
Pampoulie C, Ruzzante DE, Chosson V, Jorundsdottir TD, Taylor L,
Thorsteinsson V, Danielsdottir AK, Marteinsdottir G (2006) The
genetic structure of Atlantic cod (Gadus morhua) around Iceland:
Insight from microsatellites, the pan I locus, and tagging experiments. Canadian Journal of Fisheries and Aquatic Sciences 63(12):

erel, Trachurus picturatus, in the NE Atlantic. Fisheries Research
209: 40–48. https://doi.org/10.1016/j.fishres.2018.09.010
Mork J, Giaever M (1995) Genetic variation at isozyme loci in blue
whiting from the north-east Atlantic. Journal of Fish Biology 46(3):
462–468. https://doi.org/10.1111/j.1095-8649.1995.tb05987.x
Morse JW, Arvidson RS, Luttge A (2007) Calcium carbonate formation
and dissolution. Chemical Reviews 107(2): 342–381. https://doi.
org/10.1021/cr050358j
Mucci A (1983) The solubility of calcite and aragonite in seawater at
various salinities, temperatures, and one atmosphere total pressure. American Journal of Science 283(7): 780–799. https://doi.
org/10.2475/ajs.283.7.780
Munday PL, Gagliano M, Donelson JM, Dixson DL, Thorrold SR
(2011) Ocean acidification does not affect the early life history development of a tropical marine fish. Marine Ecology Progress Series
423: 211–221. https://doi.org/10.3354/meps08990

2660–2674. https://doi.org/10.1139/f06-150
Pampoulie C, Danielsdottir AK, Thorsteinsson V, Hjorleifsson E, Marteinsdottir G, Ruzzante DE (2012) The composition of adult overwintering and juvenile aggregations of Atlantic cod (Gadus morhua)
around Iceland using neutral and functional markers: A statistical
challenge. Canadian Journal of Fisheries and Aquatic Sciences
69(2): 307–320. https://doi.org/10.1139/f2011-151
Panfili J, Darnaude AM, Vigliola L, Jacquart A, Labonne M, Gilles S
(2015) Experimental evidence of complex relationships between the
ambient salinity and the strontium signature of fish otoliths. Journal
of Experimental Marine Biology and Ecology 467: 65–70. https://
doi.org/10.1016/j.jembe.2015.03.007
Pangle KL, Ludsin SA, Fryer BJ (2010) Otolith microchemistry as a
stock identification tool for freshwater fishes: Testing its limits in
Lake Erie. Canadian Journal of Fisheries and Aquatic Sciences
67(9): 1475–1489. https://doi.org/10.1139/F10-076

216

Nazir and Khan: Using otoliths for fish stock discrimination

Patarnello T, Volckaert FMJ, Castilho R (2007) Pillars of Hercules: Is
the Atlantic-Mediterranean transition a phylogeographical break?
Molecular Ecology 16(21): 4426–4444. https://doi.org/10.1111/
j.1365-294X.2007.03477.x
Paul K, Oeberst R, Hammer C (2013) Evaluation of otolith shape analysis
as a tool for discriminating adults of Baltic cod stocks? Journal of Applied Ichthyology 29(4): 743–750. https://doi.org/10.1111/jai.12145
Petursdottir G, Begg GA, Marteinsdottir G (2006) Discrimination between Icelandic cod (Gadus morhua L.) populations from adjacent
spawning areas based on otolith growth and shape. Fisheries Research
80(2–3): 182–189. https://doi.org/10.1016/j.fishres.2006.05.002
Pothin K, Gonzalez-Salas C, Chabanet P, Lecompte-Finiger R (2006)
Distinction between Mulloidichthys flavolineatus juveniles from Reunion Island and Mauritius Island (south-west Indian Ocean) based
on otolith morphometrics. Journal of Fish Biology 69(1): 38–53.
https://doi.org/10.1111/j.1095-8649.2006.01047.x
Pracheil BM, Hogan JD, Lyons J, McIntyre PB (2014) Using hard‐part
microchemistry to advance conservation and management of North
American freshwater fishes. Fisheries 39(10): 451–465. https://doi.
org/10.1080/03632415.2014.937858
Pracheil BM, Chakoumakos BC, Feygenson M, Whitledge GW, Koenigs RP, Bruch RM (2017) Sturgeon and paddlefish (Acipenseridae)
sagittal otoliths are composed of the calcium carbonate polymorphs
vaterite and calcite. Journal of Fish Biology 90(2): 549–558. https://
doi.org/10.1111/jfb.13085
Pracheil BM, George R, Chakoumakos BC (2019) Significance of otolith calcium carbonate crystal structure diversity to microchemistry studies. Reviews in Fish Biology and Fisheries 29(3): 569–588.
https://doi.org/10.1007/s11160-019-09561-3
Randon M, Le Pape O, Ernande B, Mahe K, Volckaert FA, Petit EJ,
Lassalle G, Le Berre T, Reveillac E (2020) Complementarity and
discriminatory power of genotype and otolith shape in describing
the fine-scale population structure of an exploited fish, the common
sole of the Eastern English Channel. PLoS ONE 15(11): e0241429.
https://doi.org/10.1371/journal.pone.0241429
Reimer T, Dempster T, Warren-Myers F, Jensen AJ, Swearer SE (2016)
High prevalence of vaterite in sagittal otoliths causes hearing impairment in farmed fish. Scientific Reports 6(1): e25249. https://doi.
org/10.1038/srep25249
Reimer T, Dempster T, Wargelius A, Fjelldal PG, Hansen T, Glover
KA, Solberg MF, Swearer SE (2017) Rapid growth causes abnormal
vaterite formation in farmed fish otoliths. Journal of Experimental
Biology 220(16): 2965–2969. https://doi.org/10.1242/jeb.148056

Romanek C, Gauldie R (1996) A predictive model of otolith growth
in fish based on the chemistry of the endolymph. Comparative
Biochemistry and Physiology. Part A, Physiology 114(1): 71–79.
https://doi.org/10.1016/0300-9629(95)02094-2
Sadighzadeh Z, Valinassab T, Vosugi G, Motallebi AA, Fatemi MR,
Lombarte A, Tuset VM (2014) Use of otolith shape for stock identification of John’s snapper, Lutjanus johnii (Pisces: Lutjanidae), from
the Persian Gulf and the Oman Sea. Fisheries Research 155: 59–63.
https://doi.org/10.1016/j.fishres.2014.02.024
Schaffler JJ, Winkelman DL (2008) Temporal and spatial variability
in otolith trace-element signatures of juvenile striped bass from
spawning locations in Lake Texoma, Oklahoma–Texas. Transactions of the American Fisheries Society 137(3): 818–829. https://
doi.org/10.1577/T06-023.1
Secor DH (2010) Is otolith science transformative? New views on fish
migration. Environmental Biology of Fishes 89(3–4): 209–220.
https://doi.org/10.1007/s10641-010-9683-0
Simoneau M, Casselman JM, Fortin R (2000) Determining the effect of
negative allometry (length/height relationship) on variation in otolith shape in lake trout (Salvelinus namaycush), using Fourier-series
analysis. Canadian Journal of Zoology 78(9): 1597–1603. https://
doi.org/10.1139/z00-093
Sinclair DJ (2005) Correlated trace element vital effects in tropical
corals: A new geochemical tool for probing biomineralization.
Geochimica et Cosmochimica Acta 69(13): 3265–3284. https://doi.
org/10.1016/j.gca.2005.02.030
Sinclair DJ, Risk MJ (2006) A numerical model of trace-element
co-precipitation in a physicochemical calcification system: Application to coral biomineralization and trace-element ‘vital effects’.
Geochimica et Cosmochimica Acta 70(15): 3855–3868. https://doi.
org/10.1016/j.gca.2006.05.019
Soeth M, Spach HL, Daros FA, Adelir-Alves J, de Almeida ACO, Correia AT (2019) Stock structure of Atlantic spadefish Chaetodipterus
faber from Southwest Atlantic Ocean inferred from otolith elemental and shape signatures. Fisheries Research 211: 81–90. https://doi.
org/10.1016/j.fishres.2018.11.003
Sollner C, Burghammer M, Busch-Nentwich E, Berger J, Schwarz
H, Riekel C, Nicolson T (2003) Control of crystal size and lattice formation by starmaker in otolith biomineralization. Science
302(5643): 282–286. https://doi.org/10.1126/science.1088443
Stanley RR, Bradbury IR, DiBacco C, Snelgrove PV, Thorrold SR,
Killen SS (2015) Environmentally mediated trends in otolith composition of juvenile Atlantic cod (Gadus morhua). ICES Journal of

Reis-Santos P, Tanner SE, Elsdon TS, Cabral HN, Gillanders BM
(2013) Effects of temperature: Salinity and water composition on
otolith elemental incorporation of Dicentrarchus labrax. Journal of
Experimental Marine Biology and Ecology 446: 245–252. https://
doi.org/10.1016/j.jembe.2013.05.027
Reis-Santos P, Tanner SE, Aboim MA, Vasconcelos RP, Laroche J,
Charrier G, Perez M, Presa P, Gillanders BM, Cabral HN (2018)
Reconciling differences in natural tags to infer demographic and
genetic connectivity in marine fish populations. Scientific Reports
8(1): e10343. https://doi.org/10.1038/s41598-018-28701-6
Reveillac E, Lacoue-Labarthe T, Oberhansli F, Teyssie JL, Jeffree R,
Gattuso JP, Martin S (2015) Ocean acidification reshapes the otolith-body allometry of growth in juvenile sea bream. Journal of
Experimental Marine Biology and Ecology 463: 87–94. https://doi.
org/10.1016/j.jembe.2014.11.007

Marine Science 72(8): 2350–2363. https://doi.org/10.1093/icesjms/
fsv070
Stransky C (2005) Geographic variation of golden redfish (Sebastes
marinus) and deep sea redfish (S. mentella) in the North Atlantic
based on otolith shape analysis. ICES Journal of Marine Science
62(8): 1691–1698. https://doi.org/10.1016/j.icesjms.2005.05.012
Stransky C (2014) Morphometric outlines. In: Cadrin SX, Kerr LA,
Mariani S (Eds) Stock identification methods. Academic Press,
New York, 129‒140. https://doi.org/10.1016/B978-0-12-3970039.00007-2
Stransky C, Murta AG, Schlickeisen J, Zimmermann C (2008) Otolith shape analysis as a tool for stock separation of horse mackerel
(Trachurus trachurus) in the Northeast Atlantic and Mediterranean.
Fisheries Research 89(2): 159–166. https://doi.org/10.1016/j.fishres.2007.09.017

Acta Ichthyologica et Piscatoria 51(2), 2021, 199–218

217

Sturrock AM, Trueman CN, Darnaude AM, Hunter E (2012) Can otolith elemental chemistry retrospectively track migrations in fully
marine fishes? Journal of Fish Biology 81(2): 766–795. https://doi.
org/10.1111/j.1095-8649.2012.03372.x
Sturrock AM, Trueman CN, Milton JA, Waring CP, Cooper MJ, Hunter
E (2014) Physiological influences can outweigh environmental signals in otolith microchemistry research. Marine Ecology Progress
Series 500: 245–264. https://doi.org/10.3354/meps10699
Sturrock AM, Hunter E, Milton JA, Eimf E, Johnson RC, Waring CP,
Trueman CN (2015) Quantifying physiological influences on otolith
microchemistry. Methods in Ecology and Evolution 6(7): 806–816.
https://doi.org/10.1111/2041-210X.12381
Sweeting RM, Beamish RJ, Neville CM (2004) Crystalline otoliths in teleosts: Comparisons between hatchery and wild coho salmon (Oncorhynchus kisutch) in the Strait of Georgia. Reviews in Fish Biology and
Fisheries 14(3): 361–369. https://doi.org/10.1007/s11160-005-3793-3
Taillebois L, Barton DP, Crook DA, Saunders T, Taylor J, Hearnden M,
Saunders RJ, Newman SJ, Travers MJ, Welch DJ, Greig A, Dudgeon C, Maher S, Ovenden JR (2017) Strong population structure
deduced from genetics, otolith chemistry and parasite abundances
explains vulnerability to localized fishery collapse in a large sciaenid
fish, Protonibea diacanthus. Evolutionary Applications 10(10):
978–993. https://doi.org/10.1111/eva.12499
Tanner SE, Vasconcelos RP, Reis-Santos P, Cabral HN, Thorrold SR
(2011) Spatial and ontogenetic variability in the chemical composition of juvenile common sole (Solea solea) otoliths. Estuarine,
Coastal and Shelf Science 91(1): 150–157. https://doi.org/10.1016/j.
ecss.2010.10.008
Tanner SE, Reis-Santos P, Cabral HN (2016) Otolith chemistry in stock
delineation: A brief overview, current challenges and future prospects. Fisheries Research 173: 206–213. https://doi.org/10.1016/j.
fishres.2015.07.019
Tomas J, Geffen AJ (2003) Morphometry and composition of aragonite
and vaterite otoliths of deformed laboratory reared juvenile herring
from two populations. Journal of Fish Biology 63(6): 1383–1401.
https://doi.org/10.1111/j.1095-8649.2003.00245.x
Tomas J, Geffen AJ, Allen IS, Berges J (2004) Analysis of the soluble
matrix of vaterite otoliths of juvenile herring (Clupea harengus):
Do crystalline otoliths have less protein? Comparative Biochemistry and Physiology. Part A, Molecular and Integrative Physiology
139(3): 301–308. https://doi.org/10.1016/j.cbpb.2004.09.013
Tomczak M, Godfrey JS (1994). Regional Oceanography: An Introduction. Elsevier Science Inc. Pergamon, 422 pp.

Turan C (2006) The use of otolith shape and chemistry to determine
stock structure of Mediterranean horse mackerel Trachurus mediterraneus (Steindachner). Journal of Fish Biology 6(sc): 165–180.
https://doi.org/10.1111/j.1095-8649.2006.01266.x
Turner SM, Limburg KE (2014) Determination of river herring natal
origin using otolith chemical markers: Accuracy as a function of
spatial scale and choice of markers. Transactions of the American
Fisheries Society 143(6): 1530–1543. https://doi.org/10.1080/0002
8487.2014.949012
Tzeng WN (1996) Effects of salinity and ontogenetic movements on
strontium:calcium ratios in the otoliths of the Japanese eel, Anguilla japonica Temminck and Schlegel. Journal of Experimental Marine Biology and Ecology 199(1): 111–122. https://doi.
org/10.1016/0022-0981(95)00185-9
Tzeng WN, Chang CW, Wang CH, Shiao JC, Iizuka Y, Yang YJ,
You CF, Lozys L (2007) Misidentification of the migratory history of anguillid eels by Sr/Ca ratios of vaterite otoliths. Marine
Ecology Progress Series 348: 285–295. https://doi.org/10.3354/
meps07022
Vasconcelos J, Hermida M, Saraiva A, Gonzalez JA, Gordo LS (2017)
The use of parasites as biological tags for stock identification of
blue jack mackerel, Trachurus picturatus, in the North-eastern Atlantic. Fisheries Research 193: 1–6. https://doi.org/10.1016/j.fishres.2017.03.015
Vasconcelos J, Vieira AR, Sequeira V, Gonzalez JA, Kaufmann M,
Gordo LS (2018) Identifying populations of the blue jack mackerel
(Trachurus picturatus) in the Northeast Atlantic by using geometric morphometrics and otolith shape analysis. Fish Bulletin 116(1):
81–92. https://doi.org/10.7755/FB.116.1.9
Veinott GI, Porter TR, Nasdala L (2009) Using Mg as a proxy for crystal structure and Sr as an indicator of marine growth in vaterite
and aragonite otoliths of aquaculture rainbow trout. Transactions
of the American Fisheries Society 138(5): 1157–1165. https://doi.
org/10.1577/T08-184.1
Vieira AR, Neves A, Sequeira V, Paiva RB, Gordo LS (2014) Otolith
shape analysis as a tool for stock discrimination of forkbeard (Phycis
phycis) in the Northeast Atlantic. Hydrobiologia 728(1): 103–110.
https://doi.org/10.1007/s10750-014-1809-5
Vignon M, Aymes JC (2020) Functional effect of vaterite-the presence
of an alternative crystalline structure in otoliths alters escape kinematics of the brown trout. The Journal of Experimental Biology
223(12): jeb222034. [13 pp.] https://doi.org/10.1242/jeb.222034
Vignon M, Morat F (2010) Environmental and genetic determinant of

Toole CL, Markle DF, Harris PM (1993) Relationships between otolith microstructure, microchemistry, and early life history events in
Dover sole, Microstomus pacificus. Fishery Bulletin (Washington,
D.C.) 91: 732–753.
Tracey SR, Lyle JM, Duhamel G (2006) Application of elliptical Fourier
analysis of otolith form as a tool for stock identification. Fisheries Research 77(2): 138–147. https://doi.org/10.1016/j.fishres.2005.10.013
Trudel M, Walther BD, Thorrold SR (2010) Limited diversity in natal
origins of immature anadromous fish during ocean residency. Canadian Journal of Fisheries and Aquatic Sciences 67(10): 1699–1707.
https://doi.org/10.1139/F10-086
Turan C (2004) Stock identification of Mediterranean horse mackerel
(Trachurus mediterraneus) using morphometric and meristic characters. ICES Journal of Marine Science 61(5): 774–781. https://doi.
org/10.1016/j.icesjms.2004.05.001

otolith shape revealed by a non-indigenous tropical fish. Marine
Ecology Progress Series 411: 231–241. https://doi.org/10.3354/
meps08651
Volpedo AV, Cirelli AF (2006) Otolith chemical composition as a useful
tool for sciaenid stock discrimination in the south-western Atlantic. Scientia Marina 70(2): 325–334. https://doi.org/10.3989/scimar.2006.70n2325
Walsh CT, Gillanders BM (2018) Extrinsic factors affecting otolith
chemistry – implications for interpreting migration patterns in a diadromous fish. Environmental Biology of Fishes 101(6): 905–916.
https://doi.org/10.1007/s10641-018-0746-y
Walther BD, Thorrold SR (2006) Water, not food, contributes the majority of strontium and barium deposited in the otoliths of a marine
fish. Marine Ecology Progress Series 311: 125–130. https://doi.
org/10.3354/meps311125

218

Walther BD, Kingsford M, O’Callaghan M, McCulloch M (2010) Interactive effects of ontogeny, food ration and temperature on elemental
incorporation in otoliths of a coral reef fish. Environmental Biology of
Fishes 89(3–4): 441–451. https://doi.org/10.1007/s10641-010-9661-6
Walther BD, Limburg KE, Jones CM, Schaffler JJ (2017) Frontiers in
otolith chemistry: Insights, advances and applications. Journal of
Fish Biology 90(2): 473–479. https://doi.org/10.1111/jfb.13266
Was A, McCrann K, Gosling E (2006) Genetic structure of blue whiting
(Micromesistius poutassou) in the North-east Atlantic Ocean. Journal of Fish Biology 69: 239–240. https://doi.org/10.1111/j.10958649.2006.1284_1.x
Weist P, Schade FM, Damerau M, Barth JM, Dierking J, Andre C, Petereit C, Reusch T, Jentoft S, Hanel R, Krumme U (2019) Assessing
SNP-markers to study population mixing and ecological adaptation
in Baltic cod. PLoS ONE 14(6): e0218127. https://doi.org/10.1371/
journal.pone.0218127
Welch DJ, Newman SJ, Buckworth RC, Ovenden JR, Broderick D, Lester
RJ, Gribble NA, Ballagh AC, Charters RA, Stapley J, Street R, Garrett
RN, Begg GA (2015) Integrating different approaches in the definition
of biological stocks: A northern Australian multi-jurisdictional fisheries example using grey mackerel, Scomberomorus semifasciatus. Marine Policy 55: 73–80. https://doi.org/10.1016/j.marpol.2015.01.010
Wells BK, Rieman BE, Clayton JL, Horan DL, Jones CM (2003) Relationships between water, otolith, and scale chemistries of westslope cutthroat
trout from the Coeur d’Alene River, Idaho: The potential application of
hard-part chemistry to describe movements in freshwater. Transactions
of the American Fisheries Society 132(3): 409–424. https://doi.org/10.1
577/1548-8659(2003)132%3C0409:RBWOAS%3E2.0.CO;2

Nazir and Khan: Using otoliths for fish stock discrimination

Woodcock SH, Walther BD (2014) Trace elements and stable isotopes
in Atlantic tarpon scales reveal movements across estuarine gradients. Fisheries Research 153: 9–17. https://doi.org/10.1016/j.fishres.2014.01.003
Woodcock SH, Munro AR, Crook DA, Gillanders BM (2012) Incorporation of magnesium into fish otoliths: Determining contribution
from water and diet. Geochimica et Cosmochimica Acta 94: 12–21.
https://doi.org/10.1016/j.gca.2012.07.003
Wright PJ, Talbot C, Thorpe JE (1992) Otolith calcification in Atlantic
salmon parr, Salmo salar L. and its relation to photoperiod and calcium metabolism. Journal of Fish Biology 40(5): 779–790. https://
doi.org/10.1111/j.1095-8649.1992.tb02624.x
Wright PJ, Regnier T, Gibb FM, Augley J, Devalla S (2018) Identifying stock structuring in the sandeel, Ammodytes marinus, from
otolith microchemistry. Fisheries Research 199: 19–25. https://doi.
org/10.1016/j.fishres.2017.11.015
Zeigler JM, Whitledge GW (2010) Assessment of otolith chemistry for
identifying source environment of fishes in the lower Illinois River,
Illinois. Hydrobiologia 638(1): 109–119. https://doi.org/10.1007/
s10750-009-0033-1
Zhong S, Mucci A (1989) Calcite and aragonite precipitation from seawater solutions at various salinities: Precipitation rates and overgrowth compositions. Chemical Geology 78(3–4): 283–299. https://
doi.org/10.1016/0009-2541(89)90064-8
Zimmerman CE (2005) Relationship of otolith strontium-to-calcium
ratios and salinity: Experimental validation for juvenile salmonids.
Canadian Journal of Fisheries and Aquatic Sciences 62(1): 88–97.
https://doi.org/10.1139/f04-182

