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a b s t r a c t
The impacts of climate change on seafood quality, safety and human health are still unknown. The present study
investigated the effect of warming on fatty acids and elements content in two tissues (muscle and liver) of the
relevant commercial seabass species (Dicentrarchus labrax). After exposing ﬁsh to increased seawater temperature for a period of 60 days, higher saturated fatty acid (SFA) levels were observed in ﬁsh muscle (2.16% increase); whereas lower SFA levels were observed in ﬁsh liver (5.42% decrease). On the other hand,
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) contents decreased in both muscle
(1.77% and 0.39%, respectively) and liver (10.54% and 8.11%, respectively) of ﬁsh subjected to warmer conditions.
Additionally, warming promoted changes in ﬁsh elemental proﬁles, leading to signiﬁcantly higher levels of Cl in
the muscle and lower levels of Rb in the liver. Overall, data showed that fatty acids and elemental contents were
affected by temperature, though representing small implications to human health. Moreover, this preliminary
study highlights the importance of conducting further seafood risk-beneﬁt assessments under climate change
contexts.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
The regular consumption of seafood has been associated with a reduction of chronic health hazards, such as cardiovascular diseases, diabetes, obesity and cancer (Lund, 2013). This is mostly due to the fact
that seafood is an excellent source of essential nutrients, including polyunsaturated fatty acids, amino acids, vitamins and minerals (EFSA Panel,
2015). Among these nutrients, omega-3 long chain polyunsaturated
fatty acids (n − 3-PUFA), selenium and iodine are recognized as beneﬁcial to human health, playing important roles in the prevention and
treatment of chronic diseases (Ali Gökçe, Tasbozan, Çelik, & Tabakoglu,
2004). Nevertheless, seafood nutritional composition is affected by endogenous (e.g. genetics, ﬁsh maturity) and exogenous factors (e.g. temperature and salinity variations, feed composition and availability)
(Lund, 2013).
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Despite being ectothermic species, ﬁsh and shellﬁsh are able to
adapt to temperature variations with efﬁcient physiological processes
and biochemical reactions. Nonetheless, water temperature can considerably affect their metabolism, development and growth (Akhtar, Pal,
Sahu, Ciji, & Mahanta, 2014). On the other hand, increased temperatures
enhance vertical stratiﬁcation and reduce vertical mixing, as well as nutrient ﬂuxes into upper depths, limiting primary production and
inﬂuencing food web diversity and composition with unpredictable
consequences for seafood composition (Gruber, 2011; Lewandowska
et al., 2014).
Essential elements are obtained from the surrounding environment
and, therefore, hydrologic changes affecting the chemical properties of
water, such as temperature increase, can affect their speciation (i.e.
iron and nitrate), availability and accumulation in aquatic organisms
(Moore et al., 2013). Moreover, the biosynthesis of fatty acids is dependent on the type of feed. Changes in feed composition can strongly affect
the nutritional composition of organisms from higher trophic levels
(Farkas, Csengeria, Majorosa, & Oláha, 1980).
Over the past century, evidences of global warming have been gathered, leading researchers to forecast the consequences of such scenario
to both ecosystems and society (IPCC, 2014). According to recent projections and considering the highest gas emissions scenarios, global seawater surface temperature is likely to rise further 2.6 to 4.8 °C during the
21st century (IPCC, 2014). An increase of a few degrees in the
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atmospheric temperature can raise seawater temperature affecting its
physical and chemical properties and nutrient ﬂux (Brierley &
Kingsford, 2009; Roessig, Woodley, Cech, & Hansen, 2004). Additionally,
warming conditions generally lead to changes in marine organisms
physiological processes, including elevated metabolic and respiratory
rates and subsequently increased energy requirements (Doney et al.,
2012).
Despite the impacts of global warming on human and animal health
and welfare is a topic widely debated, the consequences to seafood
quality, safety, processing, transport and trading have not yet received
such attention. Approximately 17% of the world's population (about
1.2 billion people) depends on seafood as a source of protein and essential nutrients, income or family stability. With the increase of world population and the subsequent expected increase in seafood consumption,
ﬁsheries and aquaculture are very important sectors for human nutrition. Fish proteins represent a crucial nutritional component in densely
populated countries with low protein intake levels (FAO, 2014). The implications of global warming for aquaculture are expected to vary with
the production system, farmed species and country/region (Rosa,
Marques, & Nunes, 2012). Among the high-value species produced in
marine systems, the European seabass (Dicentrarchus labrax) and
gilthead seabream (Sparus aurata) are the most valuable and highly
consumed ﬁsh species in European Mediterranean and South Atlantic
coastal areas (FAO, 2014). Yet, warming impacts are expected to especially affect the Mediterranean, which is one of the most oligotrophic
seas in the world and also a region where the aquaculture sector is extremely relevant (Rosa et al., 2012).
Climate change impacts on seafood quality, safety and human health
is the future challenge for the scientiﬁc community, as well as for governmental and health authorities, to ensure the availability of high quality seafood for consumers in the ocean of tomorrow. However, the effect
of warming on seafood nutritional quality is not yet fully understood. In
this context, the main goal of the present study is to assess the effects of
warming on the nutritional quality of Dicentrarchus labrax (used as a
model organism), based on fatty acid and elements composition.
2. Material and methods
2.1. Experiment design and sampling
Juvenile seabass (Dicentrarchus labrax) specimens reared at IPMA
aquaculture pilot station (Olhão, Portugal) were kept in six ﬁberglass
tanks (~100 L each, 35 animals per tank) with independent water recirculation, temperature and pH control, refrigeration, protein skimmers,
UV and biological ﬁltration systems. Fish faeces were daily removed
and seawater was partially replaced (around 20%) to maintain water
−
−
quality. Ammonia (NH3/NH+
4 ), nitrite (NO2 ) and nitrate (NO3 ) concentrations were daily checked, being kept bellow 0.05 mg L−1,
0.20 mg L−1 and 2.0 mg L−1, respectively. Specimens were acclimated
for 30 days in aerated seawater (dissolved O2 N 5 mg L−1) at 18 °C,
pH 8.0, 35‰ salinity, and 12 h, 12 h photoperiod. In the following four
days, seawater temperature was slowly raised (1 °C per day) until
reaching 22 °C in tanks corresponding to seawater warming treatments,
to allow specimens to acclimate at this temperature before starting the
trials. Mortality during acclimation was below 1%. The experiment
consisted in two treatments, where animals were maintained during
60 days: A) animals subjected to the current temperature conditions
used in seabass rearing (same parameters used during acclimation, i.e.
18 °C) in three independent replicate tanks; and B), animals subjected
to simulated seawater warming conditions (22 °C, i.e. +4 °C according
to IPCC, 2014) in three independent replicate tanks (Fig. 1).
During acclimation and experimental periods, juvenile seabass specimens were fed with 2% of the average body weight, (divided in three
portions per day) with a ﬁsh diet (Table 1) manufactured by SPAROS,
Lda (Olhão, Portugal) considering the nutritional requirements of
these specimens.

Forty-ﬁve specimens were randomly sampled from each temperature at days 0, 30 and 60 (Fig. 1). In each temperature, three replicate
tanks were used, and in each sampling day ﬁve specimens were collected from each tank. Fish trials were conducted in accordance with legal
regulations (EU 147 Directive 2010/63). Fish were euthanized by decapitation, biometric data (weight and total length) was registered (Table
2) and liver and muscle (without skin) were dissected. The tissue samples were immediately frozen at − 80 °C and freeze-dried at − 50 °C,
10−1 atm of vacuum pressure, for 48 h (Power Dry 150 LL3000, Heto,
Czech Republic), homogenized and kept at −80 °C until further analysis. The tissues were analysed individually, i.e. ﬁfteen individual samples
of each tissue were analysed in each sampling day per temperature.
2.2. Fatty acid analysis
Fatty acid methyl esters (FAMEs) were performed in ﬁsh muscle and
liver samples according to Cohen, Vonshak, and Richmond (1988) protocol. Brieﬂy, FAMEs of total lipids were prepared through acidcatalysed transesteriﬁcation. Each sample (approximately 300 mg of
freeze dried muscle or 50 mg of freeze dried liver) was dissolved in
5 mL acetyl chloride,methanol (1:19 v/v, Merck, Darmstadt, Germany),
shaken and heated till 80 °C during 1 h. After cooling at room temperature, 1 mL Milli-Q distilled water and 2 mL n-heptane (99.5%, Merck,
Darmstadt, Germany) were added to each sample. Afterwards, samples
were shaken and centrifuged (2300g, 5 min, 5 °C, Sigma 3 K30, Germany) to enable phase separation. Moisture content of the upper phase
was removed with anhydrous sodium sulphate (99.0%, Panreac, Darmstadt, Germany) and 2 μL aliquot of the upper phase was collected and
injected onto a gas chromatograph (Varian Star 3800 Cp, Walnut
Creek, CA, USA) equipped with an auto sampler and ﬁtted in a ﬂame
ionisation detector at 250 °C for FAME analysis. The separation of fatty
acids was carried out with helium as carrier gas at a ﬂow rate of
1 mL min−1, in a capillary column DB-Wax (30 m length × 0.32 mm internal diameter, 0.25 μm ﬁlm thickness, Hewlett Packard, Albertville,
MN, USA) programmed to start at 180 °C, held for 5 min, then raised
to 220 °C at 4 °C min−1, and maintained at 220 °C for 25 min, with the
detector and split injector set at 250 °C. Fatty acid methyl esters were
identiﬁed by retention time comparison with those of Sigma-Aldrich
standards (St. Louis, MA, USA). Quantitative data were calculated
using the peak area ratio (% of total fatty acids, FA).
Accuracy was checked through the analysis of certiﬁed biological
material, i.e., beef pork fat blend (Institute for Reference Materials and
Measurement, Belgium). To assess possible human health implications,
the atherogenic (Ai) and thrombogenic (Ti) indices were calculated according to the following equations of Ulbricht and Southgate (1991): Ai
= [12:0 + (4 × 14:0) + 16:0] / [ΣMUFA + ΣPUFA (n − 6) + (n − 3)], Ti
= (14:0 + 16:0 + 18:0) / [(0.5 × ΣMUFA) + (0.5 × ΣPUFA (n − 6)) +
(3 × ΣPUFA (n − 3)) + (n − 3) / (n − 6)]. Also, the
hypocholesterolemic/hypercholesterolemic index was evaluated according to Santos-Silva, Bessa, and Santos-Silva (2002): h/H = (18:1n
− 9 + 18:2n − 6 + 20:4n − 6 + 18:3n − 3 + 20:5n − 3 + 22:5n
− 3 + 22:6n − 3) / (14:0 + 16:0).
2.3. Essential elements
Energy dispersive X-ray ﬂuorescence (EDXRF, EXTRA II A, Atomika
Instruments, Temple, Arizona, USA) was used to quantify the following
elements: sulphur (S), chloride (Cl), potassium (K), calcium (Ca), iron
(Fe), zinc (Zn), copper (Cu), arsenic (As), bromide (Br), rubidium (Rb)
and strontium (Sr). The EDXRF technique consists of an X-ray tube
equipped with a molybdenum secondary exciter. The characteristic radiations emitted by the elements in the sample were detected by a lithium drifted silicon [Si (Li)] detector, with a 30 mm2 active area and
8 mm beryllium window. The energy resolution was 135 eV at 5.9 keV
and the acquisition system was a Nucleus PCA card. Quantitative calculations were made by the fundamental parameters method (Custódio,
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Fig. 1. Experimental design. The experiment consisted in two treatments: A (18 °C) and B (22 °C), where animals were maintained during 60 days. For each treatment, 35 specimens were
maintained in three independent replicate tanks (replicate 1, 2 and 3) in aerated seawater (dissolved O2 N 5 mg L−1) at pH 8.0, 35‰ salinity, and a 12 h: 12 h photoperiod. At days 0, 30 and
60, a total of ﬁfteen ﬁsh (ﬁve ﬁsh per replicate tank) were randomly sampled.

Carvalho, & Nunes, 2003). The X-ray generator was operated at 50 kV,
20 mA 1000 s acquisition time. For each tissue, freeze dried samples
were homogenized with a grinder (approximately 1 g) and pressed
into pellets of 2 cm diameter without any chemical treatment, glued
on sample holders, covered with Mylar ﬁlms, and placed directly in
the X-ray beam. The certiﬁed biological material used to check the
EDXRF method accuracy was oyster tissues (SRM 1566, United States
National Bureau of Standards), freeze-dried animal blood (IAEA-A-13,
International Atomic Energy Agency, Viena, Austria) and orchard leaves
(SRM 1571, United States National Bureau of Standards, Maryland,
USA).

Smirnov and Levene's tests, respectively. Whenever data (or transformed data) still did not meet ANOVA assumptions, the non − parametric Mann–Whitney U test was used instead. Subsequently, posthoc tests (Unequal N HSD) or non-parametric multiple comparison
tests were performed. Statistical analysis was performed at a signiﬁcance level of 0.05, using the STATISTICA™ software (Version 7.0,
StatSoft Inc., Tulsa, Oklahoma, USA).

2.4. Statistical analysis

The fatty acid composition of muscle and liver of D. labrax reared at
18 °C and 22 °C was compared throughout the sampling period. The
most relevant saturated fatty acids (SFA) in both tissues were myristic
(MA, 14:0), palmitic (PA, 16:0) and stearic (SA, 18:0) acids (Fig. 2),
being PA the prevailing SFA. Overall, the levels of SFA levels in muscle
and liver did not reveal signiﬁcant differences between 22 °C and 18
°C (Fig. 2). Only signiﬁcantly higher MA levels were registered at day
60 in muscle and liver of ﬁsh reared at 22 °C (Fig. 2B). During exposure

Results were expressed as mean values ± standard deviation (SD).
The t-Student's test was employed to test signiﬁcant differences between temperatures. Additionally, one-way analysis of variance
(ANOVA) was performed to detect signiﬁcant differences in fatty acid
and element contents throughout time. First, data were analysed for
normality and variance homoscedasticity through Kolmogorov–

3. Results
3.1. Inﬂuence of warming on fatty acid proﬁle
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Table 1
Nutritional composition of manufactured diet used in the
experiment.
Diet composition

%

Fishmeal LT70a
Fishmeal 60b
Fish solubles concentratec
Soy protein concentrated
Wheat glutene
Corn glutenf
Soybean meal 48g
Wheat meal
Whole peãs
Fish oilh
Vitamin and mineral premixi
Dry matter (DM), %
Crude protein, %DM
Crude fat, %DM
Ash, %DM

28.0
20.0
2.5
5.0
5.5
5.0
9.0
5.5
5.0
13.5
1.0
94.3
51.7
18.9
9.6

a
Peruvian ﬁshmeal LT, 71% crude protein (CP), 11% crude fat (CF),
EXALMAR, Peru.
b
Fair Average Quality (FAQ) ﬁshmeal, 62% CP, 12% CF, COFACO,
Portugal.
c
CPSP 90, 84% CP, 12% CF, Sopropêche, France.
d
Soycomil P, 65% CP, 0.8% CF, ADM, The Netherlands.
e
VITEN, 85.7% CP, 1.3% CF, ROQUETTE, France.
f
Corn gluten feed, 61% CP, 6% CF, COPAM, Portugal.
g
Solvent extracted dehulled soybean meal, 47% CP, 2.6% CF,
SORGAL SA, Portugal.
h
COPPENS International, The Netherlands.
i
Premix for marine ﬁsh, PREMIX Lda, Portugal. Vitamins (IU or
mg kg−1 diet), DL-alpha tocopherol acetate, 100 mg; sodium menadione bisulphate, 25 mg; retinyl acetate, 20,000 IU; DL-cholecalciferol,
2000 IU; thiamin, 30 mg; riboﬂavin, 30 mg; pyridoxine, 20 mg; cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg; ascorbic acid, 1000 mg; inositol, 500 mg; biotin, 3 mg; calcium
panthotenate, 100 mg; choline chloride, 1000 mg, betaine, 500 mg.
Minerals (g or mg kg−1 diet), cobalt carbonate, 0.65 mg; copper sulphate, 9 mg; ferric sulphate, 6 mg; potassium iodide, 0.5 mg; manganese oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc sulphate, 7.5 mg;
sodium chloride, 400 mg; calcium carbonate, 1.86 g; excipient wheat
middlings.

to warmer conditions, SFA content signiﬁcantly increased in muscle at
22 °C, but not at 18 °C. In contrast, signiﬁcantly lower SFA levels were
found at day 60 in liver at both temperatures (Fig. 2A). Similarly, MA
content signiﬁcantly increased in muscle during exposure at both temperatures and signiﬁcantly decreased in liver at 18 °C (Fig. 2B). PA content also signiﬁcantly decreased in liver at both temperatures (Fig. 2C),
but did not signiﬁcantly varied in muscle. In contrast, SA content significantly decreased at 22 °C in muscle and signiﬁcantly increased at the
same temperature in liver, whereas no statistical differences were
found in both tissues at 18 °C (Fig. 2D).
Regarding monounsaturated fatty acids (MUFA), oleic acid (OA,
18:1n − 9) was the most relevant fatty acid in muscle and liver. With
some exceptions, OA levels were generally higher at 18 °C than at 22
°C in both tissues (Fig. 3). However, signiﬁcant differences were only
registered at day 60 for total MUFA and gadoleic acid (GA, 20:1n − 9)
in liver, with higher levels being found at 18 °C (Fig. 3A and E), and
for docosaenoic acid (DA, 22:1n − 11; Fig. 3F) and gadoleic acid (GA,
20:1n − 9) in muscle, with higher levels registered at 22 °C (Fig. 3E
and F). During the exposure period, total MUFA content signiﬁcantly
Table 2
Total length (cm) and weight (g) of sampled specimens (mean ± standard deviation; n
= 15) during the experiment.
Day

0
30
60

Treatment A (control – 18 °C)

Treatment B (warming – 22 °C)

Total length (cm)

Total weight (g)

Total length (cm)

Total weight (g)

13.08 ± 0.88
14.08 ± 0.16
14.93 ± 1.11

23.50 ± 6.78
33.86 ± 2.55
39.82 ± 6.26

13.02 ± 0.74
14.65 ± 0.85
15.02 ± 1.23

23.31 ± 5.40
39.16 ± 7.37
42.03 ± 10.54

decreased in liver at 22 °C, whereas no statistical variations were
found in muscle and in liver at 18 °C (Fig. 3A). The levels of palmitoleic
acid and heptadecenoic acid (PA + HA, 16:1n − 9 + 7), GA and DA signiﬁcantly increased in muscle during warming, whereas only DA levels
signiﬁcantly increased under normal conditions. On the other hand, OA
signiﬁcantly decreased in both tissues at both temperatures (Fig. 3D). As
far as liver is concerned, signiﬁcantly decreased levels were found for PA
+ HA (18 °C only, Fig. 3B), trans-vaccenic acid (VA, 18:1n − 7), and OA
(both temperatures, Fig. 3A, C and D). In contrast, DA levels signiﬁcantly
increased in liver at 22 °C (Fig. 3F).
Within polyunsaturated fatty acids (PUFA), linoleic acid (LA, 18:2n
− 6) was the most relevant fatty acid in both tissues, followed by
docosahexaenoic acid (DHA, 22:6n − 3), eicosapentaenoic acid (EPA,
22:5n − 3), α-linoleic acid (ALA, 18:3n − 3) and stearidonic acid
(SDA, 18:4n − 3). Overall, PUFA levels did not reveal statistical differences between temperatures in both tissues (Fig. 4A). Yet, signiﬁcant
differences were only registered at day 30 (EPA was higher in liver at
18 °C) and day 60 (EPA was higher in muscle at 22 °C, Σn − 6 in muscle
at 18 °C, LA, ALA, EPA, DHA, Σn − 3 and Σn − 6 in liver at 18 °C) (Fig. 4).
Overall, total PUFA content levels did not signiﬁcantly differed during
the exposure period in both tissues and temperatures between days 0
and 60. Nonetheless, LA, ALA and Σn − 6 signiﬁcantly decreased in
both tissues regardless of temperature (Fig. 4B, D and H, respectively).
In contrast, SDA signiﬁcantly increased in muscle at 18 °C and in both
tissues at 22 °C (Fig. 4C). Additionally, EPA and n − 3 levels signiﬁcantly
increased in muscle at 22 °C and in liver at 18 °C (Fig. 4E and G, respectively), whereas DHA content levels signiﬁcantly increased in liver at 18
°C (Fig. 4F). EPA + DHA levels were statistically lower in liver at day 60
under warming and control temperatures (Fig. 5A), whereas Σn − 3/Σn
− 6 ratio was signiﬁcantly higher at 22 °C in muscle (Fig. 5B). During the
exposure period, EPA + DHA ratio signiﬁcantly increased at 18 °C in
liver (Fig. 5A), whereas n − 3/n − 6 ratio signiﬁcantly increased (p b
0.05) in muscle at 22 °C, and in liver at both temperatures (Fig. 5B).
3.2. Inﬂuence of warming on macro and trace elements contents
Out of the eleven elements studied, K was the most abundant element in muscle and liver (Fig. 6). In general, elements contents were
lower in both tissues at 22 °C. Yet, signiﬁcantly lower levels were only
registered for S in muscle at 22 °C in day 30 (Fig. 6A) and in day 0 for
Cl and As (Fig. 6D and K, respectively). In contrast, Cl at day 60, Ca and
Sr at day 0 registered signiﬁcantly higher levels under warming (Fig.
6D, B and H, respectively). On the other hand, Sr and Rb registered signiﬁcantly increased levels in liver at 18 °C in days 60 and 30, respectively (Fig. 6H and J). Concerning the evolution of element levels in muscle
during the exposure period, a signiﬁcant decrease was registered at 18
°C (Cl and K) and at 22 °C (Sr and Ca). On the other hand, an increase
was registered at 18 °C (Sr and Ca) and at 22 °C (Zn and As). As far as
liver is concerned, a signiﬁcant decrease in element levels was found
at 18 °C (Ca and Sr) and at 22 °C (S, Ca, Cl, Sr, Fe and K), whereas an increase was found for Zn, Cu and Rb at 18 °C, and for Cu at 22 °C.
3.3. Inﬂuence of warming on D. labrax nutritional value
In general, the nutritional fatty acids indices increased in tissues
from ﬁsh exposed to warming (Table 3), though only signiﬁcantly for
EPA + DHA, Σn − 3, Σn − 3/Σn − 6 ratio and Ai. In contrast, Σn − 6
and h/H indices signiﬁcantly decreased at 22 °C, whereas no major
changes were registered for Ti. A portion of 100 g ﬁsh muscle represented 55% (at 18 °C) and 63% (at 22 °C) of the daily EPA + DHA adult needs,
and exceeded 100% of children EPA + DHA needs. As far as Σn − 3 is
concerned, 100 g of ﬁsh muscle represented 17% (18 °C) and 19% (22
°C) of the daily adult needs and 57% (18 °C) and 64% (22 °C) of the
daily children Σn − 3 needs. At last, Σn − 6 levels in 100 g portion represented around 1% and 3–4% (at both temperatures) of the daily recommended levels for adults and children, respectively.
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Fig. 2. Temperature effect in the most relevant saturated fatty acids (SFA) composition (% total fatty acids) in muscle and liver of European seabass (D. labrax): A) total SFA (ΣSFA); B)
myristicacid (MA; 14:0); C) palmitic acid (PA; 16:0); and D) stearic acid (SA; 18:0). Results are expressed as mean ± standard deviation. The asterisk indicates signiﬁcant differences
(p b 0.05) between temperatures (22 and 18 °C) at days 0, 30 or 60. For each tissue, different letters (capital letters for 22 °C; small letters for 18 °C) represent signiﬁcant differences
during the exposure period (p b 0.05). The absence of letters and asterisk mean no signiﬁcant difference.

Overall, results obtained for the studied elements were below the
range set for dietary reference values regardless of the exposure temperature (Table 3). Indeed, Cl, K, Ca and Fe represented 1–6% of the
daily recommended values set for adults and children for a 100 g portion of ﬁsh muscle. In contrast, a portion of 100 g ﬁsh muscle represented 19% (at 18 °C) and 14% (at 22 °C) of the daily Cu adults needs, and
39% (at 18 °C) and 29% (at 22 °C) of children Cu needs. As far as Zn is
concerned, 100 g of ﬁsh muscle reared at both temperatures represented 6–10% of the daily adults needs and 6–26% of the daily children Zn
needs.

4. Discussion
The present study reveals that warming conditions inﬂuence the
fatty acid (FA) and elemental composition of D. labrax in different
ways, depending on the tissue analysed.
The signiﬁcant increase of the sum of SFA in D. labrax muscle at
higher temperatures has also been highlighted in previous studies
with gold ﬁsh (Kemp & Smith, 1970), Cyprinus carpio (Farkas et al.,
1980), D. labrax (Skalli, Robin, Le Bayon, Le Delliou, & Person-Le Ruyet,
2006) and Tor putitora (Akhtar et al., 2014). Higher levels of SFA can result from lipogenic activity (Skalli et al., 2006). In warming conditions,
the metabolism of ﬁsh accelerates triggering higher lipogenic activity
and therefore higher SFA levels. On the other hand, decreased SFA levels
occurred in liver at both temperatures. SFA acid levels tend to decrease
in liver, as this organ is responsible for fatty acid synthesis and its distribution to other tissues (Skalli et al., 2006). Contrarily to previous studies
with ﬁsh species, namely T. putitora (Akhtar et al., 2014), D. labrax
(Skalli et al., 2006) and Solea solea (Ali Gökçe et al., 2004), where SA
(18:0) was the most abundant SFA and signiﬁcantly increased in muscle

at higher temperatures (T, putitora, S. solea and D. labrax) and in liver
and brain (D. labrax), in this study PA (16:0) was the prevailing SFA.
Similar ﬁndings were observed by Anacleto et al. (2014) in clam species.
PA is one of the main products of de novo synthesis in animals' tissues
and a FA heavily catabolized to generate metabolic energy in ﬁsh
(Anacleto et al., 2014; Tocher, 2003). Furthermore, ﬁsh growth is associated to higher amounts of PA (Tocher, 2003). In the current study,
SA levels increased in D. labrax liver at 22 °C (and no signiﬁcant changes
were observed over time at 18 °C), but decreased in muscle at 22 °C
(and no signiﬁcant changes were registered over time at 18 °C), whereas signiﬁcantly higher levels were only reported for MA (14:0) in both
tissues. From a human health point of view, these ﬁndings require
some attention, as MA and PA are associated with increased low density
lipoprotein (LDL) cholesterol, while SA has no known side effects associated (FAO, 2010).
The lower levels of MUFA registered in seabass liver under warming
conditions have also been reported in clams (Anacleto et al., 2014) and
T. putitora (Akhtar et al., 2014). SFA and MUFA are nutritionally important for energy purposes, as they are ready and easy to catabolize and
are rich substrates to produce energy (Sargent, McEvoy, & Bell, 1997).
Such MUFA reduction in liver was likely due to the strong decrease of
the most relevant MUFA, i.e. OA (18:1n − 9). Such decrease might be associated with the need of this fatty acid by ﬁsh to cope with its metabolic requirements in a warming context that is not compensated through
the diet. OA results from SA desaturation by delta 9-desnatuase in response to reduced environmental temperatures to maintain membrane
ﬂuidity (Tocher, 2003). In contrast, muscle MUFA content was not particularly affected during warming, since the decrease in OA was
counterbalanced by an increase in the remaining MUFA (e.g. PA + HA,
GA and DA). The highest amounts of PA + HA, GA and DA registered
in warming conditions can be associated with increased ﬁsh
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Fig. 3. Temperature effect in the main monounsaturated fatty acids (MUFA) composition (% total fatty acids) in muscle and liver of European seabass (D. labrax): A) total MUFA (ΣMUFA);
B) Palmitoleic acid and Heptadecenoic acid (PA + HA; 16:1n − 9 + 7); C) Trans-vaccenic acid (VA; 18:1n − 7); D) oleic acid (OA; 18:1n − 9); E) Gadoleic acid (GA; 20:1n − 9); and F)
Docosaenoic acid (DA; 22:1n − 11). Results are expressed as mean ± standard deviation. The asterisk indicates signiﬁcant differences (p b 0.05) between temperatures (22 and 18 °C) at
days 0, 30 or 60. For each tissue, different letters (capital letters for 22 °C; small letters for 18 °C) represent signiﬁcant differences during the exposure period (p b 0.05). The absence of
letters and asterisk mean no signiﬁcant difference.

metabolism, in which these MUFA are catabolized into energy for metabolic activities (Tocher, 2003). Conversely, previous studies reported
increased levels of OA in muscle of T. putitora (Akhtar et al., 2014), D.
labrax (Skalli et al., 2006) and S. solea (Ali Gökçe et al., 2004). It is important to highlight that OA is one of the main products for de novo synthesis of long-chain saturated and unsaturated fatty acids and have a
neutral effect on plasma low density lipoprotein cholesterol (LDL;
FAO, 2010). Furthermore, warming induced increased levels of GA and
DA in ﬁsh muscle. Despite the overall sum of PUFA were not affected
by warming conditions, temperature signiﬁcantly decreased LA (18:2n
− 6), ALA (18:3n − 3), EPA (20:5n − 3) and DHA (22:6n − 3) in the
liver, as well as an EPA (20:5n − 3) increase in the muscle. n − 3
PUFA has an important role for cell membrane structural and functional
purposes (Sargent et al., 1997), whereas n − 3 and n − 6 PUFAs biosynthesis depend on speciﬁc enzymes that occur in the liver, specially

elongases and desaturases that have lower activity in ﬁsh maintained
at higher temperatures (Tocher, Fonseca-Madrigal, Dick, Bell, &
Campbell, 2004). Furthermore, PUFA bioconversion in ﬁsh tissues is
promoted by lower temperatures (Norambuena, Morais, Emery, &
Turchini, 2015). Once again, liver was more affected by temperature
than muscle, as this organ plays a key role in fatty acids transformation
and distribution to other tissues. Lower levels of EPA and DHA in
warming conditions were previously reported by Ali Gökçe et al.
(2004) in S. solea, Skalli et al. (2006) in D. labrax, Akhtar et al. (2014)
in T. putitora and Anacleto et al. (2014) in Ruditapes decussatus and R.
philippinarum. Consequently, n − 3 and n − 6 PUFAs were signiﬁcantly
lower in liver in warming conditions. Similar effects were also reported
in previous studies (Akhtar et al., 2014; Ali Gökçe et al., 2004; Anacleto
et al., 2014; Skalli et al., 2006). However, warming induced increased
levels of EPA in ﬁsh muscle. PUFA are known to be the main components
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Fig. 4. Temperature effect in the main polyunsaturated fatty acids (PUFA) composition (% total fatty acids) in muscle and liver of European seabass (D. labrax): A) total PUFA (ΣPUFA); B)
linoleic acid (LA; 18:2n − 6); C) stearidonic acid (SDA; 18:4n − 3); D) α-linolenic (ALA; 18:3n − 3); E) eicosapentaenoic acid (EPA; 20:5n − 3); F) docosahexaenoic acid (DHA; 22:6n −
3); G) n − 3 polyunsaturated fatty acids (Σn − 3); and H) n − 6 polyunsaturated fatty acids (Σn − 6). Results are expressed as mean ± standard deviation. The asterisk indicates
signiﬁcant differences (p b 0.05) between temperatures (22 and 18 °C) at days 0, 30 or 60. For each tissue, different letters (capital letters for 22 °C; small letters for 18 °C) represent
signiﬁcant differences during the exposure period (p b 0.05). The absence of letters and asterisk mean no signiﬁcant difference.

of polar lipids in ﬁsh (Sargent, Bell, & Tocher, 2002), being essential to
ensure optimal membrane ﬂuidity and permeability in response to temperature variations. In warmer temperatures, the ﬂuidity of cell

membranes increases beyond the optimal level and to compensate
this negative effect, restructuration of cell membranes can occur
through changes in phospholipid, cholesterol and fatty acid (mainly
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Fig. 5. Temperature effect in the main fatty acids ratios (%) in muscle and liver of European seabass (D. labrax): A) EPA + DHA; and B) n − 3/n − 6 polyunsaturated fatty acids (n − 3/n −
6) ratios. Results are expressed as mean ± standard deviation. The asterisk indicates signiﬁcant differences (p b 0.05) between temperatures (22 and 18 °C) at days 0, 30 or 60. For each
tissue, different letters (capital letters for 22 °C; small letters for 18 °C) represent signiﬁcant differences during the exposure period (p b 0.05). The absence of letters and asterisk mean no
signiﬁcant difference.

PUFA) contents (Valles-Regino et al., 2015). It is also known that
warming conditions (thermal stress) can lead to oxidative stress in marine organisms, and PUFAs are the main target of reactive oxygen species (ROS) leading to lipid radical formation (Madeira, Narciso, Cabral,

Vinagre, & Diniz, 2013). Lipid peroxidation results in severe cellular injury, being directly linked to membrane ﬂuidity (Lessar, 2006). Higher
lipid unsaturation enhances lipid radical formation, further promoting
lipid peroxidation chain reactions (Abele & Puntarulo, 2004). Another

Fig. 6. Temperature effect in concentration of macro, trace and toxic elements per 100 g dry weight of European seabass (D. labrax) muscle and liver. Macro: A) sulphur (S); B) calcium
(Ca); C) chloride (Cl); and D) potassium (K). Trace: E) zinc (Zn); F) iron (Fe); G) copper (Cu); H) strontium (Sr); I) rubidium (Rb); and J) bromine (Br). Toxic: K) arsenic (As). Values
are presented as average ± standard deviation. The asterisk symbol indicates signiﬁcant differences at p b 0.05 between temperatures (22 and 18 °C). Different letters (capital letters
for 22 °C; small letters for 18 °C) represent signiﬁcant differences during the exposure period (p b 0.05). The absence of letters and asterisk mean no signiﬁcant difference.
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Table 3
Concentration of fatty acids nutritional indices for fatty acids, macro and trace elements of D. labrax muscle at two temperatures (18 °C and 22 °C) in the end of the exposure time (day 60)
and dietary reference values (DRV).
Source, EFSA Panel on Dietetic Products, Nutrition and Allergies (2010 and 2015).
Nutritional indices

Fatty acids
EPA + DHA
Σn − 3
Σn − 6
Σn − 3/n − 6
Ai
Ti
h/H
Elements
Cl
K
Ca
Fe
Cu
Zn
As

Day 60

(mg/100 g)
(mg/100 g)
(mg/100 g)

(mg/100
(mg/100
(mg/100
(mg/100
(mg/100
(mg/100
(mg/100

g)
g)
g)
g)
g)
g)
g)

Index

18 °C

22 °C

138 ± 14
187 ± 16
106 ± 12
1.42 ± 0.26
0.65 ± 0.00
0.34 ± 0.02
1.9 ± 0.05

158 ± 7⁎
211 ± 2⁎
83 ± 3⁎
2.54 ± 0.11⁎
0.74 ± 0.01⁎

34.7 ± 1.7
13.2 ± 0.9
39.6 ± 10.0
0.364 ± 0.027
0.133 ± 0.010
0.710 ± 0.009
0.306 ± 0.012

42.8 ± 1.2⁎
30.9 ± 9.1
24.9 ± 4.1⁎
0.259 ± 0.068⁎
0.099 ± 0.022
0.770 ± 0.024⁎

adults

children

AI
AI
AI

250a
1109
8869
NR
NR
NR
NR

100
331
2650

AI
AI
RDA
RDA
RDA
RDA

1800–2300 (2300)
4500–4700 (4700–5100)
1000–1300 (1000)
8–18 (9–27)
0.7–0.9 (1–1.3)
8-11 (11−12)
NR

1500–1900
1000–1200
700–1000
7–10
0.34–0.44
3–5

0.34 ± 0.02
1.07 ± 0.93⁎

0.305 ± 0.033

DRV (mg/day)

Values are presented as average ± standard deviation. Dietary reference values (DRV) are corresponding to Adequate Intake (ADI) and Recommended Dietary Allowances (RDA) for
adults (pregnancy and lactation between parenthesis) and young children (b8 years).
Ai = atherogenic index; Ti = thrombogenic index; h/H = hypocholesterolemic/hypercholesterolemic index; NR = No recommendation.
a
Pregnancy and lactation, 250 mg/day plus 100–200 mg per day DHA.
⁎ Signiﬁcant differences at p b 0.05 between temperatures (22 and 18 °C).

explanation for the fatty acids decrease with exposure to higher temperatures can be related to the higher energetic demand leading to
the use of fatty acids as an energy source for the adjustment of the organism to stressful situations (Anacleto et al., 2014). Nevertheless, the
effect of temperature in EPA and DHA levels also depends on the tissue.
Akhtar et al. (2014) also reported a drastic increase in EPA and DHA
levels in the muscle tissue of ﬁsh exposed to warmer temperatures.
Under stressful conditions, such as warming, higher levels of EPA improve ﬁsh growth, survival and tolerance to temperature variations
(Izquierdo, 2005). Moreover, EPA is an important regulator of eicosanoids synthesis, which are involved in a broad variety of physiological
functions (Sargent et al., 1997).
Both EPA and DHA are essential compounds for human health, and
seafood is the only food that naturally contains the required levels of
these fatty acids for human consumption (Larsen, Eilertsen, & Elvevoll,
2011). DHA is associated to brain and visual development, neuronal activity and reduction of LDL cholesterol concentrations in plasma
(Garaffo et al., 2011; Larsen et al., 2011). EPA, as precursor of n − 3
PUFAs, is the most important essential fatty acid in human diet
(Garaffo et al., 2011). In D. labrax muscle, EPA + DHA levels were higher
under warming conditions. Such changes, combined with the lower LA
levels in muscle, lead to signiﬁcantly higher Σn − 3/Σn − 6 ratios in
both tissues in warming conditions. Despite there is no recommended
intake value, previous evidences suggested an ideal ratio of 4,1
(HMSO, 1994). At both temperatures, D. labrax had n − 3/n − 6 ratio
within the suggested values. Moreover, seafood consumption of n − 3
PUFA is fundamental to prevent obesity, chronic inﬂammatory and cardiovascular diseases, whereas n − 6 PUFA is associated to vasoconstriction, blood viscosity and pro-inﬂammatory actions (Simopoulos, 2002).
Lower Ai, Ti and h/H indices are indicators of healthy food items for cardio-protective, antithrombogenic and hypocholesterolemic diets. In
general, Ai, Ti and h/H indices were low regardless of temperature and
did not signiﬁcantly varied with warming. Despite warming signiﬁcantly changed the levels of some fatty acids and altered the overall fatty
acid composition, the indices of fat quality suggest small implications
for human health with the consumption of D. labrax under the expected
global warming scenarios. Although, the improvement of D. labrax quality in terms of essential n − 3 PUFA (EPA and DHA) was acknowledged
in warmer conditions, it is important to highlight that Ai can increase.
On the other hand, possible implications from reduced lipid reserves

through the trophic levels can have implications in the long term viability of species (Valles-Regino et al., 2015).
Fish are also an important source of macro and trace elements, mainly iodine, selenium, zinc, calcium, phosphorus, iron and copper (EFSA,
2014). In general, elements decreased in warming conditions in muscle
(e.g. K, Ca and Sr) and liver (e.g. S, Ca, K, Cl, Fe, Sr). Only Zn (muscle), Cu
(liver) and As (muscle) revealed increased levels during warming.
Nonetheless, warming only triggered a signiﬁcant increase in Cl levels
in muscle and a reduction in Rb levels in the liver. Chloride is a macro
element with vital function to maintain the homeostasis and acid-base
balance in ﬁsh. Generally, higher water temperature, acidiﬁcation and
salinity variations are correlated with higher Cl levels (Lall, 2002).
Therefore, increased Cl levels can be related to osmotic and ionic regulation needs for adaptation in warming conditions. Concerning Rb, little
information is available regarding its distribution and concentration in
marine and freshwater organisms. However, Peters, Schultz, and
Newman (1999) also reported lower levels of Rb in Ictalurus punctatus
peripheral tissues at higher temperatures. Rb accumulation in ﬁsh depends on temperature and the decreased levels in liver can be explained
by the rapid depuration of this element at higher temperatures
(Campbell, Fisk, Wang, Köck, & Muir, 2005).
Regardless of temperature, essential element contents in D. labrax
muscle are in the range of recommended intake values. Even with the
signiﬁcant increase in Cl levels in warming conditions, the nutritional
quality of D. labrax was not improved substantially, since the levels
were well below the recommended values. The remaining studied elements did not suffer major changes. Furthermore, the levels of toxic elements that can represent hazards to human health (e.g. As) are low
even at increased temperatures. Currently, there are no maximum
levels (MLs) established for total As, since the most toxic form is the inorganic arsenic (iAs). However, EFSA (2014), established a benchmark
dose lower (BMDL01) of 0.3 μg/kg b.w. per day for an increased risk of
lung cancer, skin and bladder. On average, iAs comprises 0.1% to 3.5%
of the total arsenic in ﬁsh muscle (EFSA, 2009). Therefore, As levels observed in the present study for seabass do not represent a risk to human
health. Despite warming affected essential elements levels, D. labrax
high nutritional quality is not affected in a warming context, and thus
this species can still be considered as a good source of essential elements
for human health, contributing particularly with Cl, K and Ca. Future
studies should also include other essential elements like I and Se, since
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ﬁsh are also considered as a good source of these essential nutrients
with well-established health beneﬁts.
5. Conclusions
The results of this study show that warming conditions can affect the
chemical composition of D. labrax. Nevertheless, changes in the overall
fatty acid composition are not only dependent on the exposed temperature, but also on the analysed tissue. Muscle and liver revealed a downward pattern for most fatty acids under warming conditions. In a
warming environment, the increase of SFA can be considered as a negative effect due to the association with increased blood cholesterol
levels. In opposition, the increase of n − 3 PUFA levels, mainly EPA, reinforce the high nutritional quality of D. labrax for human health. Furthermore, the indices of fat quality, such as Σn − 3/Σn − 6 ratio, Ai, Ti
and h/H were maintained at appropriate levels even in warmer conditions, indicating that D. labrax can still be consumed as a nutritious seafood item with low implications to human health. In general, the
concentration of the main essential elements decreased in warming
conditions. Yet, the consumption of D. labrax in a warming context can
still be promoted, as it is still a good source of macro and trace elements,
mainly Cl, K and Ca. Nevertheless, further research is still needed to understand the impact of other climate change effects (e.g. acidiﬁcation
and hypoxia in combination with warming) in the nutritional quality
of seafood, mainly n − 3 and n − 6 PUFA and essential elements, also
including other essential nutrients (e.g. iodine and selenium).
Acknowledgements
The research leading to these results has received funding from the
European Union Seventh Framework Programme (FP7/2007–2013) under the ECsafeSEAFOOD project (grant agreement no 311820). Sparos,
Lda, team for preparing the ﬁsh feed. IPMA DivAV team from Olhão
(aquaculture facilities) for providing the juvenile seabass for the trials.
The Portuguese Foundation for Science and Technology (FCT) supported
the contract of RR and AM in the framework of the IF2013 and IF2014
program, as well as the PhD Grant of ALM (SFRH/BD/103569/2014)
and the Post-Doc Grant of PA (SFRH/BPD/100728/2014).
References
Abele, D., & Puntarulo, S. (2004). Formation of reactive species and induction of antioxidant defence systems in polar and temperate marine invertebrates and ﬁsh.
Comparative Biochemistry and Physiology, Part A, 138, 405–415.
Akhtar, M. S., Pal, A. K., Sahu, N. P., Ciji, A., & Mahanta, P. C. (2014). Higher acclimation
temperature modulates the composition of muscle fatty acid of Tor putitora juveniles.
Weather and Climate Extremes, 4, 19–21.
Ali Gökçe, M., Tasbozan, O., Çelik, M., & Tabakoglu, S. (2004). Seasonal variations in proximate and fatty acid compositions of female common sole (Solea solea). Food
Chemistry, 88, 419–423.
Anacleto, P., Maulvault, A. L., Bandarra, N. M., Repolho, T., Nunes, M. L., Rosa, R., &
Marques, A. (2014). Effect of warming on protein, glycogen and fatty acid content
of native and invasive clams. Food Research International, 64, 439–445.
Brierley, A. S., & Kingsford, M. J. (2009). Impacts of climate change on marine organisms
and ecosystems. Current Biology, 19, R602–R614.
Campbell, L. M., Fisk, A. T., Wang, X., Köck, G., & Muir, D. C. G. (2005). Evidence for
biomagniﬁcation of rubidium in freshwater and marine food webs. Canadian
Journal of Fisheries and Aquatic Sciences, 62, 1161–1167.
Cohen, Z., Vonshak, A., & Richmond, A. (1988). Effect of environmental conditions on fatty
acid composition of the red algae Porphyridium cruentum, correlation to growth rate.
Journal of Phycology, 24, 328–332.
Custódio, P., Carvalho, M. L., & Nunes, F. (2003). Trace elements determination by energy
dispersive X-ray ﬂuorescence (EDXRF) in human placenta and membrane, a comparative study. Analytical and Bioanalytical Chemistry, 375(8), 1101–1106.
Doney, S. C., Ruckelshaus, M., Duffy, J. E., Barry, J. P., Chan, F., English, C. A., ... Talley, L. D.
(2012). Climate Change Impacts on Marine Ecosystems Annual Review of Marine
Science, 4, 11–37.
EFSA (2009). EFSA panel on contaminants in the food chain (CONTAM), scientiﬁc opinion
on arsenic in food. EFSA Journal, 7(10), 1351 (199 pp).
EFSA (2010). EFSA panel on dietetic products, nutrition, and allergies, scientiﬁc opinion
on dietary reference values for fats, including saturated fatty acids, polyunsaturated
fatty acids, monounsaturated fatty acids, trans fatty acids, and cholesterol. EFSA
Journal, 8(3), 1461 (107 pp).

EFSA (2014). EFSA European Food Safety Authority, dietary exposure to inorganic arsenic
in the European population. EFSA Journal, 12(3), 3597 (68 pp).
EFSA (2015). EFSA panel on dietetic products, nutrition and allergies, scientiﬁc opinion on
dietary reference values for copper. EFSA Journal, 13(10), 4253 (51 pp).
EU 147 Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientiﬁc purposes. Ofﬁcial Journal
of the European Union, L 276, 33–79 pp.
FAO (2010). Fats and fatty acids in human nutrition. Report of an expert consultation.
Rome: Food and Agriculture Organization of the United nations (180p).
FAO (2014). The state of world ﬁsheries and aquaculture, 2014. FAO Fisheries and Aquaculture Department: Rome (243 p).
Farkas, T., Csengeria, I., Majorosa, F., & Oláha, J. (1980). Metabolism of fatty acids in ﬁsh, III.
Combined effect of environmental temperature and diet on formation and deposition
of fatty acids in the carp, Cyprinus carpio Linnaeus 1758. Aquaculture, 20(1), 29–40.
Garaffo, M., Vassallo-Agius, R., Nengas, Y., Lembo, E., Rando, R., Maisano, R., ... Giuffrida, D.
(2011). Fatty acids proﬁle, atherogenic (IA) and thrombogenic (IT) health lipid indices, of raw roe of blue ﬁn tuna (Thunnus thynnus L.) and their salted product
“bottarga”. Food and Nutrition Sciences, 2, 736–743.
Gruber, N. (2011). Warming up, turning sour, losing breath, ocean biogeochemistry under
global change. Philosophical Transactions of the Royal Society A, 369, 1980–1996.
HMSO (1994). Nutritional aspects of cardiovascular disease, report on health and social
subjects. Committee of medical aspects of food policy. 46. Department of Health, London,
UK: HMSO.
IPCC (2014). Climate change 2014, synthesis report. Contribution of Working Groups I, II
and III to the ﬁfth assessment report of the Intergovernmental Panel on Climate Change
[Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. Geneva, Switzerland: IPCC
(151 pp).
Izquierdo, M. (2005). Essential fatty acid requirements in Mediterranean ﬁsh species. In
D. Montero, B. Basurco, I. Nengas, M. Alexis, & M. Izquierdo (Eds.), Mediterranean Fish
Nutrition (pp. 91–102). Zaragoza: CIHEAM.
Kemp, P., & Smith, M. W. (1970). Effect of temperature acclimatization on the fatty acid
composition of gold ﬁsh intestinal lipids. Biochemistry Journal, 117, 5.
Lall, S. P. (2002). The minerals. In J. E. Halver, & R. W. Hardy (Eds.), Fish Nutrition
(pp. 259–308) (3rd ed.) (Chapter 5).
Larsen, R., Eilertsen, K. -E., & Elvevoll, E. (2011). Health beneﬁts of marine foods and ingredients. Biotechnology Advances, 29, 508–518.
Lessar, M. (2006). Oxidative stress in marine environments, biochemistry and physiological ecology. Annual Review of Physiology, 68, 253–278.
Lewandowska, A. M., Boyce, D. G., Hofmann, M., Matthiessen, B., Sommer, U., & Worm,
B. (2014). Effects of sea surface warming on marine plankton. Ecology Letters, 17,
614–623.
Lund, E. (2013). Health beneﬁts of seafood, is it just the fatty acids? Food Chemistry., 140,
413–420.
Madeira, D., Narciso, L., Cabral, H. N., Vinagre, C., & Diniz, M. S. (2013). Inﬂuence of temperature in thermal and oxidative stress responses in estuarine ﬁsh. Comparative
Biochemistry and Physiology, Part A, 166, 237–243.
Moore, C. M., Mills, M. M., Arrigo, K. R., Berman-Frank, I., Bopp, L., Boyd, P. W., ... Ulloa,
O. (2013). Processes and patterns of oceanic nutrient limitation. Nature Geoscience, 6,
701–710.
Norambuena, F., Morais, S., Emery, J. A., & Turchini, G. M. (2015). Arachidonic acid and
Eicosapentaenoic acid metabolism in juvenile Atlantic salmon as affected by water
temperature. PloS One, 10(11), e0143622.
Peters, E. L., Schultz, I. R., & Newman, M. C. (1999). Rubidium and cesium kinetics and
tissue distributions in channel catﬁsh (Ictalurus punctatus). Ecotoxicology, 8, 287–300.
Roessig, J. M., Woodley, C. M., Cech, J. J., Jr., & Hansen, L. J. (2004). Effects of global climate change on marine and estuarine ﬁshes and ﬁsheries. Reviews in Fish Biology and
Fisheries, 14, 251–275.
Rosa, R., Marques, A., & Nunes, M. L. (2012). Impact of climate change in Mediterranean
aquaculture. Reviews in Aquaculture, 4, 163–177.
Santos-Silva, J., Bessa, R. J. B., & Santos-Silva, F. (2002). Effect of genotype, feeding and
slaughter weight on the quality of light lambs II. Fatty acid composition of meat.
Livestock Production Science, 77, 187–194.
Sargent, J. R., Bell, M. V., & Tocher, D. R. (2002). Chapter 4. The lipids. In J. E. Halver, & R.
W. Hardy (Eds.), Fish Nutrition (pp. 181–267) (3rd ed.).
Sargent, J. R., McEvoy, L. A., & Bell, J. G. (1997). Requirements, presentation and sources
of polyunsaturated fatty acids in marine ﬁsh larval feeds. Aquaculture, 155, 117–127.
Simopoulos, A. P. (2002). The importance of the ratio of omega-6/omega-3 essential fatty
acids. Biomedicine & Pharmacotherapy, 56, 365–379.
Skalli, A., Robin, J. H., Le Bayon, N., Le Delliou, H., & Person-Le Ruyet, J. (2006). Impact of
essential fatty acid deﬁciency and temperature on tissues' fatty acid composition of
European seabass (Dicentrarchus labrax). Aquaculture, 255, 223–232.
Tocher, D. R. (2003). Metabolism and functions of lipids and fatty acids in teleost ﬁsh.
Reviews in Fisheries Science, 11, 107–184.
Tocher, D. R., Fonseca-Madrigal, J., Dick, J. R., Bell, J. G., & Campbell, P. J. (2004). Effects of
water temperature and diets containing palm oil on fatty acid desaturation and oxidation in hepatocytes and intestinal enterocytes of rainbow trout (Oncorhynchus
mykiss). Comparative Biochemistry and Physiology Part B, Biochemistry & Molecular
Biology, 137(1), 49–63.
Ulbricht, T. L., & Southgate, D. A. T. (1991). Coronary heart disease, seven dietary factors.
Lancet, 338, 985–992.
Valles-Regino, R., RTate, R., Kelaher, B., Savins, D., Dowell, A., & Benkendorff, K. (2015).
Ocean warming and CO2-induced acidiﬁcation impact the lipid content of a marine
predatory gastropod. Marine Drugs, 13, 6019–6037.

