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in turbot.
 Zn organotropism is not affected by
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can be explained by its homeostasis
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Trophic transfer of Zn in ﬁsh is affected by the type of food and environmental variables such as temperature. However, there is still a lack of knowledge regarding the effects of such factors on Zn organotropism. For this reason, a series of experimental studies have investigated how the distribution and
the concentration of Zn is affected by some environmentally-relevant factors (food quality, food availability, water pH, and temperature) in turbot Scophthalmus maximus using radiotracer techniques. In
three different experiments, Zn distribution in seven body compartments of juvenile turbot and the
calculation of Zn concentration index (IC) for each compartment were compared. Its distribution as well
as its concentration in the body compartments of juvenile turbots were not affected by the experimental
conditions tested. This apparent consistency in the Zn organotropism can be explained by the ability of
the ﬁsh to maintain Zn homeostasis at non-toxic Zn concentrations in their diet. These results are
important to better understand the trophic transfer of Zn in ﬁsh under realistic environmental
conditions.
© 2017 Elsevier Ltd. All rights reserved.
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Zinc (Zn) is a crucial microelement for living organisms,
including ﬁsh (Watanabe et al., 1997). Indeed, it is an essential
element for ﬁsh playing a vital role in lipid, protein, and
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carbohydrate metabolism but it also can be potentially toxic at high
concentrations in the environment (Spry and Wood, 1985; Eisler,
2009; Hogstrand, 2011). Due to these two opposite aspects, the
accumulation of Zn by ﬁsh has been extensively studied (e.g. Spry
et al., 1988; Clearwater et al., 2002; Van Campenhout et al.,
2007). Fish have mainly two sources of Zn uptake: the surrounded water and their diet (Bury et al., 2003) and it is now wellidentiﬁed that food is the major pathway of Zn intake in ﬁsh
especially at low ambient Zn concentrations (Spry et al., 1988).
Indeed, as early as the 1980s, Willis and Sunda (1984) have highlighted that food ingestion represented up to 82% of total Zn
accumulation for two species of ﬁsh Gambusia afﬁnis and Leiostomus xanthurus fed with radiolabelled brine shrimp. More recently,
Xu and Wang (2002) and Mathews and Fisher (2009) have
conﬁrmed using biokinetic models that Zn in teleosts and elasmobranchs was predominantly bioaccumulated from the dietary
source. Numerous experimental studies have focused on the study
of Zn trophic transfer in ﬁsh (e.g. Pentreath, 1976; Milner, 1982;
Zhang and Wang, 2007; Pouil et al., 2016) but the understanding
of the physiological mechanisms governing the assimilation of this
element is still very limited. It is known that Zn trophic transfer
may, in some cases, be affected by the type of dietary supply or by
the environmental conditions (e.g. Van Campenhout et al., 2007).
The observed effects are usually related to the differential Zn subcellular fractionation in the food items or the chemical forms of this
element that can affect the bioavailability of dietary Zn and, by
extension the ways of its storage in the organisms (e.g. Zhang and
Wang, 2007; Pouil et al., 2016). At present, however, there is little
known about how Zn is stored in ﬁsh.
The organotropism of Zn (viz. whole-body distribution of Zn)
can provide a better understanding of the variability observed in Zn
trophic transfer under different conditions. Measurements carried
out in the ﬁeld highlighted that a series of factors (e.g., trophic
habits, gender, season) can affect Zn body burden and its distribution among organs and tissues (Andres et al., 2000; Kojadinovic
et al., 2007; Dural et al., 2007). It is, however, always complex with
an in-situ approach to establish unambiguous trends because origins of Zn intakes cannot be properly identiﬁed and the life-history
traits of the organisms that may play a role in its body distribution
are usually unknown (Gray, 2002). The experimental approach, in
controlled conditions, is a relevant option to unequivocally assess
Zn organotropism, especially using radiotracer techniques (Warnau
and Bustamante, 2007).
In the present work, we experimentally assessed the dietary Zn
organotropism in juvenile turbots Scophthalmus maximus singlefed with 65Zn radiolabelled food and exposed to different experimental conditions. Thus, after a 21-d depuration period, the ﬁsh
from the different experimental conditions were dissected in order
to (1) understand the long-term storage of dietary Zn in ﬁsh
through the measurement of the body concentration and distribution of this element and (2) investigate potential effects of some
environmentally relevant factors: food quality, feeding frequency,
seawater pH and temperature on Zn organotropism. These factors
were selected for their previously-shown potential to affect the
trophic transfer of Zn in ﬁsh and/or their physiology (e.g. Van
Campenhout et al., 2007; Pouil et al., 2016, in press). The food
items used were natural prey of the juvenile turbot (i.e. crustaceans,
ﬁsh and polychaetes; Florin and Lavados, 2010; Sparrevohn and
Støttrup, 2008) and compounded pellets used in aquaculture for
this species. The values of pH (7.5 and 8.0) and temperature (17  C
and 20  C) were chosen based on the optimal temperature for food
conversion efﬁciency in juvenile turbots (Imsland et al., 2001) and
the current projections of these factors provided by the literature
for the next two centuries (DT C: þ3  C and DpH: 0.5; IPCC, 2013;
Orr et al., 2005).

2. Materials and methods
2.1. Origin and acclimation of organisms
Juvenile turbots Scophthalmus maximus were purchased from a
ﬁsh farm (France Turbot, France) and shipped to the International
Atomic Energy Agency premises in the Principality of Monaco. Fish
were acclimated to laboratory conditions for a minimum of 3 weeks
(open circuit; 700-L tank, water renewal: 300 L h1; 0.45 mm
ﬁltered seawater; salinity: 38; temperature: 17 ± 2  C; pH:
8.0 ± 0.1; light/dark: 12 h/12 h). During the acclimation period, the
ﬁsh were fed a daily ration of 2% of their biomass with 1.1-mm
pellets (proteins: 55% and lipids: 12%; Le Gouessant, France).
Natural prey of juvenile turbots i.e., crustaceans (common
prawn Palaemon serratus), ﬁsh (seabream Sparus aurata), and ragworms (estuary ragworm Hediste diversicolor), were respectively
purchased from French suppliers (Poissons du Soleil, Poissons
^ts). All prey were acclimated to the
Vivants and Normandie Appa
same laboratory conditions as the turbots for a minimum of 2
weeks prior to experiments.
2.2. Radiolabelling and counting
For Zn radiolabelling, radiotracer of high speciﬁc activity was
purchased from Polatom, Poland (65Zn as ZnCl2 in 0.1 M HCl, t1/
2 ¼ 244 d). The use of gamma-emitting isotope allowed accurate
measurements using environmentally realistic zinc concentrations.
All the natural prey (crustaceans, ﬁsh and polychaetes) were
exposed to dissolved 65Zn for 1e3 weeks following the protocol
described by Pouil et al. (2016). For radiolabelling, pellets were
dipped in 65Zn radiolabelled seawater for 1 h (ratio: 0.32 g dry wt
mL1). Then, radioactive pellets were dried and stored in dry conditions (for more details see Pouil et al., 2017b).
The radioactivity in prey, ﬁsh and dissected samples was
measured using a high-resolution g-spectrometer system
composed of 4 Germanium - N or P type - detectors (EGNC 33-195R, Canberra® and Eurysis®) connected to a multi-channel analyser
and a computer equipped with a spectra analysis software (Interwinner 6, Intertechnique®). The radioactivity in living turbots and
samples from dissections was determined by comparison with
standard of known activity and of appropriate geometry (calibration and counting; see Pouil et al., in press; Pouil et al., 2016). The
counting time was adjusted to obtain a propagated counting error
less than 5% (e.g. Rodriguez y Baena et al., 2006).
2.3. Zn organotropism in juvenile turbots
2.3.1. General experimental approach
The following conditions were applied to all the Zn organotropism experiments, unless stated otherwise. The experiments
were performed in 20-L or 70-L aquaria (open-circuit, same conditions that during acclimation, see section 2.1). Two weeks before
the start of the experiments, juvenile turbots were randomly
transferred from the acclimation tank to the aquaria used for experiments and kept 2 d without food until the beginning of the
experiment. Slits cut into the ﬁns were used to facilitate individual
recognition. Two hours after the unique (Experiments 1 and 3) and
the last (Experiment 2) radiolabelled feeding, all the turbots from
the different experiments were counted to determine the ingested
65
Zn activity, estimate the ingestion rate for each individual and the
stable Zn quantity eaten (see Pouil et al., 2016 for Zn stable analysis
methodology for the different food items). After a 21-d depuration
period, when the whole-body Zn activity as reached a stable level in
ﬁsh (i.e., when Zn distribution among tissues has been achieved and
depuration is low, see Pouil et al., 2016), ﬁsh were sampled, were
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anaesthetized, euthanized by exposure to high concentrations of
anaesthetic (Eugenol) and dissected: (1) muscles (the 4 ﬁllets
without dorsal skin), (2) the kidney, (3) the liver, (4) the gall
bladder, (5) the digestive tract, (6) the head (including gills) and (7)
the remaining tissues (including remaining skin, skeleton, ﬁns,
heart and muscle residues) were separated, weighed (wet wt) and
placed in plastic tubes (diameter: 42 mm, height: 65 mm) for
further radioactivity counting. Then, 20 mL of 2 M HCl were added
in each tube to digest the tissues in order to get an appropriate
geometry and samples were stored overnight before radioanalyses.
During all the experiments, no mortality was recorded.
2.3.2. Experiment 1: inﬂuence of food items
For this experiment, natural prey of the juvenile turbots (common prawns, seabreams and ragworms) were exposed to dissolved
65
Zn as described in section 2.3.1. The average activities in the prey
at the end of the exposure period were 144 Bq g1 wet wt, 67 Bq g1
wet wt and 250 Bq g1 wet wt, respectively for common prawn,
seabream and ragworm. The stable Zn concentrations were 56, 110
and 127 mg g1 dry wt, respectively for common prawn, seabream
and ragworm. Then, three batch of turbots (n ¼ 5, 12.1 ± 4.9 g wet
wt) were fed ad libitum with the three different freshly killed
radiolabelled prey. After the depuration period following the single
feeding, ﬁsh were dissected as described in section 2.3.1.
2.3.3. Experiment 2: inﬂuence of feeding frequency
In order to understand the effect of feeding frequency on Zn
organotropism in ﬁsh, 5 juvenile turbots were single-fed
(23.9 ± 6.0 g wet wt) using radiolabelled pellets (2350 Bq g1 in
average) and another batch of turbots (n ¼ 5, 23.7 ± 3.1 g wet wt)
were pre-exposed to the radiolabelled pellets during a 12-day
period (one-labelled pellet feeding every 4 d; Pouil et al., 2017b).
Between each labelled-pellet feeding, turbots were fed daily with
non-labelled pellets. The stable Zn concentrations in the pellets was
148 mg g1 dry wt (see Pouil et al., 2016 for Zn stable analysis
methodology). After the last radiolabelled feeding, depuration of
the single-fed and multi-fed turbot was followed for 21 d and all the
ﬁsh were dissected (see details in section 2.3.1).
2.3.4. Experiment 3: inﬂuence of pH and temperature
In order to study the effects of pH and temperature on Zn
organotropism, 4 batches of juvenile turbots (n ¼ 4, 23.7 ± 5.3 g wet
wt) were acclimated for 2 months to the target experimental
conditions (pH 8.0 at 17  C, pH 8.0 at 20  C, pH 7.5 at 17  C and pH
7.5 at 20  C) controlled using an IKS system (Pouil et al., in press).
Then, all the turbot were fed with radiolabelled common prawn
(213 Bq g1 wet wt in average). After the 21-d depuration period,
ﬁsh were dissected as detailed in section 2.3.1.
2.4. Data analysis
Data obtained by radioanalyses of dissected samples (viz. ﬁsh
compartments) were used to calculate the distribution (expressed
in %) of Zn in ﬁsh whole body. The concentration index (IC) was also
calculated as deﬁned by Rouleau et al. (2000) using the following
equation (Eq. (1)):

IC ¼

½65 Zn in tissue
½65 Zn in whole body

(1)

Values of IC > 1 indicate that the considered tissue is enriched in
Zn compared to the whole-body average Zn concentration.
Distribution and concentration (i.e. IC values) of Zn in the body
compartments of ﬁsh exposed to the different experimental conditions (type of food, frequency of feeding, pH and temperature),
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were compared using the Kruskal-Wallis non-parametric test, followed by a multiple-comparison test of Siegel and Castellan (Zar,
1996). The level of signiﬁcance for all statistical analyses was always set at a ¼ 0.05. All the statistical analyses were performed
using either the Statistica® software 7.0 or R freeware 3.0.1 (R
Development Core Team, 2014).
3. Results and discussion
It is already known that the digestive physiology of ﬁsh and
especially their ability to assimilate dietary Zn can be inﬂuenced
both by biotic factors such as the food items ingested (e.g. Ni et al.,
2000; Pouil et al., 2016) or abiotic factors such as the water temperature (e.g. Pouil et al., in press). Information related on the longterm storage of dietary Zn is nevertheless still limited. To ﬁll this
gap, dietary Zn distribution in the body compartments of juvenile
turbots exposed to several environmentally relevant factors (food
quality, feeding frequency, seawater pH and temperature) was
investigated after a 21-d depuration period.
Our results indicated that the proportion of Zn in the remaining
tissues (including remaining skin, skeleton, ﬁns, heart and muscle
residues), in each of the tested conditions, was always the highest
with approx. 50% of the Zn total body burden (Fig. 1), which can be
related to the high weight of this compartment (always over 45% of
the total body weight). The high proportion of dietary Zn found in
the remaining tissues indicates that there is no specialized storage
organ for Zn presumably because of it essentiality for the normal
physiological functions of the ﬁsh (Hogstrand, 2011). Nevertheless,
the Zn distribution among the other body compartments (viz.
excluding remaining tissues) systematically ranked according to
the following decreasing order (Fig. 1, Table 1): Head (28e36%) [
Muscles (8e11%) > Digestive tract (7e10%) [ Liver
(1e2%) > Kidney (1e1.5%) > Gall bladder (<0.5%). Although the
weight of the head and the muscles are comparable (20e30% of the
total body weight), a much higher proportion of Zn is stored in the
head and Zn concentration IC is always > 1 in the head (Table 1). We
assume two reasons to understand this observation. Indeed, ﬁeld
investigations have already shown that the highest concentration
of Zn can be found in the eyes of ﬁsh (Bowness and Morton, 1952;
Eckhert, 1983) although the exact function(s) of Zn in the eyes remain(s) unclear. Furthermore, Pouil et al. (2017a; supplementary
material) have shown, experimentally, a high concentration index, IC (up to 2), of Zn in the eyes of silver moony Monodactylus
argenteus and spotted scat Scatophagus argus. Another reason to
explain the high Zn concentration in the head is the presence of the
gills in this compartment. Indeed, branchial excretion has been
suggested as the major Zn excretory route in euryhaline ﬁsh
exposed through dietary Zn (Hardy et al., 1987). The high concentration index, IC (1e4) found by Pouil et al. (2017a) in the gills of
M. argenteus and S. argus, indicates that this organ plays an
important role in Zn metabolism in ﬁsh. Although branchial
excretion dominates, Zn can be also excreted, in a lesser extent, via
the bile (Hardy et al., 1987; produced by the gall bladder) and urine
(Spry and Wood, 1985). It is thus not surprising to observe the
highest IC values in gall bladder and kidney, ranking from 2 to 5 for
these organs (Table 1). In the same time, it is important to note that
these organs separately only represent less than 1% of the total
body weight which also can explain a higher IC. Some ﬁeld investigations have shown that, in some species, Zn concentration in
the kidney can be incredibly high (e.g. 23 500 mg g1 in the yellowﬁn tuna Thunnus albacares, Kojadinovic et al., 2007) suggesting
an important role of this organ in Zn storage in ﬁsh. In our study, we
found that a non-negligible part of Zn is distributed in the digestive
tract (7e10%, Fig. 1 and Table 1). Furthermore, we calculated relatively high Ic values observed (up to 3) for this body compartment.
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Fig. 1. Distribution patterns of Zn (%) in the 7 body compartments of turbots exposed single time to different food items (Experiment 1), fed one and multiple times with compounded pellets (Experiment 2) or maintained under different pH and temperature conditions and single fed with shrimp (Experiment 3). Values are means (n ¼ 4e5). Details are
provided in Table 1. The remaining tissues included remaining skin, skeleton, ﬁns, heart and muscle residues.

These ﬁndings are in accordance with the literature. Indeed, very
high Zn concentrations (up to 500 mg Zn g1 wet wt) have been
measured in the digestive tract of common carp Cyprinus carpio
(Sun and Jeng, 1999; Reynders et al., 2006). Thus, the digestive tract
is not only involved in the absorption of the dietary Zn but is also an
important sink for long-term storage of this element. This fact could
be due to the presence in high quantity of speciﬁc low molecular
weight Zn-binding membrane proteins (Jeng et al., 1999).
In this study, several biotic factors were examined to understand
Zn organotropism in juvenile turbots: the food quality (different
prey items with different Zn bioavailability) and the feeding frequency. Our results did not show any signiﬁcant effect of these
parameters in Zn distribution and concentration in body compartments of juvenile turbots after a 21-d depuration period
(p > 0.05; Fig. 1, Table 1). The absence of changes in distribution and
concentration of this element in the body compartments could be
related to the fact that the experimental context is reﬂecting nonpolluted conditions (i.e., no excess of Zn in the diet) and rather
reﬂects normal physiological processes. The stable Zn

concentrations in the different types of food used were ranging
between 56 and 148 mg g1 dry wt for all the food items used which
represent concentration of prey living in non-polluted environments (Eisler, 2009). In addition, during the depuration period, we
estimated an average dietary Zn input of approx. 15e20 mg g1 dry
wt per ﬁsh based on the stable Zn concentration in pellet and daily
food eaten by each ﬁsh. These values presumably satisﬁed the daily
Zn requirements for ﬁsh (Antony Jesu Prabhu et al., 2016). Since the
Zn intake is not in excess, we therefore assumed that it is stored in
ﬁsh tissues without activation of any abnormal excretion mechanisms. This assumption is supported by the results of Experiment 2
where ﬁsh were single-fed or multi-fed with 65Zn radiolabeled
pellets without any effect on Zn long-term storage in ﬁsh.
Furthermore, a preliminary assessment of the relationship between
stable Zn ingested dose and the 65Zn stored in the different body
compartments was done for single-fed turbots from the Experiment 2 (Fig. 2) to determine if we reached a tipping point from a
physiological perspective. The linear relation observed indicates
that, even if the ingested dose of Zn can be multiplied by 3 for
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Table 1
Distribution (%) and concentration index (IC) of Zn calculated from the 7 body compartments of turbot exposed single time to different food items (Experiment 1) or fed one and
multiple times with compounded pellets (Experiment 2) or maintained under different pH and temperature conditions and single fed with shrimp (Experiment 3). Values are
means ± SD (n ¼ 4e5).
Compartments

Experiment 1 (n ¼ 5 for each condition)

Experiment 2 (n ¼ 5 for
each condition)

Experiment 3 (n ¼ 4 for each condition)

Crustacean
Distribution (%)
Digestive tract
7.97 ± 0.78
Head
28.12 ± 0.99
Gall bladder
0.40 ± 0.24
Liver
1.70 ± 0.73
Kidney
1.14 ± 0.44
Muscles
8.19 ± 1.33
Remaining tissuesa 52.48 ± 1.22
Concentration index (IC)
Digestive tract
1.35 ± 0.22
Head
1.40 ± 0.06
Gall bladder
3.01 ± 2.20
Liver
1.79 ± 0.78
Kidney
3.70 ± 1.02
Muscles
0.39 ± 0.06
Remaining tissuesa 1.02 ± 0.03

Polychaete

Single-fed

Multi-fed

pH 7.5 at 17  C

pH 7.5 at 20  C

pH 8.0 at 17  C

pH 8.0 at 20  C

6.98 ± 0.71
32.74 ± 3.94
0.34 ± 0.13
2.51 ± 0.71
1.27 ± 0.65
8.16 ± 0.97
48.00 ± 3.65

8.78 ± 1.68
32.95 ± 1.50
0.10 ± 0.05
1.75 ± 0.67
0.96 ± 0.36
9.54 ± 0.88
45.92 ± 3.39

7.34 ± 1.20
30.64 ± 2.59
0.13 ± 0.07
2.01 ± 0.41
1.26 ± 0.15
11.24 ± 1.90
47.44 ± 4.37

6.67 ± 1.41
29.70 ± 1.10
0.82 ± 0.28
2.76 ± 0.87
1.31 ± 0.12
9.87 ± 1.29
49.62 ± 2.22

10.16 ± 2.02
35.34 ± 2.48
0.35 ± 0.24
2.03 ± 0.24
1.31 ± 0.58
9.75 ± 0.59
41.15 ± 3.47

9.62 ± 1.42
35.11 ± 2.09
0.21 ± 0.07
1.33 ± 0.86
1.26 ± 0.65
8.94 ± 2.08
43.59 ± 1.99

9.22 ± 1.23
33.78 ± 5.83
0.36 ± 0.24
0.95 ± 0.28
1.56 ± 0.24
9.22 ± 1.30
45 ± 6.27

8.80 ± 0.46
36.23 ± 2.06
0.11 ± 0.00
1.55 ± 0.75
1.26 ± 0.69
10.13 ± 0.95
41.96 ± 1.80

1.75 ± 0.16
1.39 ± 0.08
2.82 ± 1.43
2.13 ± 0.56
3.7 ± 1.44
0.44 ± 0.06
1.04 ± 0.05

1.67
1.25
2.03
2.80
3.78
0.42
1.04

±
±
±
±
±
±
±

0.38
0.05
0.44
0.27
0.67
0.03
0.06

2.34
1.27
1.70
2.59
2.98
0.39
1.08

±
±
±
±
±
±
±

0.62
0.04
0.37
0.33
0.52
0.04
0.04

2.36
1.30
1.82
2.44
2.87
0.48
0.98

±
±
±
±
±
±
±

0.42
0.08
0.28
0.33
0.47
0.04
0.05

2.87
1.26
1.93
3.48
4.64
0.49
0.87

±
±
±
±
±
±
±

0.66
0.06
1.15
1.05
1.04
0.02
0.06

2.76
1.27
1.87
2.18
3.96
0.45
0.91

±
±
±
±
±
±
±

0.23
0.12
0.22
0.86
1.69
0.09
0.05

2.82
1.15
2.22
2.66
4.26
0.44
1.00

±
±
±
±
±
±
±

0.56
0.20
2.03
1.46
0.63
0.04
0.20

2.82
1.19
1.90
3.62
3.61
0.51
0.92

±
±
±
±
±
±
±

0.09
0.07
0.10
1.11
1.06
0.04
0.05

The remaining tissues included remaining skin, skeleton, ﬁns, heart and muscle residues.
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Fig. 2. Relationship between the estimated Zn ingested by ﬁsh (mg) and 65Zn stored in each body compartments (Bq g1 wet wt) for the ﬁve single-fed turbot from the Experiment
2.

juvenile turbots, there is no visible saturation of the 65Zn burden in
the body compartments.
It is however important to keep in mind that, at higher Zn

concentrations in food, the uptake and excretion pathways of Zn
may be impacted (Bury et al., 2003). Furthermore, at high Zn concentrations, an increase in synthesis of metallothioneins, active
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metal transporters, may be observed (Zhang and Wang, 2005).
These physiological changes may affect the distribution and concentration of Zn in body compartments and further investigations
are needed to clarify this point.
Concerning the potential effects of abiotic factors on Zn trophic
transfer in ﬁsh, very few studies have been done to date with
salinity (Ni et al., 2005), pH (Jacob et al., 2017), temperature (Van
Campenhout et al., 2007), pH and temperature (Pouil et al., in
press) as inﬂuencing factors. Although some of these studies have
highlighted signiﬁcant effects of these parameters on Zn trophic
transfer (Van Campenhout et al., 2007; Pouil et al., in press), to the
best of our knowledge, only one study considered the potential
effects of such parameters (i.e. salinity, Ni et al., 2005) on dietary Zn
organotropism. These authors showed that, when the intertidal
mudskipper Periophthalmus cantonensis was exposed to dietary Zn
through a single-feeding at different salinities, Zn body distribution
after a 2-d depuration period was not affected. In the present study,
we showed that water pH and temperature, either considered
separately or in combination, have no signiﬁcant effect on Zn
organotropism (Table 1). The body distribution of this essential
element is governed in ﬁsh by homeostatic regulation (Hogstrand,
2011). The ability of ﬁsh to regulate themselves their acid-base
balance and their osmolality (Brauner et al., 2004; Kültz, 2015)
can explained that, in the range of pH and temperature values
presently used, there is no disturbance of Zn homeostasis, and by
extension, no change in the Zn organotropism. Nevertheless, in the
context of global change, local important variations of such abiotic
stressors can occur, especially in coastal areas and further investigations are needed to explore the dietary trace element
organotropism in ﬁsh under a larger range of pH and temperature
values.
In summary, this study revealed no statistically signiﬁcant effect
of food quality, feeding frequency, and water pH and temperature
in Zn organotropism of juvenile turbot. The concentration index (IC)
values, indicate that, when Zn was provided by food, digestive tract
played a major role in the long-term storage of this element as well
as kidney and gall bladder. We also suspected a non-negligible role
of gills for Zn excretion as shown by others (Hardy et al., 1987) but
we were not able to prove it. Because metal concentrations in
surrounded environment are likely to affect their body concentration (Le Pabic et al., 2015), further investigations are needed to
study the inﬂuence of this parameter on Zn organotropism.
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