
fmars-07-00347 May 22, 2020 Time: 19:45 # 1

ORIGINAL RESEARCH
published: 26 May 2020

doi: 10.3389/fmars.2020.00347

Edited by:
Esteban Avigliano,

Consejo Nacional de Investigaciones
Científicas y Técnicas (CONICET),

Argentina

Reviewed by:
Pia Schuchert,

Agri-Food and Biosciences Institute
(AFBI), United Kingdom

Felippe Alexandre Daros,
São Paulo State University, Brazil

*Correspondence:
Filipe Martinho

fmdm@ci.uc.pt;
fmartinho@gmail.com

†These authors have contributed
equally to this work

‡These authors share senior
authorship

Specialty section:
This article was submitted to
Marine Ecosystem Ecology,

a section of the journal
Frontiers in Marine Science

Received: 31 January 2020
Accepted: 24 April 2020
Published: 26 May 2020

Citation:
Martinho F, Pina B, Nunes M,
Vasconcelos RP, Fonseca VF,

Crespo D, Primo AL, Vaz A,
Pardal MA, Gillanders BM, Tanner SE

and Reis-Santos P (2020) Water
and Otolith Chemistry: Implications

for Discerning Estuarine Nursery
Habitat Use of a Juvenile Flatfish.

Front. Mar. Sci. 7:347.
doi: 10.3389/fmars.2020.00347

Water and Otolith Chemistry:
Implications for Discerning Estuarine
Nursery Habitat Use of a Juvenile
Flatfish
Filipe Martinho1*†, Beatriz Pina1†, Margarida Nunes1, Rita P. Vasconcelos2,
Vanessa F. Fonseca3,4, Daniel Crespo1,5, Ana Lígia Primo1, Ana Vaz1, Miguel A. Pardal1,
Bronwyn M. Gillanders6, Susanne E. Tanner3,4‡ and Patrick Reis-Santos3,6‡

1 Centre for Functional Ecology – CFE, Department of Life Sciences, Calçada Martim de Freitas, University of Coimbra,
Coimbra, Portugal, 2 IPMA – Portuguese Sea and Atmosphere Institute, Av. Dr. Alfredo Magalhães Ramalho, Lisbon,
Portugal, 3 MARE – Marine and Environmental Sciences Centre, Faculdade de Ciências, Universidade de Lisboa, Campo
Grande, Lisbon, Portugal, 4 Departamento de Biologia Animal, Faculdade de Ciências, Universidade de Lisboa, Campo
Grande, Lisbon, Portugal, 5 MARE – Marine and Environmental Sciences Centre, Polytechnic of Leiria, Edifício CETEMARES,
Av. Porto de Pesca, Peniche, Portugal, 6 Southern Seas Ecology Laboratories, School of Biological Sciences, The University
of Adelaide, Adelaide, SA, Australia

Variations in otolith elemental composition are widely used to reconstruct fish
movements. However, reconstructing habitat use and environmental histories of fishes
within estuaries is still a major challenge due to the dynamic nature of these coastal
environments. In this study, we performed a laboratory experiment to investigate the
effects of variations in salinity (three levels; 5, 18, 30) and temperature (two levels; 16,
21◦C) on the otolith elemental composition (Mg:Ca, Mn:Ca, Sr:Ca, Ba:Ca) of juvenile
Senegalese sole Solea senegalensis. Temperature and salinity treatments mirrored the
natural conditions of the estuarine habitats occupied by juvenile Senegalese sole,
thereby providing information on the applicability of otolith microchemistry to reconstruct
habitat use patterns within estuarine nurseries, where individual fish move across
complex salinity and temperature gradients. While Sr:Ca and Ba:Ca in otoliths were both
positively related to salinity, no temperature effect was observed. Partition coefficients,
proxies for element incorporation rates increased with increasing salinity for Sr (DSr) and
Ba (DBa). In contrast, salinity and temperature had little influence on otolith Mn:Ca and
Mg:Ca, supporting physiological control on the incorporation of these elements. Our
results are a stepping stone for the interpretation of otolith chemical profiles for fish
collected in their natural habitats and contribute to better understanding the processes
involved in otolith element incorporation.

Keywords: connectivity, flatfish, nursery areas, estuaries, migrations, otoliths

INTRODUCTION

Estuaries are key nursery areas for many marine fish (Beck et al., 2001; Sheaves et al., 2006;
Nagelkerken et al., 2013), including flatfishes (Le Pape et al., 2003; Martinho et al., 2010; Vasconcelos
et al., 2011; Freitas et al., 2012). These species often have complex life cycles, which include
migrations between coastal areas and inshore nurseries of up to 100s of kilometers. In this
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sense, development of management and protection plans should
take into account connectivity between the distinct ontogenetic
habitats, as connectivity is directly linked to population
dynamics, productivity and resilience to harvest (Cowen et al.,
2000; Thorrold et al., 2001; Pihl et al., 2002).

Otolith chemistry has become a benchmark for reconstructing
fish movements and migrations (Elsdon et al., 2008; Izzo et al.,
2018; Walther, 2019). The use of otoliths as natural tags is
feasible because these paired calcium carbonate structures are
metabolically inert, grow continuously forming daily and annual
patterns, and incorporate trace elements as they grow without
evidence of resorption or reworking of the chemical composition
(Campana, 1999; Elsdon et al., 2008). The elemental composition
of otoliths is generally influenced by the concentration of the
elements in the surrounding water, providing a natural tag
in which all individuals are marked similarly, even though
individual-based physiological and genetic processes take part
(Sturrock et al., 2015; Izzo et al., 2018). For reconstructing
migration patterns between the sea and the river, Strontium (Sr)
and Barium (Ba) are commonly used as their concentrations
tend to inversely related in fresh and saltwater (e.g., Walther and
Limburg, 2012; Smith and Kwak, 2014). Yet, a suite of other
elements, such as magnesium (Mg) or manganese (Mn), also
reflect multiple environmental and physiological responses of
individual fish to the surrounding ambient water conditions and
can aid in environmental reconstructions (Martin and Thorrold,
2005; Tanner et al., 2013a).

Presently, there is still some debate regarding the use of
otolith chemistry to discern movements and habitat use within
complex and dynamic environments such as estuaries (Elsdon
and Gillanders, 2004; Reis-Santos et al., 2018; Williams et al.,
2018; Walther, 2019). Several factors may contribute to variations
in otolith elemental composition, particularly environmental
factors such as water temperature, salinity and ambient element
concentrations, which can play an important role in the control
of element uptake, as well as several intrinsic factors such as
the genetic background, fish diet and physiological processes
(Clarke et al., 2011; Woodcock et al., 2012; Sturrock et al., 2014;
Grammer et al., 2017; Izzo et al., 2018). In addition, variations
in otolith elemental composition also seem to be species-specific
(Reis-Santos et al., 2008; Chang and Geffen, 2012).

Water temperature and salinity are known to influence the
concentration of elements in the water, whose variation is often
inter-dependent. Moreover, the effects of salinity on the elemental
ratios in otoliths generally rises with increasing temperature
(Elsdon and Gillanders, 2002), although differential results of
temperature response among species and elements have been
observed (see Miller, 2009; Izzo et al., 2018). Hence, before using
otolith chemistry to reconstruct fish life history or habitat use
patterns, we need to evaluate the degree to which movements
along salinity gradients within estuaries can be determined
with accuracy, and unravel the role of temperature on otolith
elemental composition (Miller, 2011; Reis-Santos et al., 2013;
Tanner et al., 2013a).

Considering that juveniles of many commercially important
fishes use estuaries as nursery areas over prolonged periods of
their lives (months to years; Gillanders et al., 2003), a better

understanding of the ability of otolith chemistry to discern
intra-estuarine habitat use patterns can provide key information
for species management and habitat conservation. Thus, the
objective of this work was to evaluate the effects of salinity
and water temperature on otolith chemical composition (Mg:Ca,
Mn:Ca, Sr:Ca, Ba:Ca).

In a controlled laboratory experiment, juveniles of the flatfish
Senegalese sole Solea senegalensis Kaup, 1858 were exposed to
combinations of three salinity and two temperature treatments,
representative of estuarine environments, to evaluate if otolith
chemistry can accurately reflect movement and habitat use within
estuarine nursery areas.

MATERIALS AND METHODS

Study Species
The Senegalese sole is a flatfish of high commercial value
and widely distributed along the eastern Atlantic from the
Bay of Biscay to Senegal, and in the western Mediterranean.
Spawning and larval development takes place in shelf waters, with
metamorphosis and shift to a benthic life form occurring before
recruitment to estuarine nursery grounds, where juveniles remain
for up to 2 years (Cabral and Costa, 1999; Primo et al., 2013).
Despite key estuarine areas for this species having been identified
and population connectivity between estuaries and coastal areas
quantified (Vasconcelos et al., 2010; Tanner et al., 2013b), there
still is a clear lack of detailed knowledge on juvenile habitat use
patterns within estuaries.

Experimental Design
Solea senegalensis juveniles with an average total length (TL) of
9.8 cm (± 1.1 cm standard deviation), approximately 7 months
old, were obtained from a hatchery (where they were born) and
acclimatized to laboratory conditions over 30 days in 200 L tanks
equipped with aeration and filtration, at constant temperature
(19◦C) and salinity (20; reconstructed with artificial sea salt
TMC REEF – Premium REEF Salt) levels. Afterward, all fish
(n = 93) were randomly distributed to 18 tanks (20 L) at a density
of 6 to 7 individuals per tank to initiate the acclimatization
to the test conditions. These tanks were also equipped with
aeration and filtration systems and had the same temperature
and salinity (19 and 20◦C, respectively) to minimize the stress-
induced from fish handling and rearing conditions. Over 21 days,
water temperature and salinity in the tanks were gradually
altered to acclimatize fish to the experimental temperature
(16, 21◦C) and salinity (5, 18, and 30) combined treatments.
Photoperiod was set at 12 h day (dim) and 12 h night (dark) daily
cycles. The final experimental design was composed of six test
conditions (2 temperatures × 3 salinities) with three replicates
each. Salinity and temperature ranges of the experiment represent
typical environmental conditions that S. senegalensis juveniles
experience over spring and summer during their estuarine
residency and among intra-estuarine nursery areas (Vinagre et al.,
2009; Vasconcelos et al., 2010).

During the experiment, salinity was controlled by adding
fresh dechlorinated water with artificial marine salt (TMC
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REEF- Premium REEF Salt) to match each test condition (5,
18, and 30). Experiments were run in a room with controlled
temperature, which was maintained constant at 21◦C, with the
low-temperature treatments achieved via an open water bath
system connected to a chiller kept stable at 16◦C. Approximately
40% of the water in each tank was changed every 3 days.
Salinity, water temperature (◦C), oxygen (mg/L) and pH were
measured daily, whilst ammonia, nitrite and nitrate levels were
analyzed weekly throughout the experiment to ensure the best
possible water quality.

Fish were maintained under experimental conditions for
98 days and fed daily with specialized food pellets (provided by
the hatchery) until apparent satiation, corresponding to 1–2% of
their body weight. Fish feed was the same given at the hatchery.
Excess food and debris were siphoned within 1 h. All fish were
measured for total length (TL, cm) in the beginning and at the
end of the experiment, to determine the respective mean growth
rate (cm day−1) per treatment.

This study was carried out following the principles of the Basel
Declaration and recommendations of Directive 2010/63/EU and
Art◦ 44 of the Decree-Law no. 113/2013 of 7th August. The
protocol was approved by the Portuguese National Authority for
Animal Health (DGAV; Ref. 0421/000/000/2017).

Water Analyses
On day seven and approximately every 2 weeks from then on,
duplicate water samples from each treatment were collected
with polypropylene syringes to characterize water elemental
concentrations. Over the course of the experiment there were
a total of eight water collection times per treatment. Water
samples were filtered (GF/F, 0.2 µm) into 60 mL flasks and
acidified with concentrated ultrapure nitric acid (HNO3) in a
1:50 ratio and stored at 4◦C until analysis. Prior to elemental
quantification by inductively coupled plasma mass spectrometry
(ICP-MS), 3 mL of each water sample were further acidified
(1:10) by adding 3 mL of a previously distilled 10% nitric acid
solution. Water samples were analyzed for 24Mg, 43Ca, 55Mn,
88Sr, and 138Ba using a Thermo Fisher Scientific Model iCAP Q
spectrophotometer (Bremen, Germany). The calibration of the
ICP-MS measurements was done using a five-point calibration
curve per element. Standard solutions were prepared with
dilutions of a multi-element standard (92091, Periodic table mix
1 for ICP, Sigma-Aldrich), and a standard curve was generated
per element at 0, 1, 10, 100, 1000, and 2000 ppm concentrations.
Blank controls consisted of ultrapure water acidified with HNO3
at 10%. Standards and blanks were analyzed at the beginning and
throughout the session. The detection limits were 1.1213, 2.0350,
0.0122, 0.0188 and 0.0380 ppb for 24Mg, 43Ca, 55Mn, 88Sr, and
138Ba, respectively.

Otolith Analyses
After the 98-day experimental procedure, all fish were measured
and weighed, and their sagittal otoliths removed, cleaned with
distilled water and the left otolith mounted on microscope slides
with cyanoacrylate glue. Subsequently, otoliths were polished
with 3 µm lapping film under a binocular lens to expose an even
surface between the core and the edge of the otolith. Otoliths were

then sonicated in ultrapure water until they detached from the
microscope slide, and were subsequently dried in a laminar flow
cabinet and attached to a new microscope slide using double-
sided tape (see Tanner et al., 2013a).

Otolith chemical analysis followed the procedure in Reis-
Santos et al. (2018). Briefly, a 213 nm high-performance
UV (Nd: YAG) laser microprobe coupled to an Agilent
7900 inductively coupled plasma mass spectrometer (ICP-
MS) was used to quantify 24Mg, 55Mn,44Ca, 88Sr, and 138Ba
concentrations in otoliths. Ca was used as an internal standard
to normalize variations in ablation yield (Yoshinaga et al.,
2000). Three spots with a diameter of 25 µm were ablated
(power ∼10 J cm−2, and fluence 5 Hz) on the marginal edge
of all otoliths. These spot analyses targeted otolith material
deposited during the experimental period and represent recent
elemental incorporation. All spots were pre-ablated to remove
any potential surface contamination. Laser ablations occurred
in a sealed chamber with resulting analyte transported to the
ICP-MS via a smoothing manifold in an argon (Ar) and helium
(He) stream. A glass certified reference material (NIST 612 –
National Institute of Standards and Technology) was analyzed at
the start and end of each session and after every 10 otoliths to
correct for mass bias and machine drift. External precision (%
relative standard deviation) was determined based on a calcium
carbonate certified reference material, MACS-3 (United States
Geological Survey) (RSD ≤ 5%). All data reduction, including
background corrections, limits of detections and mass count
to ppm conversions were done using Iolite software (v 3.1)
(Paton et al., 2011).

Data Analyses
Variation in growth rates (cm day−1) per treatment was analyzed
with permutational analysis of variance (PERMANOVA), using
PRIMER v6 & PERMANOVA + v1 software (PRIMER-E,
Ltd.), based on Euclidean distance matrices with unrestricted
permutations. Temperature and salinity were treated as fixed
categorical factors, and replicate tanks were included as a random
factor nested within both fixed factors. Pairwise post hoc tests
were performed whenever significant differences were found.

Otolith elemental concentration (Me, ppm) values were
converted to molar concentrations and standardized to calcium
(Me:CaOtolith), and all further data analyses were carried out
on the Me:CaOtolith data. The same procedure was adopted
for the water samples (Me:CaWater). The Me:CaOtolith values
were calculated per individual, and the three tank averages
were used as replicates for each experimental condition.
Partition coefficients of an element (DMe) depict otolith chemical
concentrations relative to water chemical concentrations, and
reflect the fractionation and physiological regulation of element
incorporation into biogenic carbonates (Morse and Bender, 1990;
Reis-Santos et al., 2013). DMe were calculated for each element
dividing the Me:CaOtolith by the Me:CaWater. The partition
coefficient (DMe) provides an easy and useful metric to compare
incorporation of elements in various treatments, since it describes
the chemical concentrations of otoliths in relation to the chemical
concentration in the water, and is a valuable tool to evaluate
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TABLE 1 | Summary of the experimental conditions of salinity and temperature along with water Me:Ca ratios in each treatment, showing mean and standard deviation
of water salinity, temperature (◦C), and Mg:CaWater (mol mol−1), Mn:CaWater (µmol mol−1), Sr:CaWater (mmol mol−1) and Ba:CaWater (µmol mol−1) ratios.

Treatment

Temperature Salinity Salinity Temperature Mg:Ca Mn:Ca Sr:Ca Ba:Ca

16 5 5.047 ± 0.142 15.933 ± 0.096 10.828 ± 1.564 183.276 ± 105.022 15.374 ± 4.366 80.9 11 ± 34.692

18 18.173 ± 0.322 15.913 ± 0.136 12.315 ± 1.234 41.546 ± 48.758 14.631 ± 4.262 36.062 ± 25.649

30 30.041 ± 0.204 16.052 ± 0.133 12.594 ± 1.085 49.284 ± 51.206 13.377 ± 3.514 22.877 ± 13.914

21 5 5.017 ± 0.157 21.359 ± 0.804 10.284 ± 0.450 166.882 ± 189.070 14.218 ± 3.514 113.939 ± 41.147

18 18.247 ± 0.312 20.990 ± 0.900 12.045 ± 0.409 51.228 ± 68.776 13.551 ± 3.050 33.783 ± 11.382

30 30.056 ± 0.292 21.449 ± 0.950 12.407 ± 0.666 25.148 ± 23.793 12.536 ± 2.324 21.463 ± 6.723

Total number of water collections throughout the experimental 98 day period = 8.

TABLE 2 | Results of the permutational analysis of variance (PERMANOVA) investigating the effects of salinity and temperature on the Mg:CaWater, Mn:CaWater,
Sr:CaWater, and Ba:CaWater of the rearing conditions.

Mg:Ca Mn:Ca Sr:Ca Ba:Ca

Source of variation df MS Pseudo-F MS Pseudo-F MS Pseudo-F MS Pseudo-F

Water

Temperature 1 0.013 2.105 2.064 1.791 0.081 1.604 0.767 3.275

Salinity 2 0.240 37.922** 25.300 21.950** 0.112 2.212 12.801 54.638**

Temperature x Salinity 2 0.002 0.300 0.524 0.454 0.001 0.012 0.100 0.426

Residual 78 0.006 1.153 0.051 0.234

**p < 0.01.

abiotic and biotic effects on otolith elemental incorporation and
to perform comparisons between species and studies.

Differences among treatments in Me:CaWater, Me:CaOtolith
and DMe were analyzed separately with permutational
analysis of variance (PERMANOVA), using PRIMER v6 &
PERMANOVA + v1 software (PRIMER-E, Ltd.), based on
Euclidean distance matrices with unrestricted permutations
of log(x + 1) transformed data. Salinity and temperature were
treated as fixed factors, and replicate tanks as random factors
nested within both fixed factors (only for Me:CaOtolith and
DMe). Pearson correlation analyses were used to determine the
relationship between the elemental ratio in the rearing water
and the elemental ratio in the juvenile S. senegalensis otoliths.
A significance level of 0.05 was considered for all test procedures.

RESULTS

Experimental Conditions
Temperature and salinity reflected the required experimental
levels and were kept stable throughout the experiment (Table 1).
Elemental ratios in the water were within the range found in a
temperate estuary in Portugal (Tejo; see Tanner et al., 2013a) and
were influenced by the different salinity treatments, but not by
temperature. Specifically, Mg:CaWater decreased with increasing
salinity, being significantly higher at salinity five treatments than
at 18 and 30, but with no distinction between the two latter
(P(perm) = 0.001 and P(perm) = 0.001, respectively). Mn:CaWater
increased with salinity, being significantly lower at salinity five
than at the 18 and 30 treatments, also which did not vary from

FIGURE 1 | Average total length of juvenile Solea senegalensis at the
beginning (light gray) and at the end (dark gray) of the experimental procedure
for all treatments.

one another (P(perm) = 0.001 and P(perm) = 0.001, respectively).
Sr:CaWater was constant among all salinity and temperature
treatments, while Ba:CaWater decreased with increasing salinity,
with significant differences among all treatments (P(perm) = 0.001,
P(perm) = 0.001, and P(perm) = 0.007, respectively) (Tables 1, 2).

Juvenile S. senegalensis increased in total length in all
treatments during the 98-day experimental procedure: initial
average TL 9.8 ± 1.1 cm; final average TL 11.2 ± 1.1 cm
(Figure 1). There were no differences in growth rates among
treatments, with only a significant tank effect (Table 3), which
was most probably due to a single tank with lower growth rates
(one of the three replicates of the 21◦C, 30 salinity treatment).
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TABLE 3 | Results of the permutational analysis of variance (PERMANOVA) investigating the effects of salinity and temperature on the growth rates of juvenile Solea
senegalensis.

Source of variation df MS Pseudo-F

Growth rates

Temperature 1 2.4 × 10−4 1.205

Salinity 2 1.9 × 10−4 0.972

Temperature x Salinity 2 3.5 × 10−8 1.8 × 10−4

Tank (Temperature x Salinity) 12 2.1 × 10−4 6.989**

Residual 75 3.0 × 10−5

**p < 0.01.

FIGURE 2 | Mean and standard error of Mg:CaOtolith, Mn:CaOtolith, Sr:CaOtolith, and Ba:CaOtolith across the salinity (5, 18, 30) and temperature (16 and 21◦C)
experimental treatments, which are indicated by the different colors: blue colors – 16◦C, red colors – 21◦C; light tone – 5 salinity, medium tone – 18 salinity, dark
tone – 30 salinity.
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TABLE 4 | Results of the permutational analysis of variance (PERMANOVA) investigating the effects of salinity and temperature on log transformed Mg:CaOtolith,
Mn:CaOtolith, Sr:CaOtolith and Ba:CaOtolith of juvenile Solea senegalensis otoliths.

Mg:Ca Mn:Ca Sr:Ca Ba:Ca

Source of variation df MS Pseudo-F MS Pseudo-F MS Pseudo-F MS Pseudo-F

Otolith

Temperature 1 0.013 0.493 0.024 0.348 0.002 0.127 0.064 2.297

Salinity 2 0.085 3.132 0.261 3.711 0.176 10.193** 0.415 14.891**

Temperature x Salinity 2 0.058 2.137 0.088 1.244 0.001 0.086 0.018 0.630

Tank (Temperature x Salinity) 12 0.027 1.092 0.071 1.209 0.017 1.230 0.028 0.925

Residual 75 0.025 0.059 0.014 0.030

**p < 0.01.

Effect of Salinity and Temperature on
Otolith Chemistry
Otolith elemental concentrations varied according to the
different salinity treatments, but not with temperature (Figure 2
and Table 4). No effects of temperature, salinity or their
interaction were observed for Mn:CaOtolith and Mg:CaOtolith.
In contrast, a significant effect of salinity was observed for
Sr:CaOtolith, where pairwise comparisons found that Sr:CaOtolith
in the highest (30) salinities were higher than in the medium
(18) and lowest salinities (5) (P(perm) = 0.004 and P(perm) = 0.016,
respectively). No significant differences were observed between
the low (5) and medium (18) salinity treatments. A similar
result was obtained for Ba:CaOtolith, which increased with salinity
(Figure 2 and Table 4). Post hoc pairwise tests found significant
differences between salinities 5 and 30, as well as between 18 and
30 (P(perm) = 0.006 and P(perm) = 0.005, respectively) (Figure 2
and Table 4).

The partition coefficients for magnesium (DMg) were
extremely low, ranging between 3.48 × 10−6

± 6.89 × 10−7

and 4.28 × 10−6
± 1.56 × 10−6, with no differences

among treatments. For manganese, DMn values ranged between
0.02 ± 0.01 and 0.17 ± 0.07. An effect of salinity was observed
for DMn, with post hoc pairwise tests identifying a significant
increase between salinities 5 and 18, as well as between 5
and 30 (P(perm) = 0.001 and P(perm) = 0.002, respectively). For
strontium, DSr ranged between 0.15 ± 0.02 and 0.22 ± 0.03 and
with a significant positive effect of salinity between 5 and 30,
and between 18 and 30 (P(perm) = 0.001 and P(perm) = 0.002,
respectively). For barium, DBa ranged between 0.02 ± 0.01 and
0.13 ± 0.03, and showed a significant increase between salinities
5 and 18, as well as between 5 and 30 (P(perm) = 0.007 and
P(perm) = 0.001, respectively) (Figure 3 and Table 5).

There were no significant relationships between water
and otolith elemental concentrations for all elements
(p > 0.1) (Figure 4).

DISCUSSION

Resolving estuarine habitat use with otolith chemistry can
provide key knowledge on species habitat use, movements and
connectivity particularly for species that use estuaries as nursery
grounds. Such knowledge can represent important information

for protection and management programs. The main finding of
our work was related to the ability to use otolith Sr:Ca and Ba:Ca
of juvenile Senegalese sole S. senegalensis to distinguish between
the tested low and high salinity environments, irrespective
of the tested temperature regimes. Yet, we were not able to
successfully discern the intermediate salinity tested. Therefore,
whilst our results support the use of otolith chemistry to
disentangle brackish waters, namely oligohaline (salinity ± 5)
from polyhaline waters (salinity ± 30), there were limitations
differentiating mesohaline waters (salinity ± 18).

We observed no clear temperature effect on Mg, Mn, Sr, and
Ba elemental concentration in juvenile S. senegalensis otoliths,
which follows findings from other fish species (e.g., Gallahar
and Kingsford, 1996; Elsdon and Gillanders, 2004; Martin et al.,
2004; Martin and Thorrold, 2005; Mazloumi et al., 2017). Despite
the 5◦C difference in treatments, the experimental temperatures
chosen (16 and 21◦C) are within the range this species typically
experience in temperate estuaries and coastal zones, which
may explain the little effect on the elemental assimilation rates
in the otolith matrix. Nonetheless, it is important to bear
in mind that the relationship between otolith chemistry and
temperature varies among species, families and life history traits
(Collingsworth et al., 2010; Mazloumi et al., 2017). Overall,
the high degree of inter-specific variability in the isolated and
interactive effects of temperature and salinity on element uptake
into otoliths hinders the development of universal models
based on otolith chemistry to understand life history patterns
(Stanley et al., 2015).

We also found no significant differences between salinity
and temperature treatments for both Mg:CaOtotlith and
Mn:CaOtotlith in juvenile Senegalese sole, in agreement with
other laboratory experiments (Elsdon and Gillanders, 2002;
Martin and Wuenschel, 2006; DiMaria et al., 2010). For
magnesium, the lack of correlation between the chemical
composition of otoliths and water likely indicates that this
element is under significant physiological control (Woodcock
et al., 2012; Grammer et al., 2017), and supported by the fact
Mg is very abundant in the marine environment and required
in many metabolic pathways, regulating cell function, bone
development and growth. According to Elsdon and Gillanders
(2003b), manganese is key to multiple metabolic processes, yet
it can become toxic at high levels, and thus it is highly regulated
within the organism. In addition, the presence of Mn is also
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FIGURE 3 | Mean and standard error of partition coefficients of magnesium (DMg), manganese (DMn), strontium (DSr) and barium (DBa), across the salinity (5, 18, 30)
and temperature (16 and 21◦C) experimental treatments, which are indicated by the different colors: blue colors – 16◦C, red colors – 21◦C; light tone – 5 salinity,
medium tone – 18 salinity, dark tone – 30 salinity.

essential for the biomineralization process in otoliths (Thomas
et al., 2018). The use of Mn:CaOtotlith as a marker to understand
life history patterns has not yet been thoroughly validated, given
the likely confounding effects of diet composition, temperature
variations, physiology and growth (Pentreath, 1976; Miller, 2009;
Sturrock et al., 2015). Our results were not able to disentangle
the effects of salinity and temperature on Mn:CaOtotlith, which
is indicative of physiological regulation. Overall, although still
poorly understood, the incorporation of Mn into otoliths is
presumed to be essentially under metabolic control, rather
than determined by environmental factors (Tanner et al., 2012;

Limburg et al., 2015; Sturrock et al., 2015). While there were no
differences in the elemental composition of Mg:CaOtolith and
Mn:CaOtolith, there was a significant effect of salinity on the
incorporation of manganese (DMn), which mainly reflected the
different environmental levels in the rearing water and further
highlights the role of physiology in regulating otolith Mn. Earlier
works have suggested that Mn:CaOtotlith has potential as an
environmental marker of exposure to hypoxia (Mohan et al.,
2014; Limburg et al., 2015). Further explored, this facet of Mn
and otolith chemistry may provide useful information on fish
populations in estuaries, since hypoxic events are increasing in
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TABLE 5 | Results of the permutational analysis of variance (PERMANOVA) investigating the effects of salinity and temperature on the partition coefficients of magnesium
(DMg), manganese (DMn), strontium (DSr) and barium (DBa).

DMg DMn DSr DBa

Source of variation df MS Pseudo-F MS Pseudo-F MS Pseudo-F MS Pseudo-F

DMe

Temperature 1 0.012 0.002 0.978 1.308 0.038 0.055 0.005 0.004

Salinity 2 9.056 1.201 28.137 37.520** 2.879 4.179** 17.346 13.864**

Temperature x Salinity 2 2.672 0.354 1.066 1.421 3.367 4.887** 0.961 0.768

Tank (Temperature x Salinity) 12 7.657 1.486 0.766 1.831 0.686 0.906 1.264 1.274

Residual 75 5.152 0.419 0.756 0.992

**p < 0.01.

time and space throughout the world, particularly during the
warm season (Breitburg et al., 2018; Schmidt et al., 2019).

The use of Sr as a recorder of past salinity history is based on
the premise that it replaces Ca in otolith aragonite as fish grow,
and especially that there is generally more Sr in seawater than
in freshwater (Campana, 1999; Elsdon et al., 2008; Doubleday
et al., 2014). In this work, we found a positive influence of
salinity on Sr:CaOtolith, as it was higher in the treatment close to
marine water (30) when compared with the brackish treatment
(18) and the one close to freshwater (5). Our results generally
agree with experimental studies on other fish species based on
salinity and temperature manipulations (Martin and Wuenschel,
2006; Stanley et al., 2015), but also contrast with others, in which
a negative relationship with salinity was reported (Elsdon and
Gillanders, 2002; Mazloumi et al., 2017). Considering that most
elemental uptake into otoliths is usually acknowledged as species-
specific (Swearer et al., 2003; Reis-Santos et al., 2008; Chang
and Geffen, 2012), our results also support the use of Sr as a
marker for reconstructing past habitat use, preferably between
high and low salinities. However, Sr:CaOtolith could not resolve
the lower and brackish salinities. This limits its application to
discern intra-estuarine habitat use in marine juvenile fishes,
particularly if they spend a significant amount of time at mid and
upper areas of estuaries, which is the case for the Senegalese sole
(Vinagre et al., 2009; Primo et al., 2013). One possible reason is
that Sr can be highly variable in estuaries due to tidal mixing
with freshwater discharge, suggesting that the increase in Sr:Ca
with salinity in these waters might not follow a linear trend
(Phillis et al., 2011; Walther and Nims, 2014). Indeed, key to
discerning habitat use by marine fish in transitional ecosystems
is the elemental mixing kinetics (Walther, 2019), which depend
greatly on the hydrodynamics and endmember contributions of
each system. The temporal lag between exposure to a water mass
(either freshwater, brackish or marine) and the incorporation in
otoliths is also an important feature for the correct use of otolith
chemistry for tracking fish movements (Elsdon and Gillanders,
2005c; Izzo et al., 2018).

Similarly to Sr:CaOtolith, Ba:CaOtolith also increased with
salinity, with higher values in the marine-like treatment (30)
than in the near freshwater (5) and brackish (18) experimental
conditions. Barium has been used typically in combination with
Sr to unravel environmental and migratory histories (Bath et al.,

2000; Elsdon and Gillanders, 2002; de Vries et al., 2005; Reis-
Santos et al., 2013), given the natural inverse concentration of
Sr and Ba in riverine and marine waters (Turner et al., 1981;
Coffey et al., 1997; Elsdon and Gillanders, 2005a). Nevertheless,
akin to Sr levels, our results for Ba revealed a potential
shortcoming due to the inability to resolve near freshwater and
brackish environments. Accordingly, Sr:CaOtolith and Ba:CaOtolith
in juvenile S. senegalensis can only be used to accurately
resolve between low and high salinity environments, without the
possibility to resolve habitat use patterns at finer spatial scales.

The incorporation of Sr and Ba, given by their partition
coefficients (DMe), was positively influenced by salinity, and was
a good metric for comparing the relation between elemental
concentrations in the otoliths and in the water (as in Miller,
2009), even if there were no significant differences in Sr:CaWater
between treatments. Although the element concentrations in
the otoliths were one (Sr) and two (Ba) orders of magnitude
lower than the experimental medium, they still reflected the
existing variations in salinity, and were within the range reported
for other fish species (Elsdon and Gillanders, 2003a; Reis-
Santos et al., 2012, 2013). An increase in Sr:CaOtolith and DSr
with salinity suggests that the incorporation of Sr may be
facilitated by higher salinity, as there were no differences in
Sr:CaWater of the rearing treatments. On the other hand, a
decrease in Ba:CaWater with increasing salinity resulted in higher
elemental incorporation in otoliths and an increase in the DBa,
which has been suggested to occur at higher Sr:Ca levels in
brackish waters, suggesting facilitation of Ba uptake (de Vries
et al., 2005). In elements with high physiological regulation
such as Mg and Mn, the use of partition coefficients may be
misleading as a series of complex but still poorly understood
mechanisms influence the chemical incorporation through
multiple osmoregulatory barriers between the environment
and the endolymph. The use of partition coefficients (DMe)
whilst of great applicability in experimental studies, may have
some limitations for in situ evaluations, particular in such
dynamic and complex environments as estuaries, since sudden
changes in salinity and/or temperature may not be reflected
in the incorporation of elements, thus being more useful for
prolonged exposures.

In this work, we did not find a significant correlation between
element concentration in the otolith (Me:CaOtolith) and the
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FIGURE 4 | Mean and standard error of the relationship between Mg:CaOtolith and Mg:CaWater, Mn:CaOtolith and Mn:CaWater, Sr:CaOtolith and Sr:CaWater, and
Ba:CaOtolith and Ba:CaWater across the salinity (5, 18, 30) and temperature (16 and 21◦C) experimental treatments, which are indicated by the different colors: blue
colors – 16◦C, red colors – 21◦C; light tone – 5 salinity, medium tone – 18 salinity, dark tone – 30 salinity.

water (Me:CaWater) for any of the considered elements. The
complex nature of the relationship between Me:CaOtolith and
Me:CaWater is emphasized by the disparity in results from
previous studies mostly on Sr:Ca, Ba:Ca and water chemistry,
which described linear (Martin and Wuenschel, 2006; Macdonald
and Crook, 2010), exponential (Dorval et al., 2007) and even
no relationships (Elsdon and Gillanders, 2005b; Mazloumi et al.,

2017) as in the present study, and can be related with the
different mode of element uptake by each species. Element
uptake is a multi-stage process, characterized by a succession
of barriers with varying degrees of inter-dependence from the
ambient water to blood plasma through gills, endolymph and
finally into the otolith (Campana, 1999). To our knowledge,
few experimental procedures on otolith chemistry have been
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performed with flatfishes (e.g., Sturrock et al., 2014), whose
particular ecological characteristics (life history, metamorphosis,
physiology) might drive some of the differences observed in terms
of Me:CaOtolith and Me:CaWater relationships. In addition, the
lack of discrimination between water and otolith composition
may also be due to the use of a reduced range of temperatures
(Elsdon and Gillanders, 2002) and/or elemental concentrations
in water (Elsdon and Gillanders, 2003a).

Despite the limitations described above, this study is a
stepping-stone for the interpretation of otolith chemical profiles
and for the reconstruction of estuarine habitat use. Very few
studies have focused on flatfishes, whose specific ecological
features might be responsible for the distinct patterns observed,
and several questions arose that foster further research to
improve our ability to reconstruct past estuarine habitat use
by fishes. Among others, these include experimental work
based on a wider range of temperatures covering the range
of wintering conditions, as well as establishing a parallel with
field conditions, since the complex dynamics and interactions
between the chemical elements in the environment might lead
to discrepancies with laboratory results (Elsdon and Gillanders,
2005b; Dorval et al., 2007; Tanner et al., 2013a; Williams
et al., 2018). Additional research should address element
mixing dynamics between heterogenous water masses, as well
as the kinetics of element incorporation, ion transport and
internal regulation in fish, with the ultimate goal of elucidating
the suitability of the selected elements as environmental
tracers. Indeed, the suite of factors that govern otolith
elemental composition from that found in the environment are
complex and, in most cases, poorly understood (Izzo et al.,
2018; Reis-Santos et al., 2018; Walther, 2019). Apart from
salinity, temperature and ambient elemental concentration, other
examples of biological factors play a role in determining the
elemental concentrations in the otolith, such as genetic profiles,
size, sex or age (Barnes and Gillanders, 2013; Izzo et al.,
2018; Reis-Santos et al., 2018; Walther, 2019). These are factors
that should be considered early in the experimental design to
control for their confounding effects. Accordingly, all fish in our
experiment were obtained from the same hatchery, brood stock,
age and size range to minimize potential ontogenic and genetic
effects, while a commercial feed designed for the selected size
range was provided to avoid any potential bias related to dietary
variations. The absence of significant differences in growth rates
between treatments also contributed to mitigating any other
effects related to individual responses to the test conditions.
Further studies using prey from the field should be performed to
disentangle the possible effects of diet composition on the otolith
chemistry of fishes in estuaries.

CONCLUSION

The measured elemental composition of otoliths of S. senegalensis
were linked to the tested environmental factors. In particular, Sr
and Ba were suitable elements for the reconstruction of juvenile
S. senegalensis movements along natural salinity gradients, but
with limited resolving power for finer scale variations, namely

between oligo- and mesohaline, and meso- and polyhaline
waters. Ultimately, further work should focus on combining
laboratory experiments with species-specific information on the
elemental incorporation of otoliths and field trials, to better
improve our knowledge of the processes involved under natural
conditions, as well as the timeframe between element uptake and
otolith assimilation.
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