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Abstract

There is a great concern about the impacts of climate changes namely due to salinity sea‐
water and temperature alterations in aquatic organisms with the estuarine and coastal 
environments being the major affected areas. The intensive usage of chemicals in an 
indiscriminate way in agriculture practices, achieving, in some cases, values above the 
limits of contamination authorized by the European legislation, also drastically affects 
the surrounded estuarine areas with profound consequences to the water quality and the 
aquatic communities. It is known that stressors affect organisms’ physiological conditions 
with recent works concerning alterations in the fatty acid (FA) profiles associated with 
environmental and contamination events that become more frequent. FA plays a key role 
in immune and physiological functions and is associated with the prevention of some 
diseases, shown to be good bio‐indicators to assess the organisms’ impacts under stress 
conditions. Thus, this chapter proposes to address natural (salinity and temperature) 
and chemical (herbicide and metal) stressors’ impacts in the FA profiles of Thalassiosira 
weissflogii and Cerastoderma edule and infers about the effects on organisms’ physiological 
processes and along the food web. Consequences in food resources and to healthier and 
nutritious food consumption with benefits to human beings are also assessed.

Keywords: fatty acids, bio‐indicator, stressors, climate changes, salinity, temperature, 
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1. Introduction

Fatty acids (FAs) are essential molecules with a crucial role in the maintenance of physiologi‐
cal functions of many organisms. These carboxylic acids provide fuel for the brain and the 
tissues at the metabolic level and are a major constituent in the cellular wall as part of phos‐

pholipids. Once transferred across the food chain, FAs perform the connection between pri‐
mary producers and secondary consumers [1]. Greatly abundant in the brain tissues, these 
molecules represent almost half of the brain weight [2]. Fatty acid nomenclature is represented 
by X:YωZ, where X represents the number of carbon atoms in the chain, Y represents the num‐

ber of double bonds and Z gives information about the position of the first double bond count‐
ing from the methyl group [3]. There are two major groups of FA: saturated fatty acids (SFAs) 
and unsaturated fatty acids (UFAs), differing between them by the existence of double bonds 
in UFA. The position of the double bonds is determined by the desaturase enzyme activity, 
which performs the double bond in different positions accordingly to the type of enzyme pres‐

ent in different organisms (e.g. Δ3 in animals, Δ6 in animals and plants and Δ15 in algae and 
plants with chlorophyll) [3]. Saturated FAs are metabolized mainly as a source of energy and 
also as lipid storage. UFA can be identified by the number of double bonds: Monounsaturated 
FA (MUFA) have one double bond and can be synthesized de novo almost by all organisms [4]. 
Polyunsaturated FAs (PUFAs) are fatty acids with two or more double bonds that play an essen‐

tial role in the brain development [5] and many physiological functions such as down regulat‐

ing inflammation, cellular signalling [6] and regulation of transcription factors [7]. Essential 
fatty acids (EFAs) are some PUFAs that play major important functions in physiological and 
biochemical processes and that must be acquired externally, through dietary input, once the 
majority of the animals cannot synthesize them de novo [8], due to the lack of the desaturase 
enzyme [9]. Although some animals are able to synthetize EFA from linolenic precursors such 
as α‐linolenic acid C18:3 (n‐3), C18:4 (n‐3) and C18:5 (n‐3), found almost exclusively in plants 
[3] via elongation and desaturation, the rate this conversion succeeds is residual to supply 

the necessary amount of EFA required for an optimal growth and development. Thus, EFAs 
must be obtained by direct feeding on phytoplanktonic, plants or bacteria species [10], or by 

ingesting lipid emulsions with high content of EFAs [11]. Since EFA are later transferred along 
the food web, aquatic species like fish and other organisms from higher trophic levels are an 
important food sources of such molecules [4]. EFAs are represented mainly by some PUFAs. 
Highly unsaturated fatty acids (HUFAs) are a subset of PUFAs with a chain of 20 carbon atoms 
or more and with three or more double bonds that play an important role in cellular growth, 

with special relevance in tissue growth, energy storage, neural development and also repro‐

ductive fitness [4, 12]. The physiological activities of EFAs in animals are mainly represented 
by eicosapentaenoic acid (EPA—20:5n3) and docosahexaenoic acid (DHA—22:6n3), two of the 
most important HUFAs that are synthesized de novo by phytoplankton and bio‐accumulated 
by animals. The arachidonic acid (ARA—20:4n‐6) is also a representative EFA with functions 
as a precursor of animal hormones such as prostaglandins and leukotrienes amongst others 
[3]. EPA and DHA play a major role in brain development and maintenance of brain structure 
and function [13]. EPA intake influences many physiological processes such as reproduction, 
immunity efficiency and osmoregulation [3]. DHA is important for the health and developing 
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of neurons and for neurotransmission, with strong influence on cognition and behavior, and 
it is also proved to be important in the protection against oxidative stress [14]. Fatty acids are 
considered to be an accurate tool in trophic interaction studies [15], mainly due to their impor‐

tance in the health/stability of the ecosystem, and because they are transferred conservatively 

to higher trophic levels along the trophic food web [4, 16]. Furthermore, FA profiles can reflect 
structural changes in species’ biochemical composition in response to stressors [17–20]. Lipid 
components are also very sensitive to environmental changes, which make them an efficient 
assessment tool to monitor toxicological effects on the marine biota as bio‐indicators of eco‐

system health [19].

Environmental pollution worldwide is an undesirable by‐product of the increased demand 

for natural resources in the modern civilization. However, since the advent of human societ‐
ies, there have always been foci of environmental contamination, though nothing on the scale 

we see today. Practically, whole environment suffers from some degree of contamination in 
concentrations above those expected for the region. The pollutants that damage the ecosys‐

tem are the pollutants from industry and mining that release toxic substances such as metals 
and organic pollutants. Some pesticides and mainly metals (e.g. Cd, Cr, Pb, Hg, Ni, Cu) are 
non‐degradable and therefore accumulate in nature, where they continue to affect ecosys‐

tem’s function over the course of decades or even centuries. These chemicals can distress 
several biological organization levels affecting flora and fauna aquatic organisms, interfering 
with the metabolic and physiological processes and thus compromising the structure and 

physicochemical properties of the membrane, damage cells, tissues and organs. Long‐term 
effects may lead to higher mortality among population, changing the diversity and structure 
of the communities. Furthermore, due to global climate changes, environmental conditions 
are expected to change considerably in several areas. In some regions, it is expected, seasonal 
differences become more notorious than they used to be exposing the organisms to a wide 
physiological stress. These changes not only act as additional stress factors but may also con‐

siderably modify the toxicity of pollutants in aquatic ecosystems.

Estuaries are coastal ecosystems, which are biologically highly productive and having great 

importance in the ecological and at socioeconomic contexts, providing exceptional natural 
resources and services to human beings, mainly to local populations. Some of these sys‐

tems are located near farmlands, industrial and residential areas being under anthropogenic 

pressures that affect water quality and the aquatic communities. Estuarine systems are very 
useful model systems to study the ecological and evolutionary responses of organisms to 

highly variable, discontinuous habitats due to the extreme daily variations that occur in 
these transitional areas exposing the organisms to a widely physiological stress [21]. The 
transition between the freshwater and marine environments creates a gradient of physi‐

cal and chemical conditions that determine the amount and distribution of the species and 

communities that live at these ecosystems [22], with salinity being one of the major control‐

ling factor of species’ distribution in estuarine systems. Aquatic organisms from these eco‐

systems are exposed to physical and chemical environmental conditions that vary greatly, 
on both seasonally and daily basis. Because planktonic species are strongly influenced by 
climatic factors, and particularly sensitive to changes in hydrological conditions [23], the 
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increase in frequency of flooding episodes has a strong impact on macrobenthic communi‐
ties and is proven to be result into a significant decline in the diversity of suspension‐feeder 
species, such as microcrustaceans (e.g. copepods) [24]. The temperature of the water is also 
linked with changes in salinity, and although some studies have tested the two parameters 
separately, both should also be studied in a bi‐dimensional approach, to best simulate natu‐

ral conditions [25]. According to Kinne [26] and Williams and Geddes [27], temperature can 

alter the physiological tolerance of an organism to salinity changes, and in turn, salinity can 

influence the impact of environmental temperature on the same organism. Salinity is indeed 
of major importance in the distribution of aquatic organisms because the ability of osmo‐

regulation affects ecological tolerances and the type of ecosystem (marine, coastal, estuarine, 
freshwater) [28].

Since past decades, extreme weather episodes are frequent worldwide, and Portugal is not 
an exception. At the Mondego estuary, located in the western coast of Portugal, near Figueira 
da Foz city, episodes of drought and flood have been registered and are well documented in 
the literature revealing ecological impacts on aquatic communities [24, 29–31]. This temperate 
estuarine system surrounded by agriculture fields, the commercial port, beach and industries, 
and with a high marine exploitation of resources, suffers high anthropogenic pressures similar 
to many other estuarine systems mainly from the Mediterranean region. Rice and corn fields 
are the main agriculture production in the Mondego valley, being Viper and Primextra® Gold 
TZ the most used pesticides in agriculture practices, respectively, according to information 
from the cooperatives of the region. Furthermore, copper is one of the main constituents of 
pesticides formulations, with application in agricultural activities. It is an essential metal, with 
vital importance in low concentrations to organisms, acting as a co‐factor of many enzymes, 

i.e. it is a component of superoxide dismutase, an enzyme defending living organisms against 
reactive oxygen species [32]. Still becomes toxic at high concentrations affecting several bio‐

chemical and metabolic processes such as FA metabolism, cell division, photosynthesis, 
respiration and synthesis of carbohydrates, pigments and chlorophyll [33, 34]. In 1998, and 
similarly to other estuarine systems near intensive agriculture practices with wide usage of 

pollutants, a pesticide‐monitoring program was implemented in Mondego estuary to recover 
the system [35].

Stressors affect organisms’ growth and biochemical processes and also their performance 
and healthy status. To compensate extreme conditions, or at least conditions that are far 
from the optimal, some organisms developed strategic and adaptive mechanisms to com‐

pensate physiological requirements. Nevertheless, it is apparent to have the occurrence 
of significant losses and large alterations on the FA contents. Some studies allow to rec‐

ognize and assess the response of specific markers in order to identify and validate pre‐

cise bio‐indicators that are able to capture the impact of disturbances resulted at extreme 
conditions or at the presence of stressors, which might be used as early warning signals 

of stressing conditions and, eventually, be associated to strategic prevention of stress‐asso‐

ciated diseases. Therefore, it is crucial to determine and assess lethal effects and physio‐

logical responses of aquatic organisms under the influence of environmental (e.g. salinity, 
temperature) and chemical (e.g. pollutants) stressors in order to predict the impacts on 
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communities and thus on aquatic ecosystems and food quality. Still, there are some char‐

acteristics that must be taken into account when choosing the species to be tested, such as 
(1) the species’ sensitiveness to the studied parameter/substance; (2) well‐known nutrient 
requirements; (3) low genetic and phenotypic variability among strains/organisms; and 
(4) fast and cost efficient maintenance in the laboratory [36]. The marine phytoplankton 
species, Thalassiosira weissflogii, is often used as a bio‐indicator in several studies, becom‐

ing increasingly relevant in environmental monitoring studies [36]. The marine diatom 

value is closely related to its many applications in 1) ecotoxicological studies; 2) biodiesel 
production; 3) prey for zooplankton (rotifers, copepods, brine shrimp) and 4) produc‐

tion of metabolites such as lipids, proteins, carbohydrates, pigments and vitamins [37]. 
Cerastoderma edule plays a key role between primary producers and consumers. They live 
in intertidal shallow areas, presenting a suspension‐feeder behavior [38]. This bivalve spe‐

cies lives worldwide occurring from the Northern Norway to the North Africa, on the east 
coast of the Atlantic and in Murmansk in the Arctic [39]. Due to its sessile life style, easy 
sampling collection, maintenance, handling and sensitivity to chemicals, C. edule is widely 

used as standard species in ecotoxicological bioassays [19, 20]. Due to its high ability to 
filtrate and accumulate large amount of pollutants, this species is also used as bio‐indica‐

tor in ecological studies [39–43]. Furthermore, C. edule is very much appreciated as food 

source mainly by local populations, which highlights its importance to the socioeconomic 

sector.

In this chapter, it is proposed to determine and assess the effects of environmental (salinity 
and temperature) and chemical (Primextra® Gold TZ and Copper) stressors, individually and 
combined, in the fatty acid profiles of a marine phytoplankton species (T. weissflogii) and an 
estuarine bivalve species (C. edule). The impacts of global stressors to the quality of aquatic food 
resources and thus to a healthy and nutritive food consumption are also assessed.

2. Material and methods

2.1. Study area and sampling procedure

The Mondego estuary is a small mesotidal system in the West Atlantic coast of Portugal 
(40°08′N, 8°50′W). The estuary is divided into two arms, north and south (Figure 1). The 
northern arm is characterized by a salt‐wedge during low tide, which changes to a par‐

tially mixed water column at high tide. It is characterized by a partially mixed water col‐
umn at low tide and a well‐mixed one at high tide at spring tides [44]. The southern arm is 
shallower and its water circulation is mostly dependent on tides and on freshwater input 

from a small tributary system, the Pranto River. Freshwater discharges of this river are 
controlled by a sluice according to the water needs by the rice fields of Mondego valley 
[29].

C. edule was sampled at the south arm of the estuary (Figure 1). Organisms were transported 
from the field in cold boxes with brackish water.
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2.2. Laboratory procedures and bioassays

2.2.1. Microalga species

2.2.1.1. Culture maintenance and laboratory bioassays

T. weissflogii was obtain from the Scottish Marine Institute, Dunbeg, PA37 1QA, UK (strain 
number 1085/18). The microalga was maintained under laboratory conditions by renewing 
the alga medium once a week, maintaining a cell density of 2 × 104 cells/mL. f/2 medium was 
prepared accordingly to Guillard and Reyther [45] with water collected from the Mondego 
estuary with a salinity of 30 psu, previously filtered with Whatman glass microfiber filters with 
1.2 μm pores and stored at 4°C. By the experiments with copper, the medium was prepared 
without EDTA, adapted after Rippingale and Payne [46]. A renew of algae culture was done 
weekly. All assays and organism cultures were maintained under artificial light with photo‐

period of 16hL:8hD. Different cultures were maintained in 15, 20 and 25 ± 2°C, respectively.

Before the beginning of bioassays, an inoculum of T. weissflogii was harvested from the bulk 
culture and incubated for 3 days in a chamber with photoperiod (16hL: 8hD) at 20°C [18]. This 
procedure was repeated from other two temperatures (15 and 25°C) to the salinity experi‐
ments where a set of different temperatures (15, 20 and 25°C) were assessed to a range of 
salinity concentrations. The cellular concentration was then adjusted to 104 cells/mL after 
cellular density determination at a Neubauer haemocytometer, and the microalgae was then 
exposed to a range of salt and chemical concentrations, respectively. Eight salinity concentra‐

tions (0, 5, 10, 15, 20, 25, 33) plus the control were performed at three distinct temperatures 
(15, 20 and 25°C). The experiments with the both toxicants were conducted to a range of 
concentrations from 0.200 to 0.800 mg/L of copper(II) sulphate pentahydrate and 0.005 to 
0.040 mg/L of the herbicide Primextra® Gold TZ, plus the control. Glass beakers were used 

Figure 1. The Mondego estuary location and the sampling site within the estuary.
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to saline and herbicide experiments, whereas plastic beakers were used in the experiments 
with the metal. Three replicas per treatment were prepared in each bioassay. The experi‐
ments were conducted under photoperiod (16hL: 8hD), with a duration of 96 h. At the end 
of the experiment, the cellular density was determined to each treatment using a Neubauer 
haemocytometer.

2.2.1.2. Microcosm bioassays

Microcosm bioassays had a duration of 7 days and has been conducted under the same con‐

ditions of the laboratory bioassays previously described. Three treatments corresponding to 
96h‐EC

10
, EC

20
 and EC50 calculated from the bioassays described in the subsection above plus 

the control treatment were employed whenever possible due to the duration of the microcosm 

experiments. According to the results of the microalga growth obtained at the previous exper‐

imental bioassays, the control treatments of the salinity microcosm bioassays were performed 

to a salinity concentration of 33, 33 and 25 to the temperature of 15, 20 and 25°C, respectively. 
Although at 20°C the microalga presented a similar growth at the saline treatments of 30 
(CTL) and 33, and being considered the optimal growth to T. weissflogii at the salinity of 30, 

the control treatment to the microcosm bioassay was performed to a salinity concentration of 

33 in order to compare the results with the microcosm experiments conducted at 15°C. Three 
replicas per treatment were conducted. At the end of the microcosm bioassays, a final concen‐

tration of 7.2 × 106 cells/mL was measured in each Erlenmeyer flask and then filtered through 
a GF/F Whatman filter and frozen at −80°C for FA analysis.

2.2.2. Bivalve species

2.2.2.1. Culture maintenance and laboratory bioassays

In the lab, organisms were divided in aquaria with aeration and filtrated sea water at the 
salinity of 20. On 10 selected organisms, collected in the field and not under any laboratorial 
process, a set of measurements (shell length, total weight, tissue weight and foot weight) were 
assessed to determine the condition indices. After the measurements, the muscle (foot) of 
each organism was removed and stored at −80°C for fatty acid analysis. The remaining organ‐

isms collected in the field were maintained in the aquaria, under photoperiod conditions 
(12hL:12hD) and control temperature (20 ± 2°C), without food, during a depuration period of 
48 h, previously to the experiments.

Salinity bioassay was performed on organisms exposed to a range of saline concentrations from 

0 to 35 plus the control. The salinity concentrations were obtained from successive dilutions 
of filtrated seawater at the salinity of 35 in distilled water. Experiments with the contaminants 
were conducted on individuals under six concentrations of copper(II) sulphate pentahydrate 
ranging from 0.6 to 2.1 mg/L and a set of eight concentrations from 0.5 to 60 mg/L of the herbi‐
cide Primextra® Gold TZ plus the control, respectively. The test medium was used as negative 
control. Bioassays were conducted under control temperature (20 ± 2°C), 12hL:12hDphotoperiod, 

with filtrated sea water medium at the salinity of 20, during 120 h. Tests were carried out in 
glass (to saline and herbicide experiments) and plastic (to the metal) vials, 10 per treatment, 
containing a final test volume of 1000 mL per replicate. Organisms were fed daily with a com‐

mercial mixture of microalgae and rotifers. Organisms were transferred to newly prepared test 
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solutions every next day. Bivalves were checked daily for mortality and behavioural conditions 
(to evaluate the conditions of the valves, organism behavior during feeding and the activity of 
the siphon). After the exposure period, all survival organisms were dissected, measured the 
weight and the body length and evaluated the condition indices of each individual. After the 
measurements, the muscle tissue (foot) was stored at −80°C for further fatty acid analysis.

2.2.3. Fatty acid analysis

The sample extraction for the FA analysis was obtained accordingly to the method described 
in Gonçalves et al. [19], substituting BF3‐methanol by H

2
S0

4
, due to reported deficiency in 

PUFA detection [47]. A differentiated phase was extracted, and an internal standard (fatty 
acid Methylnonadecanoate (C19) Fluka 74208) was added to the quantification of FA. The 
samples were later analyzed using a gas chromatograph with a mass spectrometer and an 

HP88 column (60 m × 25 mm × 0.20 μm). It was conducted in splitless mode, with a 1 μL 
injector per run. The column temperature was set to increase from 75 to 230°C at a rate of 
2°C/min. The carrier gas was helium at a flow rate of 1.3 mL/min. The results of the GC 
analyses were obtained, and fatty acid methyl esters (FAMEs) were identified by compari‐
son of their retention times with those of individual purified standards. FAMEs can also be 
quantified by determining the area of the peaks of each fatty acid with the help of calibration 
factors [47].

2.2.4. Statistical analysis

The cellular density of T. weissflogii measured with a Neubauer Haemocytometer, at the end 
of the bioassays, was used to estimate the concentrations which induced x% growth inhibition 

(EC
x
 values, with x = 10, 20, 50) and the corresponding 95% confidence intervals by non‐linear 

regression, using the least‐squares method to fit the data to the logistic equation.

The LC10, LC20 and LC50 values with corresponding 95% confidence intervals for C. edule 

were determined using Probit analysis [48].

To determine significant differences between treatments, one‐way analysis of variance 
(ANOVA) was performed, followed by Dunnett’s multiple comparison test to identify signifi‐

cant differences between salinity treatments and the control treatment, considering a level of 
significance of 0.05.

The FA profiles were assessed by determining total (mg/ind) or relative (%) FA concentrations.

One‐way analysis of similarity (ANOSIM) was applied to determine differences in FA profiles 
of each species across the different treatments.

2.2.5. Fatty acid trophic markers

FA ratios of bacteria, algae or animal were assessed at the extracts of lipids of C. edule. The FA 
ratios determined and respective food sources are described in Table 1.
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3. Results

3.1. Bioassays

3.1.1. Thalassiosira weissflogii

After 96 h of exposure to a range of salinity concentrations and three different temperatures, 
significant statistical differences were observed between the control and the lower salinity 
concentrations with an exception to the bioassay conducted at 20°C where a significant sta‐

tistical difference was also observed to the highest salinity treatment (Figure 2). At the lowest 
temperature (15°C), the microalga presented the lowest growth than at higher temperatures. 
Still, to salinities near the optimal value of salinity to this microalga (30), the growth was high 
at all temperatures tested, not observing statistical significant differences between those con‐

centrations and the control (Figure 2).

Considering the exposure to both contaminants (the herbicide and the metal), T. weissflogii 
showed to be more sensitive to Primextra®Gold TZ than to copper (Figure 3).

A significant growth inhibition was detected after the exposure to both contaminants with 
the herbicide revealing to be more toxic than the metal. In fact, all treatments of the herbicide 
showed statistical significant differences with the control, whereas to copper, only the three 
higher concentrations presented statistical significant differences with the control.

3.1.2. Cerastoderma edule

Considering the optimality of salinity for the activity of C. edule is 20–25, the species 
revealed to be mostly affected by low salinities (LC50 = 11.01 (10.66–11.54) mg/L) with 100% 
of mortality at salinity concentrations below 10. Although the growth inhibition of T. weiss-

flogii to lower salinity concentrations, the microalga demonstrated to be more tolerant than 

C. edule.

Marker Source Reference

DHA/EPA Dinoflagellates/diatoms, 
carnivory

[16, 64, 67]

EPA Diatoms [16, 64–65]

DHA Carnivory, dinoflagellates [16, 64, 66–67, 70]

18:1n9 Carnivory [66, 70]

18:2n6 Carnivory [66, 70]

Ʃiso and anteiso C15 and C17 Bacteria [68, 69]

Table 1. Dietary and trophic fatty acid markers used in the present study.
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In Table 2, there are the lethal concentration (LC) values determined to C. edule exposed to the 
herbicide and the metal. The results clearly revealed that estuarine bivalve is more sensitive to the 
metal than to the herbicide, showing an opposite pattern of the one observed with T. weissflogii.
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Figure 2. Cell density of T. weissflogii at (a) 15, (b) 20 and (c) 25°C after 96 h of exposure to salinity treatments, where 
CTL refers to the negative control treatment. Symbol ‘*’ indicates a significant (P < 0.05) difference of the treatments 
compared to the CTL.
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limits.
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3.2. Fatty acid profiles

3.2.1. Thalassiosira weissflogii

3.2.1.1. Salinity experiments

The fatty acid composition (mg/individual) of T. weissflogii exposed to three salinity treatments 
(10.46, 15.9, 18.5) plus the control is summarized in Table 3 (15°C), Table 4 (20°C) and Table 5 

(25°C). After the saline exposure to 15°C, the FA composition of T. weissflogii is varied in general 

with a significant decrease in MUFA and PUFA, especially at the salinity treatments of 10.46 and 
15.9. The amount of SFAs in the control treatment is very low compared to other treatments. The 

saline treatment of 18.5 registered a drastic increase in the abundance of SFA compared to all 
treatments, with the control registering the lowest amount of saturated FA. MUFA was the domi‐
nant FA group in the FA profile of the marine diatom, with a decrease at the saline treatment of 
C2 (15.9), followed by C1 (18.5) and then C3 (10.46). In fact, the control at 15°C was the treatment 
that registered the highest amount in MUFA from the three temperatures tested. A dominance 
of LC‐MUFAs is notorious, although C20:1n9(cis11) was absent at the control and at the concen‐

tration C1 (18.5). PUFA also displayed a high abundance at the control and at C1 (18.5), with a 
decrease at the concentrations C2 (15.9) and C3 (10.46). In fact the total amount of PUFA at C1 
treatment was almost twofold of the quantity registered at the control. Important precursors of 
LC‐PUFA such as C18:2n6c were presented only in the control and in the salinity concentration 
of 15.9, whereas C18:3n3 was presented in all treatments, with a residual quantity (closely zero) at 
the salinity treatment of 10.46. This FA group showed to be the most sensitive to salinity. HUFAs 
were presented at highest quantity at the extreme salinity treatments (C1 = 18.5; C3 = 10.46) with 
the control and the C2 treatment (15.9) registering the lowest values. All EFAs (ARA, EPA, DHA) 
had a similar pattern after saline exposure: their level remained very close in each concentration 
apart from EPA that registered the lowest value of the HUFA determined at all treatments. DHA 
was the most abundant EFA in the control treatment and at the salinity treatment of 18.5.

At 20°C, the FA profile of T. weissflogii exposed to the three saline treatments (15, 30.5 and 
32) plus the control reported an increase in SFA content from the control to the lowest salin‐

ity concentration (15), although with relatively low diversity, had been notorious for higher 
amount of SFA of longer chain (Table 4). A significant rise was observed at the PUFA and 
HUFA contents at the lowest salinity treatment (15). An opposite trend was identified at the 
total amount of MUFA to all tested treatments when compared to the control. The salinity 

Copper (II) sulfate pentahydrate 

(mg/L)

Primextra® Gold TZ (mg/L)

LC
10

0.341 (0.000; 0.571) 21.298 (11.008; 25.222)

LC
20

0.504 (0.083; 0.698) 23.868 (16.271; 27.422)

LC50 0.818 (0.595; 0.987) 28.784 (24.731; 33.238)

Table 2. Lethal concentration (LC) values to C. edule exposed to copper sulfate and Primextra® Gold TZ. In brackets are 
indicated the 95% confidence limits.
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CTL ±Std. error C1 (18.5) ±Std. error C2 (15.9) ±Std. error C3 (10.46) ±Std. error

C14:0 54.9161 21.8215

C15:0

C16:0 32.4438 7.8688 32.6365 13.7101

C17:0

C18:0

C20:0 808.2884 321.1812 24.9692 10.8120

C21:0 803.2505 162.62326 467.5087 87.8701 195.8909 38.09074

C22:0

C23:0 1207.2149 479.6986

C24:0 75.8923 18.4066 395.4571 157.1387

Total SFA 108.3361 26.2754 3269.1270 1142.4632 500.14525 101.5802 220.8601 48.9027

C14:1 52.5108 12.7357

C15:1

C16:1 34777.3500 1912.2145 15868.4131 3200.9993 9562.9247 3989.8029

C17:1 49.0293 2.9871 1262.8013 339.8028 10046.7004 4146.2759 427.3974 99.6523

C18:1n9t 34.7431 1.4553 359.6901 93.3756 36.7104 8.8740 2.1760 0.9422

C18:1n9c 48.2467 0.3976 417.0501 117.3960 45.6232 4.9456 215.0315 84.0745

C20:1n9(cis‐11) 28.5713 12.0023 255.5463 110.6548

C22:1n9 82.6656 20.0494 570.6772 172.9728 84.4090 10.3481 484.0046 109.6170

C24:1n9 316.5629 39.3603 425.4274 169.0477 139.9360 58.7849 116.9618 29.7734

Total MUFA 35361.1083 1989.1999 18904.0593 4093.5942 19944.8750 8231.0337 1501.1175 434.7142

C18:2n6t 212.8497 26.0495 400.9721 79.7362 19.2169 8.0727 6.9028 2.9890

C18:2n6c 21.1455 5.12853 73.1763 30.7402
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CTL ±Std. error C1 (18.5) ±Std. error C2 (15.9) ±Std. error C3 (10.46) ±Std. error

C20:2cis(11‐14) 4.7466 1.15123 309.2416 110.9660 42.2756 6.8694 23.8036 10.3073

C22:2cis(13‐16) 23.3495 9.2782 33.5178 14.5136

C18:3 111.1073 26.9475 22.6410 9.5111 32.1885 8.5154

C18:3n3 83.7401 20.3000 83.5544 33.2012 27.8042 11.6801

C20:3n3 4462.2590 1751.2907 99.5302 37.7730 95.8512 23.9086

Total PUFA 433.5892 79.5867 817.1177 233.1816 185.1140 66.8735 96.4128 9.0813

C20:4n6 (ARA) 32.0602 7.7756 693.0573 265.71303 55.3162 7.4896 141.8455 27.7393

C20:5n3 (EPA) 42.1809 10.2304 175.5987 57.4274 56.2248 23.6191 64.45161 27.9084

C22:6n3 (DHA) 110.8065 13.1428 787.9480 313.0988 110.4819 47.8401

Total HUFA 185.0476 31.1488 1656.604 636.23923 111.541 31.1087 316.77901 103.4878

N 19 21 18 17

Table 3. Abundance of fatty acids (saturated fatty acids—SFA, monounsaturated fatty acids—MUFA, polyunsaturated fatty acids—PUFA and highly unsaturated fatty 
acids—HUFA, in mg/ind) in the profile of T. weissflogii after exposure to salinity treatments (10.46; 15.9; 18.5) at 15°C.
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CTL ±Std. error C1 (32) ±Std. error C2 (30.5) ±Sth. error C3 (15) ±Std. error

C14:0 524.4776 198.2339

C15:0

C16:0 185.5345 44.1380 1299.3503 491.1083

C17:0

C18:0

C20:0 10.7682 171.8261 64.9442

C21:0 43.9605 11.4958 51.9012 11.4958 143.5637 33.9657

C22:0 31.5296 15.7648 45.9347 15.7648 8.3243 2.9431 6.1552 2.3265

C23:0 67.8728 21.6031 45.6180 21.6031 35.3845 13.3741

C24:0 10.0689 12.5133 4.4241 60.0374 22.6920

Total SFA 143.3628 48.8636 164.2909 48.8636 206.3721 51.5052 2240.7950 826.6445

C14:1

C15:1

C16:1 32041.6830 480.9976 10230.4003 480.9976 28290.2142 1943.4874

C17:1 89.0514 13.4534 27.1444 13.4534 8.4810 2.9985 21.0489 7.9558

C18:1n9t 58.9215 13.1667004 197.3032 74.5736

C18:1n9c 386.1857 112.0796 76.3323 112.0796 25.4705 1.9659 390.8133 131.4833

C20:1n9(cis‐11) 95.0662 1704.3170 629.4505

C22:1n9 176.2199 7.9133 278.4564 7.9133 78.0943 2.8059 989.9304 324.5449

C24:1n9 14.1459 7.0729 238.0316 7.0729 156.5543 59.1720

Total MUFA 32707.2860 621.5169 10945.4313 621.5169 28461.1817 1964.4245 3459.9672 1227.1800

C18:2n6t 201.34907 58.6126 67.9254 58.61256 32.2866 1.7356 198.9214 59.3448

C18:2n6c
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CTL ±Std. error C1 (32) ±Std. error C2 (30.5) ±Sth. error C3 (15) ±Std. error

C22:2cis(13‐16) 155.7379 31.9686 2.1246 116.8187 39.0555

C18:3 5.7043728 2.01680

C18:3n3 79.5902 11.1572 4.2170

C20:2cis(11‐14) 30.5477 15.2738 32.7481 15.2738 1.2155 0.4298 354.8936 131.3944

C20:3n3 181.6203 49.4586 108.7435 49.4586 47.9214 8.4011 20.5600 4.1581

C20:4n6 147.5854 21.7236 122.3678 20.5766 46.5139 5.8593 1731.6336 848.9185

Total PUFA 561.1024 145.0686 567.1130 143.9215 165.6103 20.5672 2433.9846 1087.0884

C20:4n6 (ARA) 147.5854 19.15840 122.3678 19.1584 46.5137 5.2815 1731.6336 632.7465

C20:5n3 (EPA) 182.5960 41.0818 6.0011 1318.1238 452.1425

C22:6n3 (DHA) 11.1902 3.9563 65.5965 24.7931

Total HUFA 147.5854 19.15840 304.9637 19.1584 98.7860 15.2390 3115.35390 1109.6821

N 15 22 20 25

Table 4. Abundance of fatty acids (saturated fatty acids—SFA, monounsaturated fatty acids—MUFA, polyunsaturated fatty acids—PUFA and highly unsaturated fatty 
acids—HUFA, in mg/ind) in the profile of T. weissflogii after exposure to salinity treatments (15; 30.5; 32) at 20°C.
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CTL ±Std. error C1 (23.76) ±Std. error C2 (22.59) ±Std. error C3 (14.79) ±Std. error

C14:0 1170.3476 361.1771

C15:0 15.8093 6.2820

C16:0 265.4131 81.9083 91.3424 55.9356

C17:0

C18:0 56.2356 17.3547

C20:0 14.7009 2.9211 51.8891 16.0133

C21:0 34.1393 9.4712 58.1041 17.9313 52.5980 32.2000 15.8881 11.2346

C22:0 133.0046 21.8387 301.2867 92.9791

C23:0 324.9469 59.3290 716.0168 156.4173 16.1034 4.9800

C24:0 144.2169 32.1972

Total SFA 666.8180 132.0393 2619.2930 743.78106 160.0438 93.1342 15.8881 11.23460

C14:1

C15:1

C16:1 3920.3316 1557.7818 10178.9007 3313.9257

C17:1

C18:1n9t 58.3992 18.0224

C18:1n9c 106.4004 15.3800 37.1824 22.76945

C20:1n9(cis‐11) 23.9182 4.8087 56.05451 17.2988

C22:1n9 283.4383 26.872 1218.6964 295.9116 31.2481 9.9562 77.1268 11.6267

C24:1n9 136.0564 41.155 440.7829 105.7048

Total MUFA 4363.7445 1877.394 1880.3334 518.1971 3415.7770 5184.6099 77.1268 14.7068

C18:2n6t 89.4747 26.9962 261.2764 33.1211

C18:2n6c
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CTL ±Std. error C1 (23.76) ±Std. error C2 (22.59) ±Std. error C3 (14.79) ±Std. error

C20:2cis(11‐14) 36.7421 10.5830 163.4404 33.0000

C22:2cis(13‐16) 78.7990 20.2553 383.4063 79.1263

C18:3 9.3324 3.7083 39.3623 12.1475

C18:3n3 38.6596 7.7462 106.3339 32.8154

C20:3n3 252.3527 53.0700 1185.6409 323.0043

Total PUFA 505.3605 122.3691 2139.4602 513.3264

C20:4n6 (ARA) 344.5002 55.6143 640.6545 135.8612 12.2297 7.4891 18.2719 4.7866

C20:5n3 (EPA) 185.2005 7.6715 384.7258 88.5744

C22:6n3 (DHA) 91.9278 5.9549 513.8760 103.9311

Total HUFA 621.6286 69.2407 1539.2573 328.3666 12.2297 7.4891 18.2719 4.7866

N 19 21 7 3

Table 5. Abundance of fatty acids (saturated fatty acids—SFA, monounsaturated fatty acids—MUFA, polyunsaturated fatty acids—PUFA and highly unsaturated fatty 
acids—HUFA, in mg/ind) in the profile of T. weissflogii after exposure to salinity treatments (14.79; 22.59; 23.76) at 25°C.
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concentration C2 (30.5) registered a sharp decrease in the total amount of MUFA, PUFA and 
HUFA when compared to the control. MUFA constituted the most representative group with 
the highest amount of FA in each treatment.

Comparing to the salinity experiments conducted at 15°C, the control treatment at 20°C pre‐

sented the highest content of SFA and PUFA, with the control at 15°C registered a higher 
amount of total MUFA and HUFA. Comparing the salinity treatments tested, the highest 
quantity of SFA, PUFA and HUFA was observed at the salinity concentrations C1 (18.5) and 
C3 (15) to the experiments performed at the temperature of 15 and 20°C, respectively. The 
total MUFA registered the highest values at the middle concentrations (C2 = 15.9; C2 = 30.5) of 
the experiments conducted at 15 and 20°C correspondingly.

At the FA profiles of T. weissflogii exposed to the salinity treatments at 25°C, a sharp decreased 
of total SFA from the control to the other treatments was observed with the exception of 
salinity concentration of 23.76, where a great increase was observed (Table 5). In general, 
MUFA constituted the most abundant group of FA, mainly represented by longer chain 
MUFAs, except at the highest salinity treatment (23.76). Still this salinity concentration 
registered the highest quantity of PUFA from all salinity experiments conducted at dis‐

tinct temperatures (15, 20 and 25°C). PUFA content was only observed in the control and at 
salinity concentration C3 (23.76). C18:3n3 was present in the higher salinity treatment and 
in low amounts at the control, which may indicate that these LC‐PUFA precursors were 
desaturated and elongated in the synthesis of HUFA. PUFA was characterized by a great 
diversity, still absent at the lower salinity treatments (14.79 and 22.59). HUFA registered 
the highest amount in the highest saline concentration (23.76) followed by the control treat‐
ment, decreased drastically at the other salinity treatments. Also, the control that registered 
the highest amount of HUFA was the one performed at 25°C. EFAs are mainly represented 
by ARA that were identified at all treatments. In the negative control, ARA is the most abun‐

dant EFA followed by EPA and lastly by DHA. Indeed, EPA and DHA were absent in the 
two lowest salinity treatments.

The FA content of T. weissflogii at the different salinity concentrations plus the control showed 
sharp changes among all treatments at 25°C than at the other temperatures (15 and 20°C). 
Furthermore, a great decrease in FA diversity was observed in C2 and C3 salinity treatments 
at the experiment conducted at 25°C, whereas the experiments conducted at 15 and 20°C pre‐

sented higher or similar diversity of FA among the treatments, which indicate a detrimental 
effect of salinity in the FA content of the species.

3.2.1.2. Pollutants experiments

The results obtained demonstrated the fatty acid profiles of the microalga were affected by the 
presence of both toxicants, mainly by the metal (Table 6). Although it was not detected clear 
differences among the treatments, moderate changes were observed at the highest herbicide 
concentration compared to the other treatments. Small changes at the total amount of SFA and 
MUFA were also registered between the control and the highest concentration (0.0078 mg/L) 
of Primextra.
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A marginal decrease of SFA from the CTL to the copper concentration of 0.1995 mg/L, with 
a rise at the highest copper treatment was observed. An opposite trend was verified to the 
unsaturated fatty acids (MUFA, PUFA and HUFA). A slightly rise in the total amount of the 
UFA was registered from the CTL to the metal concentration of 0.1995 mg/L followed by a 
decrease at the highest treatment. Although significant differences were not registered at the 
fatty acid content between the control and the lowest copper treatments, clear differences 
between the control and the highest copper concentrations were verified.

The amount of HUFA in herbicide and copper treatments was related to the presence of DHA 
and EPA, with ARA being absent at all treatments. EPA was the dominant EFA at all treatments 
(Table 6).

3.2.2. Cerastoderma edule

3.2.2.1. Salinity experiments

A considerable increase in the main FA groups (saturated fatty acids—SFA and unsaturated 
fatty acids—UFA) was clearly observed in the individuals from the field to the organisms 
exposed to a range of salinity concentrations, unless to polyunsaturated fatty acid (PUFA) 
where an opposite trend was verified (Table 7). Individuals from the field were mostly con‐

stituted by PUFA (95.773%), presented lower amounts of SFA (3.314%), HUFA (0.708%) and 
MUFA (0.205%). Under a range of salinity concentrations, a lacking of SFA of short chain was 
clearly observed in all organisms, with only the individuals exposed to the highest salinity 
treatment presented slightly amounts of C6:0, C8:0 and C10:0. Omega‐6 was mainly repre‐

sented by γ‐linolenic acid, C18:3n6 and arachidonic acid (ARA), C20:4n6, whereas omega‐3 
occurred mainly at the forms of docosahexaenoic acid (DHA), C22:6n3, eicosapentaenoic acid 
(EPA), C20:5n3 and α‐Linolenic acid (ALA), C18:3n3.

Primextra® Gold TZ (mg/L) Copper (mg/L)

CTL 0.0025 0.0038 0.0078 CTL 0.1361 0.1995 0.3834

% total 

SFA
42.51 41.72 41.18 44.51 48.85 42.16 43.30 54.44

% total 

MUFA
15.03 14.63 16.03 16.46 15.17 17.70 16.81 14.96

% total 

PUFA
25.95 29.03 27.48 26.70 21.48 23.21 23.14 18.02

% total 

HUFA
16.48 14.62 15.30 12.32 14.49 16.93 16.75 12.59

EPA 13.69 12.16 12.71 10.32 12.33 14.53 14.33 10.59

DHA 2.79 2.46 2.59 2.00 2.16 2.40 2.42 2.00

N 18 18 18 18 18 18 18 18

Table 6. Total fatty acid and EFA (%) content in T. weissflogii after the exposure to the herbicide Primextra® Gold TZ and 
the metal copper.
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3.2.2.2. Pollutants experiments

A slightly increase at all FA groups was observed in the organisms exposed to the herbicide com‐

pared with the individuals from the field (Table 8). An opposite pattern was found in the organ‐

isms exposed to copper where a slender decrease in SFA (at the first metal treatment), PUFA and 
HUFA was observed compared to the individuals from the field. Comparing the HUFA content 
in the organisms exposed to both pollutants, a slightly increase was observed at the herbicide 
treatments with a reduction at the copper concentrations. DHA was the EFA occurring in higher 
amount after the exposure to commercial formulation of the herbicide. In the treatments exposed 
to the metal, a clear pattern was not observed. In general, there was a higher diversity in FA in 
the individuals exposed to Primextra compared to the organisms under copper treatments, with 
exception to the highest copper concentration that registered the highest diversity of FA (Table 8).

Salinity concentrations

Field 10 15 25 30 35

% total SFA 3.314 26.561 31.434 19.843 59.711 30.511

% total MUFA 0.205 32.280 28.336 15.043 14.606 19.847

% total PUFA 95.773 25.130 16.162 44.712 4.095 42.821

% total HUFA 0.708 16.030 24.068 20.401 21.588 6.821

ARA 0.000 0.000 3.849 5.401 9.963 3.245

EPA 0.117 14.835 15.468 7.888 7.838 2.988

DHA 0.591 1.195 4.750 7.112 3.786 0.588

N 28 21 15 15 15 22

Table 7. Total fatty acid and EFA (%) content in C. edule in the field and after the exposure to a range of salinity treatments.

Primextra® Gold TZ (mg/L) Copper (mg/L)

Field CTL 0.5 2.5 5 10 20 30 Field CTL 0.6 0.9 1.2

% total 

SFA
0.074 0.129 0.204 0.0744 0.155 0.130 0.165 0.098 0.016 0.001 0.005 0.052 0.077

% total 

MUFA
0.019 0.041 0.057 0.023 0.039 0.036 0.039 0.023 0.025 0.030 0.029 0.029 0.031

% total 

PUFA
0.051 0.108 0.061 0.049 0.066 0.054 0.069 0.048 0.153 0.042 0.078 0.086 0.121

% total 

HUFA
0.113 0.187 0.258 0.110 0.221 0.196 0.224 0.150 0.116 0.084 0.159 0.144 0.075

EPA 0.047 0.084 0.095 0.050 0.069 0.075 0.070 0.062 0.084 0.042 0.094 0.074 0.034

DHA 0.067 0.102 0.164 0.061 0.156 0.121 0.154 0.088 0.032 0.041 0.065 0.070 0.040

N 11 12 15 12 11 13 13 12 11 9 12 12 16

Table 8. Total fatty acid and EFA (%) content in C. edule in the field and after the exposure to a set concentrations of the 
herbicide Primextra® Gold TZ and the metal copper.
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3.2.2.3. Fatty acid trophic markers (FATMs): Cerastoderma edule

In Table 9, the FA composition of the food (rotifers and microalgae) used daily to feed C. 

edule in the lab is represented. Microalgae food source presented a highest richness in PUFA 
whereas rotifers showed higher composition in SFA.

FATM ratios indicated an omnivorous diet with the organisms ingesting phytoplankton 
and zooplankton, with some of the individuals in the lab and at the field consuming higher 
amounts of phytoplankton (diatoms). Still some organisms from the field also showed a diet 
based mainly on zooplankton with few also feeding on bacteria.

4. Conclusion

In general, an organism under stress conditions may change its physiological and biochemical 
responses as a strategic mechanism to compensate the organism’s requirements [20]. In this 
study, the species from different trophic levels (a marine microalgae and estuarine bivalve spe‐

cies) exposed to a range of salinity concentrations under distinct temperature conditions and 
under different treatments of a metal (copper) and a herbicide (Primextra) revealed changes 
in its fatty acid content. The results obtained confirmed that the environmental and chemical 
stressors affect the fatty acid profile of aquatic species with sharp changes in the FA content 
of these species and reflecting then in lower quality food. It was clear that higher temperature 
had a great impact on the FA composition of the microalga, with the diatom not presenting 
several FA mainly PUFA, DHA and EPA in its profile, making the microalga more vulnerable 
to the effects of different salinities, mainly under salinity concentrations lower than 22.59. In 
the salinity treatments, an increase of SFA and MUFA was also observed to both studied spe‐

cies which can indicate that PUFA and HUFA are being metabolized so that the cells can obtain 
more energy necessary to maintain homeostatic ionic balance while maintaining basal func‐

tions of the body, such as respiration and excretion of ammonia. Since synthesizing of PUFAs 
and HUFAs becomes too energetically costly, the organism may not complete the elongation 
processes presenting higher concentrations of SFAs and MUFAs in the FA composition. The 
increase in saturation level can also be explained by a cellular response toward the osmotic 
shock, an attempt to maintain the stability of lipid membranes [49] and as such maintain the 

osmotic pressure from cell damaging. A low concentration of HUFA in general may also occur 
due to the high sensitiveness of this FA group to environmental fluctuations and to cell stress.

Food source

Microlagae Rotifera

% total SFA 7.7 62.7

% total MUFA 3.0 23.0

% total PUFA 86.5 9.0

% total HUFA 3.0 5.4

Table 9. Fatty acid composition of food source used daily to feed Cerastoderma edule in the lab.
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In literature studies, the most characteristic FA of diatoms are included in SFA and MUFA 
group and are characteristic of the plant domain: C14:0, C16:0, C16:1, C18:4 and C20:5, pre‐

cursors for LC‐PUFA such as EPA and DHA, while in turn most diatoms are reported to be 
very poor in C18:2 and C18:3 [50, 51]. In the present study, the absence of most of these FA 
at both species with a wide lacking of SFA is clearly shown. Fisher [52] stated Thalassiosira 

pseudonana Hasle & Heimdal was dominated by the FA reported above, although in differ‐

ent relative amounts. Fisher [52] also observed that the concentration of C16:0 varied with 
the culture age and that C16:1 declined drastically in the dark. The LC‐PUFA content of 
microalgae can indeed depend not only on the species, but also on factors related to cul‐

ture condition including composition of the medium, aeration, light intensity, temperature 

and age of culture [53], being crucial algae be maintained under its optimality of growth 

conditions.

In bivalve species, the reproductive success is related to the presence of great amount of lipids 
that are the second major constituent of bivalves’ eggs [54, 55]. The maturation of the germ 
cell is closely related to the FA C18:3n3, C18:4n3, C20:1n9 and C20:2n6, while C14:0, C16:0, 
C16:1n7, C18:1n7 and C18:1n9 play a key role at the embryonic development of the bivalve 
eggs [54, 56]. Thus, it is crucial the presence of these FA during the breeding and thus in the 
FA profiles of the individuals.

The low concentration of HUFA reported in the lowest salinity treatments (22.59 and 14.79) at 
25°C to T. weissflogii and to C. edule exposed to the metal may translate a metabolic response 
from the cells, which cannot efficiently maintain the cellular homeostatic ionic balance and 
cannot use energetic reservations in the elongation and synthesis of LC‐PUFA such as EPA 
(C20:5n3) and DHA (C22:6n3). In the salinity treatments, EFAs of both studied species (the 
diatom and the bivalve) were mainly represented by ARA that is an important precursor of 
signalling molecules including prostaglandins, prostacyclins and thromboxanes [57]. DHA 
was the EFA that presented the lowest concentration or was absent in all salinity treatments at 
the highest temperature (25°C) and also under the exposure to both pollutants of the diatom 
species. A similar pattern was reported to the bivalve species exposed to saline and copper 
concentrations. This EFA is crucial in neurophysiologic processes and influences visual acu‐

ity once is abundant in retina cells, as well as a preventive role in cardiac diseases being also 

presented in high amount in the brain tissues [4, 16]. In fact, a high concentration of EFA such 
as the combination DHA + EPA is linked to the reduction of coronary heart diseases. These 
two FA molecules also show a key role in bipolar disorder and other neurological dysfunc‐

tions, cognitive functions and fetal development. They are associated with benefits in the 
treatment of rheumatoid arthritis and inflammatory bowel disease, as well as for Crohn’s 
disease, which is related with the suppression of ARA‐derived eicosanoids [4]. Once EPA and 
ARA play an important role in mediating immunological responses to infections and regulat‐
ing ion and water flux, a low or absent content of such EFAs can translate into alterations in 
membrane phospholipids once ARA and DHA components can influence cellular signalling 
but also sharply alter many membrane physical properties such as fluidity and bilayer thick‐

ness, among others. In humans, a deficiency of DHA affects neurotransmission, membrane‐
bound enzyme and ion channel activities, intensity of inflammation and immunity, all of 

Fatty Acids110



these associated with normal aging, Alzheimer disease, hyperactivity and schizophrenia [13]. 
These EFAs (EPA and ARA) are also associated to the further improvement of adaption of the 
individuals to anthropogenic and environmental stress conditions [58]. Furthermore, C18:3n3 
(α LNA) is associated with the processes of elongation and desaturation at the synthesis of 
EPA and DHA in mammals, whereas C18:2n6, C20:4n6 and C18:3n6 are involved in the bio‐

synthesis of PUFA of long chain [59].

The level of essential fatty acids (n‐3 EFA) in algae can be highly variable, [60], including 

among major taxa [61], making it hard to compare between phylogenetic close species. PUFAs 
and HUFAs can reach their highest content during periods of rapid cell growth or bloom epi‐
sodes [62] and are important components of the microalgae membranes that affect cell mem‐

brane fluidity [3] that promotes a rapid response to environmental changes, such as variations 

in temperature, light and pH. Thus, HUFAs are the most affected FA group in case of cellular 
damage due to failed osmoregulation. The reduction of EFA content, mainly in the base of the 
trophic food web, may have serious implications at higher levels in the food web, once the 

compromising of the nutritious value of the primary producers influences the uptake of EFAs 
and thus the fundamental processes of regulation of many species in the ecosystems. Some of 
these species are the food source of human beings, having the climate events in larger scale 

a great impact at the biochemical values of nutritional requirements of many aquatic species 

and thus at human health. Thus, a balanced fatty acid profile is essential, with a balanced 
amount of essential fatty acids (EFAs) and of other fatty acids with a key role in the regulation 
and functioning of the organisms.

Fatty acid proves to be a useful bio‐indicator of ecological and healthy status of aquatic eco‐

systems, providing crucial information about the impacts of global stressors in the aquatic 

communities and thus in the trophic food web with severe repercussions to human beings 

and food quality. Recent reports predict the occurrence, at the next 100 years, of changes 
in salinity seawater, rise in temperature and water acidification [63]. In addition to these 
climate changes, an intensive agriculture production with an excessive usage of fertilizers 
and pesticides near coastal wetlands will have severe impacts to the aquatic communities 

and thus to the ecosystem. Therefore, it is of major importance and becomes a priority 
to determine and predict the effects of environmental and anthropogenic stressors in the 
aquatic systems in order to maintain the healthy status and the biodiversity and thus the 

food quality.

Acknowledgements

This study was supported by the Fundação para a Ciência e Tecnologia (FCT) through the 
strategic projects UID/MAR/04292/2013 granted to MARE and UID/AMB/50017/2013 granted 
to CESAM. A.M.M. Gonçalves also thanks the Fundação para a Ciência e Tecnologia (FCT) 
for the financial support provided through the post‐doctoral grant SFRH/BPD/97210/2013 
co‐funded by the Human Potential Operational Programme (National Strategic Reference 
Framework 2007–2013), European Social Fund (EU) and the program POPH/FSE.

Fatty Acids’ Profiles of Aquatic Organisms: Revealing the Impacts of Environmental and Anthropogenic Stressors
http://dx.doi.org/10.5772/intechopen.68544

111



Author details

Ana M.M. Gonçalves1,2*, João C. Marques1 and Fernando Gonçalves2

*Address all correspondence to: anamartagoncalves@ua.pt; anamartagoncalves@gmail.com

1 IMAR (Marine and Environmental Research Centre) & MARE (Marine and Environmental 
Sciences Centre), Faculty of Sciences and Technology, University of Coimbra, Coimbra, 
Portugal

2 Department of Biology and CESAM, University of Aveiro, Aveiro, Portugal

References

[1] Richmond CE, Wethey DS, Woodin SA. Climate change and increased environmental 
variability: Demographic responses in an estuarine harpacticoid copepod. Ecological 
Modelling. 2007;209(2):189‐202

[2] Benatti P, Peluso G, Nicolai R, Calvani M. Polyunsaturated fatty acids: Biochemical, 
nutritional and epigenetic properties. Journal of the American College of Nutrition. 
2004;23(4):281‐302

[3] Bret MT, Müller‐Navarra DC. The role of highly unsaturated fatty acids in aquatic food 
web processes. Freshwater Biology. 1997;13:1055‐1063

[4] Arts MT, Ackman RG, Holub BJ. Essential fatty acids in aquatic ecosystems: A crucial 
link between diet and human health and evolution. Canadian Journal of Fisheries and 
Aquatic Sciences. 2001;58(1):122‐137

[5] Liu JJ, Green P, Mann JJ, Rapoport SI, Sublette ME. Pathways of polyunsaturated fatty 
acid utilization: Implications for brain function in neuropsychiatric health and disease. 
Brain Research. 2015;1597:220‐246

[6] Stillwell W, Wassall SR. Docosahexaenoic acid: Membrane properties of a unique fatty 
acid. Chemistry and Physics of Lipids. 2003;126:1‐27

[7] Calder PC. Polyunsaturated fatty acids and inflammation. Biochemical Society Trans 
actions. 2005;33(2):423‐427

[8] Kattner G, Hagen W. Lipids in marine copepods: Latitudinal characteristics and per‐

spective to global warming. In: Arts MT, Brett MT, Kainz MJ, editors. Lipids in Aquatic 
Ecosystems. USA (New York): Springer; 2009. pp. 257‐280. DOI: 10.1007/978‐0‐387‐89366‐2

[9] Sargent JR, Bell JG, Bell MV, Henderson RJ, Tocher DJ. The metabolism of phospholipids 
and polyunsaturated fatty acids in fish. In: Lahlou B, Vitiello P, editors. Aquaculture: 
Fundamental and Applied Research Coastal and Estuarine Studies. USA (Washington, 
D C): American Geophysical Union; 1993. pp. 103‐112

Fatty Acids112



[10] Veloza AJ, Chu FLE, Tang KW. Trophic modification of essential fatty acids by hetero‐

trophic protists and its effects on the fatty acid composition of the copepod Acartia tonsa. 
Marine Biology. 2006;148(4):779‐788

[11] Coutteau P, Sorgeloos P. Manipulation of dietary lipids, fatty acids and vitamins in zoo‐

plankton cultures. Freshwater Biology. 1997;38(3):501‐512

[12] Ladhar C, Ayadi H, Denis F, Tastard E, Sellami I. The effect of environmental factors on 
the fatty acid composition of copepods and Artemia in the Sfax solar saltern (Tunisia). 
Biochemical Systematics and Ecology. 2014;56:237‐245

[13] Horrocks LA, Akhlaq AF. Docosahexaenoic acid in the diet: Its importance in mainte‐

nance and restoration of neural membrane function. Prostaglandins, Leukotrienes and 
Essential Fatty Acids. 2004;70(4):361‐372

[14] Innis SM. Dietary (n‐3) fatty acids and brain development. The Journal of Nutrition. 
2007;137(4):855‐859

[15] Kelly JR, Scheibling RE. Fatty acids as dietary tracers in benthic food webs. Marine 
Ecology Progress Series. 2012;446:1‐22

[16] Dalsgaard J, John MS, Kattner G, Müller‐Navarra D, Hagen W. Fatty acid trophic mark‐

ers in the pelagic marine environment. Advances in Marine Biology. 2003;46:225‐340

[17] Filimonova V, Gonçalves F, Marques JC, De Troch M, Gonçalves AMM. Fatty acid 
profiling as bioindicator of chemical stress in marine organisms: A review. Ecological 
Indicators. 2016a;67:657‐672. DOI: 10.1016/j.ecolind.2016.03.044

[18] Filimonova V, Gonçalves F, Marques JC, De Troch M, Gonçalves AMM. Biochemical 
and toxicological effects of organic (herbicide Primextra® Gold TZ) and inorganic 
(copper) compounds on zooplankton and phytoplankton species. Aquatic Toxicology. 
2016b;177:33‐43. DOI: http://dx.doi.org/10.1016/j.aquatox.2016.05.008

[19] Gonçalves AMM, Mesquita AF, Verdelhos T, Coutinho JAP, Marques JC, Gonçalves F. 
Fatty acids’ profiles as indicators of stress induced by of a common herbicide on two 
marine bivalves species: Cerastoderma edule (Linnaeus, 1758) and Scrobicularia plana (da 
Costa, 1778). Ecological Indicators. 2016;63:209‐218. DOI: 10.1016/j.ecolind.2015.12.006

[20] Gonçalves AMM, Barroso DV, Serafim TL, Verdelhos T, Marques JC, Gonçalves F. The 
biochemical response of two commercial bivalve species to exposure to strong salinity 
changes illustrated by selected biomarkers. Ecological Indicators Journal. 2017;76:59‐66. 
DOI: 10.1016/j.ecolind.2017.01.020

[21] Caudill CC, Bucklin A. Molecular phylogeography and evolutionary history of the estu‐

arine copepod, Acartia tonsa, on the Northwest Atlantic coast. Hydrobiologia. 2004;511: 
91‐102

[22] Boesch DF. A new look at the zonation of benthos along the estuarine gradient. Ecology 
of Marine Benthos. 1977;6:245‐66

Fatty Acids’ Profiles of Aquatic Organisms: Revealing the Impacts of Environmental and Anthropogenic Stressors
http://dx.doi.org/10.5772/intechopen.68544

113



[23] Beaugrand G, Ibañez F, Reid PC. Spatial, seasonal and long‐term fluctuations of plank‐

ton in relation to hydroclimatic features in the English Channel, Celtic Sea and Bay of 
Biscay. Marine Ecology Progress Series. 2000;200:93‐102

[24] Cardoso PG, Raffaelli D, Lillebø AI, Verdelhos T, Pardal MA. The impact of extreme 
flooding events and anthropogenic stressors on the macrobenthic communities’ dynam‐

ics. Estuarine, Coastal and Shelf Science. 2008;76(3):553‐565

[25] Holliday DK, Elskus AA, Roosenburg WM. Impacts of multiple stressors on growth 
and metabolic rate of Malaclemys terrapin. Environmental Toxicology and Chemistry. 
2009;28(2):338‐345

[26] Kinne O. The effects of temperature and salinity on marine and brackish water animals—I. 
Temperature. Oceanography and Mairne Biology, An Annual Review. 1963;1:1301‐1340

[27] Williams WD, Geddes MC. Anostracans of Australian salt lakes, with particular refer‐

ence to a comparison of Parartemia and Artemia. In: Browne RA, Sorgeloos P, Trotman 
CNA, editors. Artemia Biology. Boca Raton: CRC Press; 1991. pp. 351‐368

[28] Rippingdale RJ, Hodgkin EP. Food availability and salinity tolerance in a brackish water 
copepod. Marine and Freshwater Research. 1977;28(1):1‐7

[29] Gonçalves AMM, Pardal MA, Marques SC, Mendes S, Fernández‐Gómez MJ, Galindo‐
Villardón MP, Azeiteiro UM. Responses of Copepoda life‐history stages to climatic vari‐
ability in a Southern‐European temperate estuary. Zoological Studies. 2012;51(3):321‐335

[30] Grilo TF, Cardoso PG, Dolbeth M, Bordalo MA, Pardal MA. Effects of extreme climate 
events on the macrobenthic communities’ structure and functioning of a temperate estu‐

ary. Marine Pollution Bulletin. 2011;62:303‐311

[31] Verdelhos T, Cardoso PG, Dolbeth M, Pardal MA. Recovery trends of Scrobicularia plana 
populations after restoration measures, affected by extreme climate events. Marine 
Environmental Research. 2014;98:39‐48

[32] Barman TE. Enzyme Handbook. Supplement I. Heidelberg, Germany: Springer Verlag 
GmbH; 1974. pp. 504. DOI: 10.1007/978‐3‐662‐11691‐3

[33] Ritter A, Goulitquer S, Salaün JP, Tonon T, Correa JA, Potin P. Copper stress induces 
biosynthesis of octadecanoid and eicosanoid oxygenated derivatives in the brown 
algal kelp Laminaria digitata. New Phytologist. 2008;180:809‐821. http://dx.doi.org/ 
10.1111/j.1469‐8137.2008.02626.x

[34] Sibi G, Anuraag TS, Bafila G. Copper stress on cellular contents and fatty acid profiles 
in Chlorella species. Online Journal of Biological Sciences. 2014;14:209‐217. http://dx.doi.
org/10.3844/ojbssp.2014.209.217

[35] Galhano V, Gomes‐Laranjo J, Peixoto F. Exposure of the cyanobacterium Nostoc mus-
corum from Portuguese rice fields to Molinate (Ordram®): Effects on the antioxidant 
system and fatty acid profile. Aquatic Toxicology. 2011;101:367‐376. http://dx.doi.
org/10.1016/j.aquatox.2010.11.011

Fatty Acids114



[36] Araújo CFC, Souza‐Santos LP. Use of the microalgae Thalassiosira weissflogii to assess water 

toxicity in the Suape industrial‐port complex of Pernambuco, Brazil. Ecotoxicology and 
Environmental Safety. 2013;89:212‐221. http://dx.doi.org/10.1016/j.ecoenv.2012.11.032

[37] Borges L, Morón‐Villarreyes JA, D’Oca MGM, Abreu PC. Effects offlocculants on 
lipid extraction and fatty acid composition of the microalgae Nannochloropsis ocu-
lata and Thalassiosira weissflogii. Biomass Bioenergy. 2011;35:4449‐4454. http://dx.doi.
org/10.1016/j.biombioe.2011.09.003

[38] Verdelhos T, Marques JC, Anastácio P. The impact of estuarine salinity changes on the 
bivalves Scrobicularia plana and Cerastoderma edule, illustrated by behavioral and mortal‐

ity responses on a laboratory assay. Ecological Indicators. 2015;52:96‐104. DOI: 10.1016/j.
ecolind.2014.11.022

[39] Freitas R, Camino BM, Martins RC, Figueira E, Soares AMVM, Montaudouin X. 
Trematode communities in cockles (Cerastoderma edule) of the Ria deAveiro (Portugal): 
Influence of inorganic contamination. Marine Pollution Bulletin. 2014;82:117‐126

[40] Paul‐Pont I, Gonzalez P, Baudrimont M, Nili H, de Montaudouin X. Short term metallo‐

thionein inductions in the edible cockle Cerastoderma edule after cadmium or mercury 

exposure: Discrepancy between mRNA and protein responses. Aquatic Toxicology. 
2010;97:260‐267

[41] Paul‐Pont I. Paillard C, Raymond N, Baudrimont M. Interactive effects of metal con‐

tamination and pathogenic organisms on the marine bivalve Cerastoderma edule. Marine 
Pollution Bulletin. 2010;60:515‐525

[42] Cardoso PG, Grilo TF, Pereira E, Duarte AC, Pardal MA. Mercury bioaccumulation 
and decontamination kinetics in the edible cockle Cerastoderma edule. Chemosphere. 
2013;90:1854‐1859

[43] Nilin J, Pestana JLT, Ferreira NG, Loureiro S, Costa‐Lotufo LV, Soares AMVM. Physiological 
responses of the European cockle Cerastoderma edule (Bivalvia: Cardidae) as indicators 
coastal lagoon pollution. Science of the Total Environment. 2012;435-436:44‐52

[44] Cunha PP, Dinis J. Sedimentary dynamics of the Mondego estuary. In: Pardal MA, 
Marques JC, Graça MA, editors. Aquatic Ecology of the Mondego River Basin—Global 
Importance of Local Experience. Portugal (Coimbra): Imprensa da Universidade de 
Coimbra; 2002. pp. 43‐62. DOI: http://dx.doi.org/10.14195/978‐989‐26‐0336‐0_4

[45] Guillard RR, Ryther JH. Studies of marine planktonic diatoms: I. Cyclotella nana 
Hustedt, and Detonula confervacea (CLEVE) Gran. Canadian Journal of Microbiology. 
1962;8(2):229‐239

[46] Rippingale RJ, Payne MF. Intensive cultivation of the calanoid copepod Gladioferens impar-
ipes. Aquaculture. 2001;201:329‐342. http://dx.doi.org/10.1016/S0044‐8486(01)00608‐1

[47] Eder K. Gas chromatographic analysis of fatty acid methyl esters. Journal of Chromato 
graphy. 1995;671:113‐131

Fatty Acids’ Profiles of Aquatic Organisms: Revealing the Impacts of Environmental and Anthropogenic Stressors
http://dx.doi.org/10.5772/intechopen.68544

115



[48] Finney DJ, editors. Probit Analysis. 3rd ed. England (Cambridge): Cambridge University 
Press; 1971. p. 333. DOI: 10.1002/jps.2600600940

[49] Popova OB, Sanina NM, Likhatskaya GN, Bezverbnaya IP. Effects of copper and 
cadmium ions on the physicochemical properties of lipids of the marine bacterium 

Pseudomonas putida IB28 at different growth temperatures. Russian Journal of Marine 
Biology. 2008;34(3):179‐185

[50] Verity PG, Smayda TJ. Nutritional value of Phaeocystis pouchetii (Prymnesiophyceae) and 
other phytoplankton for Acartia spp. (Copepoda): Ingestion, egg production and growth 
of nauplii. Marine Biology. 1989;100:161‐171

[51] Chuecas L, Riley JP. Component fatty acids of the total lipids of some marine phytoplank‐

ton. Journal of the Marine Biological Association of the United Kingdom. 1969;49(01): 
97‐116

[52] Fisher NS, Schwarzenbach, RP.Fatty acid dynamics in Thalassiosira Pseudonana 
(Bacillariophyceae): Implications for physiological ecology. Journal of Phycology. 
1978;14(2):143‐150

[53] Dunstan GA, Volkman JK, Barrett SM, Leroi JM, Jeffrey SW. Essential polyunsaturated 
fatty acids from 14 species of diatom (Bacillariophyceae). Phytochemistry. 1993;35(1): 
155‐161

[54] Baptista M, Repolho T, Maulvault AL, Lopes VM, Narciso L, Marques A, Bandarra N, 
Rosa R. Temporal dynamics of amino and fatty acid composition in the razor clam Ensis 
siliqua (Mollusca: Bivalvia). Helgoland Marine Research. 2014;68:465‐482

[55] Ruano F, Ramos P, Quaresma M, Bandarra NM, Fonseca IP. Evolution of fatty acid pro‐

file and Condition Index in mollusc bivalves submitted to different depuration periods. 
Revista Portuguesa de Ciências Veterinárias. 2012;107(581‐582):75‐84

[56] Ojea J, Pazos AJ, Martinez D, Novoa S, Sánchez JL, Abad M. Seasonal variation in weight 
and biochemical composition of the tissues of Ruditapes decussatus in relation to the 

gametogenic cycle. Aquaculture. 2004;238:451‐468

[57] Schlechtriem C, Arts MT, Zellmer ID. Effect of temperature on the fatty acid composition 
and temporal trajectories of fatty acids in fasting Daphnia pulex (Crustacea, Cladocera). 
Lipids. 2006;41(4):397‐400

[58] Fokina NN, Ruokolainen TR, Nemova NN, Bakhmet IN. Changes of blue mussels Mytilus 
edulis L. lipid composition under cadmium and copper toxic effect. Biological Trace 
Element Research. 2013;154:217‐225. DOI: http://dx.doi.org/10.1007/s12011‐ 013‐9727‐3

[59] Givens I, Baxter S, Minihane AM, Shaw E, editors. Health Benefits of Organic Food: 
Effects of the Environment. Trowbridge: Cromwell Press; 2008. p. 315. ISBN: 13: 978 1 
84593 459 0

[60] Morris RJ, McCartney MJ, Robinson GA. Studies of a spring phytoplankton bloom in an 
enclosed experimental ecosystem. I. Biochemical changes in relation to the nutrient chem‐

istry of water. Journal of Experimental Marine Biology and Ecology. 1983;70(3):249‐262

Fatty Acids116



[61] Sargent JR, Whittle KJ. Lipids and hydrocarbons in the marine food web. In: Longhurst 
AR, editors. Analysis of Marine Ecosystems. London: Academic Press; 1981. pp. 491‐533. 
ISBN 0‐12‐455560‐8

[62] Fraser AJ, Sargent JR, Gamble JC. Lipid class and fatty acid composition of Calanus 
finmarchicus (Gunnerus), Pseudocalanus sp. and Temora longicornis Müller from a nutri‐
ent‐enriched seawater enclosure. Journal of Experimental Marine Biology and Ecology. 
1989;130(1):81‐92

[63] IPCC. Summary for policymakers. In: Stocker TF, Qin D, Plattner G‐K, Tignor M, Allen 
SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM, editors. Climate Change 2013: The 
Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report 
of the Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and 
New York, NY, USA: Cambridge University Press; 2013

[64] Budge SM, Parrish CC. Lipid biochemistry of plankton, settling matter and sediments 
in Trinity Bay, Newfoundland II. Fatty acids. Organic Geochemistry. 1998;29:1547‐1559.

[65] Dunstan GA, Volkman JK, Barrett SM, Leroi JM, Jeffrey SW. Essential polyunsatu‐

rated fatty acids from 14 species of diatom (Bacillariphyceae). Phytochemistry. 1994;35: 
155‐161.

[66] Kharlamenko VI, Kyiashko SI, Imbs AB, Vyshkvartzev DI. Identification of food sources 
of invertebrates from the seagrass Zostera marina community using carbon and sulphur 
stable isotope ratio and fatty acid analyses. Marine Ecology Progress Series. 2001;220: 
103‐117

[67] Mansour MP, Volkman JK, Jackson AE, Blackburn SI. The fatty acid and sterol composi‐
tion of five marine dinoflagellates. Journal of Phycology. 1999;35: 717‐720

[68] Mayzaud P, Chanut JP, Ackman RG. Seasonal changes on the biochemical composition 
of the marine particulate matter with special reference of fatty acids and sterols. Marine 
Ecology Progress Series. 1989;56:189‐204.

[69] Nadjek M, Debobbis D, Mioković D, Ivančić I. Fatty acid and phytoplankton composi‐
tion of different types of mucilaginous aggregates in the Northen Adriatic. Journal of 
Lipid Research. 2002;5:600‐608.

[70] Zhukova NV, Kharlamenko VI. Sources of essential fatty acids in the marine microbial 
loop. Aquatic Microbial Ecology. 1999;17:153‐157

Fatty Acids’ Profiles of Aquatic Organisms: Revealing the Impacts of Environmental and Anthropogenic Stressors
http://dx.doi.org/10.5772/intechopen.68544

117




