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Abstract: Coastal areas are frequently impacted by anthropogenic pollution, due to intense human
activity in these zones. Our study aimed to monitor the impacts of anthropogenic pollution in four Por-
tuguese locations on the northwest coast, and to identify the most affected areas and/or seasons by
applying a multi-biomarker approach. Water and specimens of Phorcus lineatus were collected on
the rocky shore during low tide in four sites along the northwest Portuguese coast (1. Amorosa;
2. Cabo do Mundo; 3. Homem do Leme; 4. S. Félix da Marinha) with different anthropogenic pressures,
including an industrial maritime shipyard; an oil refinery; an international airport; and an area with
high human population density. The collection took place over two seasons: the summer of 2021 and
the winter of 2022. Several biochemical biomarkers, including reactive oxygen species; protein car-
bonyl content; lipid peroxidation (LPO); carboxylesterase (CE); and antioxidant (superoxide dismutase
(SOD), catalase (CAT), glutathione S-transferase (GST), and neurotoxicity—acetylcholinesterase (AChE))
enzymes were measured. The results showed seasonal variation, with the ROS, LPO, CE, and GST
activities depending particularly on the season, but the SOD and CAT activities being similar between
summer and winter. CAT showed lower activity in Site 1 than in the other sites during both seasons
(p < 0.05). The Integrated Biomarker Response (IBR) index showed that biomarker responses were
higher in winter. The multivariate analysis confirmed the higher contribution of the factor season to
the P. lineatus’ response to pollutants, compared to the spatial variation in the northwest Portuguese
coast. Overall, this study shows that P. lineatus can be a suitable bioindicator species for environmental
biomonitoring, and that the IBR index allows the identification of temporal contamination patterns.

Keywords: marine pollution; gastropod; oxidative stress; biomarkers

1. Introduction

Coastal areas, particularly near densely populated cities, are frequently subjected to
anthropogenic pollution from urban, industrial, and agricultural activities. Among such
contamination, heavy metals are priority pollutants that have gained special attention
due to their persistence, bioaccumulative potential, and toxicity at low levels of expo-
sure [1,2]. The marine environment—particularly coastal areas—receives a large amount
of heavy metal from agricultural and industrial activities, sewage treatment discharges,
urban stormwater runoff, and antifouling paints used in marine structures [2,3]. In turn,

Water 2024, 16, 5. https://doi.org/10.3390/w16010005 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w16010005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-2827-9221
https://orcid.org/0000-0001-5038-6085
https://orcid.org/0000-0002-5636-9400
https://orcid.org/0000-0002-7492-4965
https://orcid.org/0000-0001-5052-3596
https://orcid.org/0000-0002-4026-5965
https://orcid.org/0000-0001-7308-5840
https://doi.org/10.3390/w16010005
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16010005?type=check_update&version=1


Water 2024, 16, 5 2 of 18

it has been reported that heavy metals may cause distinct toxic effects such as embry-
otoxicity, oxidative stress, increased apoptosis, and/or histological alterations in fish [4,5],
bivalves [6–8], polychaetes [9], and algae [10]. In addition, due to their bioaccumulative
and biomagnification potential, heavy metals can enter the food web and be transferred to
higher trophic levels, which represents a critical environmental issue with implications for
the ecological sustainability and economic management of aquatic ecosystems, including
wildlife and human health [1].

According to a report by the European Environment Agency (EEA), about 75–96%
of European seas are still contaminated with heavy metals [11]. For instance, in the Vigo
estuary—the most important in Galicia (Spain)—it was reported that zinc (Zn) concen-
trations in the seawater surface are between 0.2 and 10.3 µg/L [12]. In several sites on
the northwest coast of Portugal, concentrations of cadmium (Cd), chromium (Cr), cop-
per (Cu), and Zn in seawater ranged from 1.2–35 ng/L, 15–87 ng/L, 126–1819 ng/L, and
2889–16,867 ng/L, respectively [13]. More recently, a spring campaign in the Douro River
estuary (Portugal) assessed the content and distribution of several trace elements (e.g., Cr,
Cu, Zn, Cd) in three matrices (water, sediments, and native flora) collected at five sampling
points [14]. In both the water and sediment samples, the mean concentrations of some trace
elements, particularly Cu and lead (Pb), exceeded the levels considered safe for aquatic
organisms. In this regard, in compliance with the Water Framework Directive (2000/60/EC)
and the Marine Strategy Framework Directive 2008/56/EC, it is crucial to regularly assess
the pollution levels and potential ecological risks of heavy metals in coastal ecosystems,
in order to achieve a healthy and productive marine environmental status [15,16]. In this
context, for a comprehensive understanding of the impact of marine pollution, it is critical
to measure abiotic factors and chemical parameters (e.g., pollutant concentration), but
also to determine their adverse biological effects on the biota through biomarkers [17,18].
Linking these physical, chemical, and biological parameters provides valuable data for an
effective and integrated risk assessment of the anthropogenic impact on coastal areas.

Over the last decades, gastropods have been exploited as seafood but also used as suit-
able bioindicators of heavy metal pollution, since these organisms can accumulate metals from
all environmental compartments (i.e., water, sediment, food, and inorganic particulate mate-
rial) [19]. Phorcus lineatus (also known as Monodonta lineatus; da Costa, 1778) is a herbivorous
marine gastropod broadly distributed along the Eastern Atlantic and is usually found from the
upper to the mid-eulittoral zone [20]. It is a species tolerant of environmental alterations; has
reduced mobility; is abundant and easy to sample; and is available all year long [20]. P. lineatus
becomes sexually mature around the second year of life, with the breeding cycle occurring
between June and September [21]. As for bivalves, the genera Phorcus or Monodonta have been
reported to be strong accumulators of Cd, Cu, and Zn, even in poorly contaminated sites [19],
thus being valuable bioindicators in monitoring metal contamination. In this conceptual
framework, the present study aimed to (1) assess the general health status and contamination
status of P. lineatus collected along four sites on the Northwest Atlantic coast of Portugal by
applying an enzymatic multi-biomarker approach; (2) monitor the impacts of heavy metal
pollution on these sites; (3) identify possible seasonal behavior of metals along the Northwest
Atlantic coast of Portugal.

2. Materials and Methods
2.1. Study Area and Sampling

Sampling was performed at four sites along the northwest Portuguese coast (S1—Amorosa,
41◦39′34.3′′ N 8◦49′29.8′′ W; S2—Cabo do Mundo, 41◦13′15.8′′ N 8◦42′58.0′′ W; S3—Homem
do Leme, 41◦09′31.8′′ N 8◦41′10.0′′ W; S4—S. Félix da Marinha, 41◦02′8.91′′ N 8◦38′55.1′′ W)
(Figure 1) during two seasons: summer of 2021 (August) and winter of 2021/2022 (February).
The selected sites comprise areas with different anthropogenic pressures, known for their
proximity to potential sources of pollution. Amorosa is a coastal area located in the North of
Portugal (Viana do Castelo), near the Lima River and adjacent to the Viana do Castelo Sea
Port, which comprises a maritime shipyard industry with a high population density. Cabo do
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Mundo is located in the city of Porto (the second largest city of Portugal), in the vicinity of
important industrial settlements, such as an oil refinery and an international airport. Homem
do Leme, also located in Porto, is close to the mouth of the Douro River and to an industrial and
mercantile harbor with intensive traffic of vessels (Leixões harbor). S. Félix da Marinha, located
south of Vila Nova de Gaia, is affected by urban and industrial settlements.
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Figure 1. Map showing the sampling locations of the study area on the northwest Portuguese coast.
S1—Amorosa (41◦39′34.3′′ N 8◦49′29.8′′ W); S2—Cabo do Mundo (41◦13′15.8′′ N 8◦42′58.0′′ W);
S3—Homem do Leme (41◦09′31.8′′ N 8◦41′10.0′′ W); S4—S. Félix da Marinha (41◦02′8.91′′ N
8◦38′55.1′′ W).

Thirty adult specimens of P. lineatus were randomly collected at each site by handpick-
ing at low tide in the intertidal zone, and transported alive, in refrigerated containers filled
with local seawater, to the laboratory for further processing. At each site, three replicates of
surface water samples were collected in glass bottles, transported to the laboratory at a low
temperature in thermoboxes, and stored at 4 ◦C until analysis. The physical and chemical
parameters—namely pH, temperature, and dissolved oxygen (D.O.)—were also measured
at each site using multiparameter probes (HQ40d Multi HACH; YSI Ecosense EC300).

The sampling of specimens was authorized by the Instituto da Conservação da Natureza e
das Florestas—the Portuguese Institute for Nature Conservation and Forests (ICNF).

2.2. Tissue Preparation for Biochemical Assays

The size (cm) and total weight (g) of each individual was measured, and the soft
tissue was excised from the shell and weighed (g). The condition factor (CF) of each
animal was estimated according to the formula CF = total weight/size3 [22]. For each
sample, the whole organism was then homogenized for 90 s at 30 Hz using a TissueLyser II
(Qiagen, Venlo, The Netherlands), in an ice-cold buffer (pH 7.4, sucrose 0.32 mM, HEPES
20 mM, MgCl2 1 mM, and phenylmethylsulphonyl fluoride 0.5 mM). Subsequently, each
sample was centrifuged (15,000× g, 20 min, 4 ◦C, Sigma 3K30, Osterode, Germany), and
the homogenate supernatant was collected and frozen at −20 ◦C until the biochemical
biomarker assessments.
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2.3. Biochemical Biomarker Measurements

The enzymatic activity of the samples was measured using a PowerWave XS2 mi-
croplate scanning spectrophotometer (Bio-Tek Instruments, USA) or a Varian Cary Eclipse
(Varian, Palo Alto, CA, USA) spectrofluorometer. All the determinations were performed
in duplicate. Protein concentration in each sample was determined at 280 nm using the
Take3 Multi-Volume plate (Take3 plate, BioTek Instruments, Vermont, WI, USA) and used
to normalize enzyme activities.

Total reactive oxygen species (ROS) were determined following the methodology
described by [23], using the fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCFH-
DA), at 485 nm (excitation) and 530 nm (emission) wavelengths. ROS concentration was
estimated based on a DCF standard curve and expressed as µmol DCF/mg protein.

Superoxide dismutase (SOD) activity was measured through the inhibition of the
nitroblue tetrazolium (NBT) reduction, at 560 nm [24]. Catalase (CAT) activity was deter-
mined using a solution containing 100 mM sodium buffer and 20 mM hydrogen peroxide
(H2O2), by measuring H2O2 consumption at 240 nm [25]. SOD and CAT were quantified
with standard curves (0–60 U/mL) and expressed as U/mg protein. For glutathione S-
transferase (GST) activity determination, the conjugation of 1-chloro-2,4-dinitrobenzene
(CDNB) with reduced glutathione (GSH), in a 100 mM phosphate buffer, was measured
at 340 nm [26] and expressed as µmol/min.mg protein. Carboxylesterase (CE) activity
was measured by monitoring the reaction product of 4-nitrophenol at 405 nm [27], and
expressed as µmol 4-nitrophenol/min.mg protein.

The content of malondialdehyde (MDA), an indicator of lipid peroxidation (LPO), was
determined through the quantification of the MDA–thiobarbituric acid (TBA) adducts at 530 nm,
with a correction for non-specific adducts at 600 nm [28], and expressed as µmol MDA/mg
protein. The protein carbonyl content (PCO) was measured as dinitrophenylhydrazine (DNPH)
derivatized protein at 450 nm [29] and expressed as nmol DNPH/mg protein.

Acetylcholinesterase (AChE) activity was determined by measuring the conjugation of
thiocholine with 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) at 405 nm [30], and expressed
as µmol TNB/min.mg protein.

2.4. Water Collection and Analysis

In the water samples collected at each site, the levels of nitrite (NO2
−), nitrate (NO3

−),
fluorides (F−), chlorides (Cl−), phosphates (P2O5

−), sulfates (SO4
2−), ammonium (NH4),

calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), alkalinity (HCO3
−), biochemi-

cal oxygen demand (BOD), chemical oxygen deficiency (COD), hardness (CaCO3), and total
suspended solids (TSS) (expressed in mg/L) were determined. For the determination of
metal levels (expressed in µg/L), water samples were acidified with 65% nitric acid (HNO3,
Merck, Darmstadt, Germany), and the concentrations of arsenic (As), cadmium (Cd), lead
(Pb), copper (Cu), manganese (Mn), zinc (Zn), nickel (Ni), chromium (Cr), and iron (Fe)
were analyzed using atomic absorption spectrophotometry and electrochemistry (UNICAM
939 AA Spectrometer Furnace UNICAM GF90, Cambridge, UK). All samples were analyzed
in duplicate. Each run of samples was calibrated using aqueous mixed standards prepared
with HNO3. The analytical methods used to determine the physicochemical parameters
are described in Supplementary File S1.

2.5. Integrated Biomarker Response (IBR)

To integrate the effect of all biomarkers and establish a straightforward interpretation
of the contamination level at each sampling site, the IBR index was calculated according to
the method described by [31] and later adapted by [32]. For the calculation procedure, data
were normalized (Y = (X − µ)/s, where X is the mean value of the biomarker at a given
sampling site, and µ and s are the general mean and the standard deviation, respectively, of
all data for a given biomarker). Subsequently, a score for each biomarker (S = Y + |Min|,
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where S ≥ 0 and |Min| is the absolute minimum value for all calculated Y) was obtained
to calculate the IBR index:

IBR =∑n
i=1 Ai, where Ai = Si × Si+1 × sin

2π
n
2

.

Si and Si+1 represent two consecutive clockwise biomarker scores; Ai is the area
that connects two scores; and n is the number of biomarkers. Biomarkers were arranged
clockwise according to their biological organization, as follows: ROS, SOD, CAT, GST, CE,
LPO, PCO, and AChE.

2.6. Statistical Analysis

ANOVA statistical analysis was performed using Prism 9.0 software (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). Data were checked for assumptions of homogeneity of
variance and normality with the Brown–Forsythe and Kolmogorov–Smirnov tests, re-
spectively. Then, to compare sites and seasons, a two-way ANOVA followed by Tukey’s
multiple comparison post-hoc test was performed for each biomarker. For the data that
did not fulfill a normal distribution, the non-parametric Kruskal–Wallis test on ranks,
followed by the post-hoc Dunn’s multi-comparison test, was used. Statistical differences
were considered significant when p < 0.05. The results are expressed as means and standard
deviations (means ± SD).

To explore spatial and/or temporal patterns of biological data (enzymatic activities
and biometric variables) between sites, a non-metric Multidimensional Scaling (nMDS)
analysis—an ordination method based on a rank order of Bray–Curtis similarities—was
used. The nMDS was computed from transformed (square root) biological data using
the package PRIMER 7 [33,34]. nMDS is a very flexible technique for analyzing many
different types of data, especially highly dimensional data that exhibit strong deviations
from assumptions of normality. Contrasting with some other ordination techniques, the
nMDS method fits data to several axes that are determined a priori to the analysis, and
does not contain hidden axes of variation.

In order to understand the effects of a pollution gradient and the time—namely the
season—on the enzymatic activities and biometric variables of P. lineatus, a constrained
ordination was applied to the studied variables. Response data are not compositional,
so a linear method was used. A redundancy analysis (RDA) was applied to extract and
summarize the variation in the response variables that can be explained by the explanatory
variables. These effects were tested for the different sites and seasons. A partial RDA
(pRDA) was applied in order to clarify the variations in biometric variables and enzymatic
activities of the gastropod, which were explained by the two groups of co-variables, testing
the simple effects of (1) time (season) and (2) space (sites). Additionally, to identify which
environmental variables better explained the variance in the enzymatic activities and
biometric variables analyzed, other pRDA tested the simple effects of (1) physicochemical
parameters (PC) and (2) specific pollutants (SP).

Variables were standardized before all analyses to preserve the original scale. The
significance of the variables was tested (both individually and altogether) with 999 Monte
Carlo permutations. RDA and pRDA were carried out using CANOCO 5 (version 5.14,
Biometrics, Wageningen, The Netherlands).

3. Results and Discussion
3.1. Physicochemical Parameters

The physicochemical parameters measured at all sites, during both seasons, are pre-
sented in Table 1.

The comparison of the physicochemical parameters between the seasons showed that
the major concentrations of NO3

−, Cl−, P2O5
−, NH4, and K, and of the metals Cd, Cr, Cu,

Mn, Ni, and Zn occurred in summer, particularly in Site 3; while during the cold season,
the parameters F−, SO4

2−, Ca, and Mg, and the metals As, Fe, and Pb showed higher levels,
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mainly at Sites 1, 3, and 4. It has been suggested that the increase of Cd and Zn during
warm periods and of Pb during cold periods, as observed in the present study, could be
related to the solubility of metals in the water and their complexation with Cl− ions [35].

Table 1. Physicochemical parameters of water sampled during the summer of 2021 and the winter of
2022 from sampling sites (Sites 1, 2, 3, and 4) along the northwest Portuguese coast.

Summer Winter

Parameter Site 1
Amorosa

Site 2
Cabo do
Mundo

Site 3
Homem
do Leme

Site 4
S. Félix

Marinha

Site 1
Amorosa

Site 2
Cabo do
Mundo

Site 3
Homem
do Leme

Site 4
S. Félix

Marinha

pH 7.73 7.81 7.87 8 8.43 8.13 8.15 7.89

Temperature (◦C) 17 17.3 18 18.2 13 13.1 14.4 14.2

mg/L

Nitrite (NO2
−) 0.02 0.16 0.1 0.03 0.91 0.01 0.01 0.02

Nitrate (NO3
−) 2.1 6.05 2.58 1.79 1.06 5.81 0.94 0.7

Fluorides (F−) 0.89 0.82 0.81 0.79 0.91 0.9 0.9 0.92
Chlorides (Cl−) 15,161.5 17,173.3 16,345.8 15,061.7 14,985.7 13,839.6 15,285.3 14,373.6
Phosphate (P2O5

−) 0.12 0.13 0.14 0.12 n.d. n.d. n.d. n.d.
Sulfates (SO4

2−) 2496.1 2713.9 2768.3 2779.2 2920.8 2659.4 2920.8 2822.7
Ammonium (NH4) 0.26 0.16 0.21 0.1 0.01 0.01 0.01 0.01
Calcium (Ca) 184.5 181.2 181.2 187.8 598.4 589.9 598.4 589.9
Potassium (K) 473.8 507.6 494.8 507.6 397.3 349.2 299.4 457.3
Magnesium (Mg) 1127 1179 1165 1125 1517 1406 1434 1734
Sodium (Na) 7318.36 7540.16 7643.64 7747.83 7074.66 6653.86 6685.77 6911.29
Alkalinity (HCO3

−) 146.4 140.3 146.4 146.4 134.2 152.5 152.5 131.15
Biochemical oxygen
demand (BOD) 6.25 12.5 6.25 6.25 0 0 0 0

Chemical oxygen
deficiency (COD) 426.14 337.06 663.69 218.28 1964 1828 1988 2000

Total Suspended
Solids (TSS) 125 141 130 128 126 134 132 137

Total hardness
(CaCO3) 5099 5305 5248 5099 7741.5 7261.3 7399.4 8610.5

µg/L

Arsenic (As) 43.08 39.39 40.97 35.69 99.87 41.76 76.22 94.23
Cadmium (Cd) 7.168 3.813 9.508 3.784 0.635 1.03 1.656 1.772
Copper (Cu) 6.232 6.634 14.62 12.74 7.439 5.816 19.24 2.078
Chromium (Cr) 0.818 0.936 3.411 0.398 0.271 0.503 0.463 0.209
Iron (Fe) 0.35 0.59 1 0.39 0.92 4.32 2.44 0.55
Manganese (Mn) 1.326 2.352 5.292 0.56 0.486 1.527 1.376 0.296
Nickel (Ni) 122.6 46.8 75.4 35 n.d. 1.463 n.d. n.d.
Lead (Pb) n.d. 0.156 0.129 0.154 3.846 6.159 5.389 5.039
Zinc (Zn) 2.6 2.51 2.7 10.49 1.052 0.453 1.244 0.454

The spatial and temporal variations observed in this study confirm the different inputs
of urban, industrial, and marine traffic effluents. For instance, the proximity of some of the
sites to large and small rivers that cross several agricultural areas may contribute to a poten-
tial increased influx of As, Cd, Cu, Fe, Pb, Ni, and Zn, since these metals are components of
pesticides and fertilizers and, therefore, commonly leached from agricultural lands [36–38].
Similarly, other studies recorded a spatiotemporal variation of metal concentrations in the
northwest coast of Portugal’s seawaters [13,39,40], as well in other coastal regions [35,41].

3.2. Biometric Parameters

The biometric parameters of the sampled P. lineatus along the Northwest Atlantic coast
of Portugal are shown in Table 2. The gastropods sampled at Site 2 presented a higher total
length and weight in both seasons compared to Sites 1 and 4 (p < 0.01). Both total length
and weight increased significantly during the winter season (p < 0.001), unlike the summer
season. The lower length and weight in the summer may be related to the spawning period
of P. lineatus, which causes a loss of nutrient reserves. Regarding the condition factor (K),
during the summer season, it was significantly lower in Site 2 compared to the remaining
sites (p < 0.05) and to the winter season (p < 0.001). This difference may be related to the
higher biochemical oxygen demand and TSS observed in Site 2, which translates into low
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dissolved oxygen levels and, consequently, physiological changes in P. lineatus in order to
maintain homeostasis.

Table 2. Biometric parameters of the snails (Phorcus lineatus) collected at the sampling sites, along the
northwest Portuguese coast, during the summer of 2021 and winter of 2022.

Seasons/Sites Total Length
(cm)

Total Weight
(g)

Weight of the Soft
Tissues (g)

Condition Factor
(CF)

Summer

Site 1—Amorosa 1.73 ± 0.12 ac 2.38 ± 0.48 ab 0.68 ± 0.18 a 0.46 ± 0.06 a
Site 2—Cabo do Mundo 1.91 ± 0.15 b 2.76 ± 0.61 a 0.90 ± 0.23 b 0.39 ± 0.07 b
Site 3—Homem do Leme 1.84 ± 0.21 ab 2.90 ± 1.11 a 0.76 ± 0.29 ab 0.44 ± 0.04 a
Site 4—S. Félix da Marinha 1.70 ± 0.11 c 2.17 ± 0.47 b 0.49 ± 0.14 c 0.44 ± 0.05 a

Winter

Site 1—Amorosa 1.88 ± 0.16 a* 3.07 ± 0.99 a* 0.74 ± 0.20 a 0.45 ± 0.08 ab
Site 2—Cabo do Mundo 2.16 ± 0.18 b* 4.65 ± 1.34 b* 1.44 ± 0.47 b* 0.45 ± 0.04 a*
Site 3—Homem do Leme 2.00 ± 0.14 c* 3.41 ± 0.84 a* 1.09 ± 0.29 bc* 0.42 ± 0.03 ab
Site 4—S. Félix da Marinha 1.93 ± 0.15 ac* 2.99 ± 1.05 a* 0.95 ± 0.26 c* 0.41 ± 0.11 b

Notes: Data are expressed as mean ± S.D. The statistical analysis was performed using two-way ANOVA followed
by Tukey’s multiple comparison test. Different lowercase letters indicate significant differences between sites
during each season (p < 0.05); asterisks (*) indicate differences between seasons for each site (p < 0.05).

Overall, this variability between sites and seasons could be related to the physiological
and reproductive status of the gastropods and/or food availability. However, it can also be
related to adaptative strategies against low oxygen levels and/or exposure to pollution on
these sites, which leads the species to invest more energy in detoxification mechanisms [35].

3.3. Biochemical Biomarkers

Biochemical biomarkers are important tools to evaluate and understand linkages between
pollutant exposure and potentially associated impacts on the ecosystem’s health status.

In the present study, the levels of ROS (Figure 2A) were similar among all sites during
the summer season (p > 0.05), but higher compared to the winter season (p < 0.01). In turn,
during the cold period, P. lineatus of Site 2 presented significantly lower levels of ROS than
those of Site 4 (p = 0.012). Considering the LPO levels (Figure 2B), there were significant
spatial and seasonal variations in their levels. During the summer season, Site 1 showed
higher levels of LPO in comparison to the other sites (p < 0.001), while in the winter season,
both Sites 1 and 2 presented lower LPO levels than Sites 3 and 4 (p < 0.001). In addition, Site
3 also showed higher LPO levels than Site 4 (p < 0.001). PCO (Figure 2C), another biomarker
of oxidative stress, showed similar levels among all sites in the summer season (p > 0.05);
however, during the cold period, it showed higher levels in Site 1 in comparison to Site 4
(p = 0.016). The above results indicate both spatial and temporal variation of biochemical
responses, and consequently the exposure to contaminants that caused the induction of
oxidative stress in P. lineatus. In response to such oxidative stress, the antioxidant enzymes
can be induced as a protective mechanism, inhibited, or show no response. Indeed, SOD did
not show any significant changes between sites and seasons (p > 0.05, Figure 3A), while the
difference in the enzymatic activity of CAT was significant between Site 1 and the remaining
sites (p < 0.05), but not between seasons (p > 0.05, Figure 3B). These results suggest an
adaptive response of P. lineatus or the activation of other detoxification mechanisms to
deal with the potential contamination of the sampling sites. GST (Figure 3C), a phase II
biotransformation enzyme involved in the detoxification of several xenobiotic compounds,
showed similar activity in the summer season across all sites (p > 0.05); but, in the winter
season, the gastropods of Site 1 showed higher GST activity in comparison to the other
sites (p < 0.001). This suggests that GST was more responsive to the type of contamination
in Site 1, with its increase showing the activation of detoxification mechanisms in P. lineatus.
Besides, in all sites, the GST showed higher values of activity in the winter season compared
to the summer (p < 0.001). Overall, considering the oxidative stress, antioxidant system, and
detoxification biomarkers, the above results suggest that P. lineatus had a higher response
in the winter season compared to the warm period, at least for most of the biomarkers. This
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could be related to a variation in contaminant inputs at the sampling sites; nevertheless, it
is important to consider that the gastropod’s response may also depend on abiotic factors,
food availability, and its physiological state [42,43].
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Figure 2. Spatiotemporal variation of (A) reactive oxygen species (ROS), (B) lipid peroxidation
(LPO), and (C) protein carbonyl content (PCO) levels in Phorcus lineatus sampled during summer
and winter from four sites on the northwest Portuguese coast (S1: Amorosa; S2: Cabo do Mundo;
S3: Homem do Leme; S4: S. Félix da Marinha). Data are expressed as mean ± S.D. Statistical analysis
was performed using two-way ANOVA followed by Tukey’s multiple comparison test. Different
lowercase letters indicate significant differences between sites during the same season (p < 0.05),
and asterisks (*) indicate significant differences between seasons for each site (p < 0.05). Absence of
superscript indicates no significant differences.
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Figure 3. Spatiotemporal variation of (A) superoxide dismutase (SOD), (B) catalase (CAT), and
(C) glutathione-S-transferase (GST), and (D) carboxylesterase (CE) activity in Phorcus lineatus sam-
pled during summer and winter from four sites on the northwest Portuguese coast (S1: Amorosa;
S2: Cabo do Mundo; S3: Homem do Leme; S4: S. Félix da Marinha). Data are expressed as mean ± S.D.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison
test. Different lowercase letters indicate significant differences between sites during the same season
(p < 0.05), and asterisks (*) indicate significant differences between seasons for each site (p < 0.05).
Absence of superscript indicates no significant differences.

CE catalyzes the hydrolysis of a wide range of exogenous and endogenous car-
boxylesterases and plays a protective role against organophosphate insecticides [44], and
therefore qualifies as a suitable enzyme for pollution monitoring. AChE, which catalyzes
the hydrolysis of the neurotransmitter acetylcholine in the cholinergic neurons, is also
a common biomarker of neurotoxicity [45]. Both cholinesterases and carboxylesterases
belong to the group of hydrolases [44]. In the present study, CE (Figure 3D) showed sim-
ilar activity in all the sites during the warm season (p > 0.05), but its activity increased
significantly during the winter season (p < 0.01). During the cold season, the gastropods
of Site 1 presented higher CE activity than Site 4 (p = 0.040). Contrarily, AChE (Figure 4)
showed significant variation in the summer season, with the gastropods of Site 4 having a
higher AChE activity than those of Sites 1 and 2 (p < 0.001) and Site 3 (p = 0.007). However,
in the winter period, the gastropods exhibited similar levels of AChE activity in all sites
(p > 0.05). It has been suggested that the combination of CE and AChE in biomonitoring
programs may provide useful information about the potential exposure and effects of
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pesticides on aquatic invertebrates [44]. In the present study, a distinct seasonal profile
between CE and AChE was observed, with CE presenting higher activity in the cold season
and AChE with higher activity in the warm period. In field studies, seasonal variations in
CE and AChE activity were demonstrated, mostly related to the contamination inputs in
the sampling areas [35,45–48]. Nonetheless, it has been suggested that is also necessary to
consider the effects of environmental variables, particularly temperature, on the seasonal
variation of CE and AChE activity [44,47,49]. For instance, higher AChE activity at higher
temperatures (summer) have been demonstrated in the gills of Mytilus sp. [47]. Besides,
the seasonal variation observed in this study could also be related to the reproductive cycle
of P. lineatus. Najimi et al. [50] found that the periods of maximal and minimal activity of
AChE coincided, respectively, with the spawning and sexual rest of the mussel Perna perna.
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Figure 4. Spatiotemporal variation of acetylcholinesterase (AChE) activity in Phorcus lineatus sampled
in summer and winter from four sites on the northwest Portuguese coast (S1: Amorosa; S2: Cabo
do Mundo; S3: Homem do Leme; S4: S. Félix da Marinha). Data are expressed as mean ± S.D.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison
test. Different lowercase letters indicate significant differences between sites during the same season
(p < 0.05), and asterisks (*) indicate significant differences between seasons for each site (p < 0.05).
Absence of superscript indicates no significant differences.

Thus, considering the present results, chemical analysis regarding contaminant
levels—particularly pesticides, fertilizers, and polycyclic aromatic hydrocarbons
(PAHs)—would be needed in order to further clarify whether the variation of enzymatic
biomarkers is related to abiotic factors, P. lineatus’ physiology, heavy metals, or the presence
of other contaminants.
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3.4. Integrated Biomarker Response (IBR)

The IBR index is a practical tool to integrate multiple biomarker responses and evaluate
the susceptibility of the organisms to pollutants [31]. In the present study, the inter-site
and seasonal comparison of the IBR values (Figure 5) showed both spatial and temporal
variation. In both seasons, Sites 1 and 3 showed the highest IBR values, reflecting that
the gastropods in these locations were under higher stress in comparison with Sites 2
and 4 (Figure 5A,B). Indeed, these two sites (1 and 3) are subject to high industrial and
urban stressors, including a maritime shipyard and an industrial and mercantile harbor
supporting intensive traffic of vessels (Leixões harbor), respectively.
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When considering the summer season, the biomarkers CE, LPO, and AChE were
the most discriminant factors, while in the winter, it was the LPO and GST biomarkers
(Figure 5C,D). Moreover, the IBR index showed that gastropods were under higher stress
during the cold season in all sites (Figure 5E), corroborating the biochemical data. These
results substantiate the value of the IBR index in biosurveillance programs, by summarizing
information from a set of multiple biomarkers and avoiding misinterpretation of data in a
given ecosystem [51].

3.5. Multivariate Analysis

The resultant ordination (non-metric multidimensional scaling, or n-MDS) achieved a
stress value of 0.14, not exceeding the commonly accepted limit of 0.2 for the interpretative
power [52–54], and thus the major trends could be interpreted. The n-MDS ordination of
P. lineatus’ enzymatic activities and biometric variables displayed a separation into two
groups according to the sampling season (Figure S1), confirming that this species displays
different activity and fitness in each season.

The redundancy analysis (RDA) results showed which studied variables related to
enzymatic activities and biometric variables contributed more to the explained variance in
response to physicochemical parameters (PC) and specific pollutants (SP) (Figure 6). Monte
Carlo permutations were highly significant for all axes (p < 0.001; 95.06% for the first two
axes), where physicochemical parameters and specific pollutants account for 14.88% of
the total variance (Figure 6). The variables most positively correlated with axis 1 were the
biometric variables (the weight of the soft tissues (WST), length (Leng), and total weight
(TW)), and the most negatively correlated variable was ROS, which was also positively
correlated with the increased concentration of SO4 and Cu, but negatively correlated with
Cd. AChE, CE, and GST were positively correlated with axis 2, and increased with higher
concentrations of Cu and SO4, conversely to ROS. LPO was negatively correlated with
axis 2, along with the increased concentration of F− and Pb.

To analyze the effect of spatial and temporal scales, a pRDA of two groups of variables,
testing simple effects, was conducted (group 1, season; group 2, sites) (Figure 7A–C). The
results from this partial constrained ordination estimated the fraction of variance in the
biometric variables and enzymatic activities of P. lineatus, explained by each subset of
variables, e.g., [55] (Figure 7). The results showed that the temporal factor (season, p < 0.001,
58.5%) and the spatial factor (sampling sites, p < 0.001, 43.0%) contribute greatly and
significantly to the variation explained by the P. lineatus in a pollution gradient. The shared
variation between the two groups was not significant (Figure 7D).

The pRDA biplot related to season (Figure 7B) shows that axis 1 separates summer
from winter. The higher enzymatic activities LPO, GST, and CE are positively related to
winter and negatively to summer, therefore corroborating the individual biochemical data.
The data also show that higher biometric values are strongly correlated to axis 1 and Site 2
(Figure 7C), located near the oil refinery outfall. The enzymatic activity of CAT is negatively
correlated to axis 2, presenting the highest values in Site 3 and the lowest in Site 1. Contrary
to this, Site 1 is characterized by higher values of GST and PCO. AChE, LPO, and ROS
presented higher values in Site 4.
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Figure 6. Redundancy analysis (RDA) results showing the total variance explained by all the stud-
ied variables in Phorcus lineatus from the four sampling sites (Site 1: Amorosa; Site 2: Cabo do
Mundo; Site 3: Homem do Leme; and Site 4: S. Félix da Marinha) during summer and winter. Dark
blue: physicochemical parameters and specific pollutants; grey: enzymatic activities; and black:
biometric variables. The first two axes explain 95.06% of the observed variation, respectively. Abbre-
viations: AChE: acetylcholinesterase; Cd: cadmium; CE: carboxylesterase; Cu: copper; F: fluorides;
GST: glutathione S-transferase; Leng: length; LPO: lipid peroxidation; Pb: lead; PCO: protein carbonyl
content; ROS: reactive oxygen species; SO4: sulfates; TW: total weight; WST: weight of the soft tissues.

A pRDA of two groups of variables, testing simple effects, was processed (group 1, the
PC, with three variables—TSS, NH4, and Na; and group 2, the SP, with three variables—Cd,
Pb, and Cu) (Figure 8A–C). The results reflected a lower contribution to the explained
variation from PC (5.8%) and SP (1.1%) compared to the shared variation between the two
groups (93.1%) (Figure 8D). The PC pRDA biplot (Figure 8B) highlights that axis 1 splits
ROS (positively associated with NH4) from the other enzymatic activities, except for LPO,
which is positively associated with TSS and negatively with Na. A similar pattern was
observable in the SP pRDA indicating that, once again, ROS shows a behavior contrary
to the other enzymatic activities (positively related to Cu concentration). Also, in this
analysis, LPO stands out, presenting activities associated with high Pb concentrations. The
biometric parameters, in particular WST and length, are negatively correlated with high
concentrations of Cd.
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Figure 7. Partial redundancy analysis (pRDA) for (A) sites and season of the studied variables;
(B) group 1—season; and (C) group 2—sites. (D) Partition of the variation in enzymatic activities
and biometric variables explained by the two groups, testing the simple effects. Abbreviations:
Site 1: Amorosa; Site 2: Cabo do Mundo; Site 3: Homem do Leme; Site 4: S. Félix da Marinha;
AChE: acetylcholinesterase, CAT: catalase, CE: carboxylesterase, GST: glutathione S-transferase,
Leng: length, LPO: lipid peroxidation; PCO: protein carbonyl content; ROS: reactive oxygen species;
SOD: superoxide dismutase; TW: total weight; WST: weight of the soft tissues.

Overall, the redundancy analysis confirms the higher contribution of the factor season in
the response of P. lineatus to pollutants, compared to the spatial variation in the northwest
Portuguese coast. Indeed, data indicates that gastropods had a higher enzymatic response
during the winter, being under higher stress during the cold season. It has been suggested that
during winter, due to the rainfall’s increase, there could be an exacerbation in the transport of
higher amounts of sediments and pollutants from land to rivers and, consequently, to coastal
regions [56]. Besides, the increase of pollutants—including metals—during the winter and the
consequent higher stress of gastropods could also be related to the perturbation of the seabed
by the longshore current, the upwelling phenomenon, and waves during the rainy season [56].
The proximity of the sampling sites to rivers that cross vast urban and agricultural areas (e.g.,
Site 3 is close to the Douro River) may therefore explain the temporal variation between sites
and the response of P. lineatus in the present study.



Water 2024, 16, 5 15 of 18

Water 2023, 15, x FOR PEER REVIEW 15 of 19 
 

 

Site 1. Contrary to this, Site 1 is characterized by higher values of GST and PCO. AChE, 
LPO, and ROS presented higher values in Site 4. 

A pRDA of two groups of variables, testing simple effects, was processed (group 1, 
the PC, with three variables—TSS, NH4, and Na; and group 2, the SP, with three varia-
bles—Cd, Pb, and Cu) (Figure 8A–C). The results reflected a lower contribution to the 
explained variation from PC (5.8%) and SP (1.1%) compared to the shared variation be-
tween the two groups (93.1%) (Figure 8D). The PC pRDA biplot (Figure 8B) highlights 
that axis 1 splits ROS (positively associated with NH4) from the other enzymatic activities, 
except for LPO, which is positively associated with TSS and negatively with Na. A similar 
pattern was observable in the SP pRDA indicating that, once again, ROS shows a behavior 
contrary to the other enzymatic activities (positively related to Cu concentration). Also, in 
this analysis, LPO stands out, presenting activities associated with high Pb concentrations. 
The biometric parameters, in particular WST and length, are negatively correlated with 
high concentrations of Cd. 

 
Figure 8. Partial redundancy analysis (pRDA) for (A) two groups of the studied variables: (B) group 
1—physicochemical parameters (PC); and (C) group 2—specific pollutants (SP). (D) Partition of the 
variation in enzymatic activities and biometric variables explained by the two groups and respective 
shared variation testing the simple effects. 

Overall, the redundancy analysis confirms the higher contribution of the factor sea-
son in the response of P. lineatus to pollutants, compared to the spatial variation in the 
northwest Portuguese coast. Indeed, data indicates that gastropods had a higher enzy-
matic response during the winter, being under higher stress during the cold season. It has 
been suggested that during winter, due to the rainfall’s increase, there could be an 

Figure 8. Partial redundancy analysis (pRDA) for (A) two groups of the studied variables: (B) group
1—physicochemical parameters (PC); and (C) group 2—specific pollutants (SP). (D) Partition of the
variation in enzymatic activities and biometric variables explained by the two groups and respective
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4. Conclusions

Based on the results obtained, this study shows that the contamination in the northwest
Portuguese coast and the enzymatic responses of P. lineatus therein are mostly correlated to the
season, but also to a spatial pollution gradient. This reflects an interaction between contaminant
inputs and physicochemical variables. The long-term exposure and persistence of heavy metals
in the sampling sites can result in risks to both the ecosystems and human health.

Overall, the present study indicates that P. lineatus can be used as a bioindicator species
for environmental biomonitoring. It also reinforces that the implementation of different
methodologies, such as chemical, biological, and statistical, can offer a better and safer
perspective for marine biomonitoring programs.

These results reinforce the need for further research on coastal areas, implementing
more complete pollution monitoring programs (e.g., including pesticides, PAHs, etc.)
alongside additional bioindicators—like fishes—and abiotic factors, as well as investing
more time, with—for example—monthly monitoring to confirm the spatial and temporal
variation of contamination. This is crucial for ensuring better monitoring and assessment
of the environmental status of national marine waters, in addition to the achievement of
the objectives set out in the environmental targets and the Programme of Measures of the
Marine Strategy Framework Directive (MSFD).
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8. Sıkdokur, E.; Belivermiş, M.; Sezer, N.; Pekmez, M.; Bulan, Ö.K.; Kılıç, Ö. Effects of microplastics and mercury on manila clam
Ruditapes philippinarum: Feeding rate, immunomodulation, histopathology and oxidative stress. Environ. Pollut. 2020, 262, 114247.
[CrossRef]

9. Gopalakrishnan, S.; Thilagam, H.; Raja, P.V. Comparison of heavy metal toxicity in life stages (spermiotoxicity, egg toxicity,
embryotoxicity and larval toxicity) of Hydroides elegans. Chemosphere 2008, 71, 515–528. [CrossRef]

10. Sinaei, M.; Loghmani, M.; Bolouki, M. Application of biomarkers in brown algae (Cystoseria indica) to assess heavy metals (Cd, Cu,
Zn, Pb, Hg, Ni, Cr) pollution in the northern coasts of the Gulf of Oman. Ecotoxicol. Environ. Saf. 2018, 164, 675–680. [CrossRef]

11. Li, C.; Wang, H.; Liao, X.; Xiao, R.; Liu, K.; Bai, J.; Li, B.; He, Q. Heavy Metal Pollution in Coastal Wetlands: A Systematic Review
of Studies Globally over the Past Three Decades. J. Hazard. Mater. 2022, 424, 127312. [CrossRef] [PubMed]

12. Pérez-Cid, B.; Falqué, E.; Simal-Gandara, J. Coastline Levels of Dissolved Heavy Metals in the Estuarine Water–System of Vigo.
Int. J. Environ. Res. Public Health 2021, 18, 2136. [CrossRef] [PubMed]

13. Reis, P.A.; Salgado, M.A.; Vasconcelos, V. Seasonal variation of metal contamination in the barnacles Pollicipes pollicipes in
northwest coast of Portugal show clear correlation with levels in the surrounding water. Mar. Pollut. Bull. 2013, 70, 155–161.
[CrossRef] [PubMed]

14. Ribeiro, C.; Couto, C.; Ribeiro, A.R.; Maia, A.S.; Santos, M.; Tiritan, M.E.; Pinto, E.; Almeida, A.A. Distribution and environmental
assessment of trace elements contamination of water, sediments and flora from Douro River estuary, Portugal. Sci. Total Environ.
2018, 639, 1381–1393. [CrossRef] [PubMed]

15. Calisi, A. Integrating Bioindicators and Biomarkers in Aquatic Ecotoxicology: An Overview. Appl. Sci. 2023, 13, 11920. [CrossRef]

https://www.mdpi.com/article/10.3390/w16010005/s1
https://www.mdpi.com/article/10.3390/w16010005/s1
https://doi.org/10.1080/10807039.2018.1469398
https://doi.org/10.1016/j.eti.2021.102202
https://doi.org/10.3389/fmars.2021.801889
https://doi.org/10.1016/j.etap.2021.103704
https://www.ncbi.nlm.nih.gov/pubmed/34273545
https://doi.org/10.1007/s10646-022-02591-x
https://www.ncbi.nlm.nih.gov/pubmed/36223039
https://doi.org/10.1039/C8MT00092A
https://www.ncbi.nlm.nih.gov/pubmed/29931012
https://doi.org/10.1016/j.scitotenv.2021.152807
https://doi.org/10.1016/j.envpol.2020.114247
https://doi.org/10.1016/j.chemosphere.2007.09.062
https://doi.org/10.1016/j.ecoenv.2018.08.074
https://doi.org/10.1016/j.jhazmat.2021.127312
https://www.ncbi.nlm.nih.gov/pubmed/34600393
https://doi.org/10.3390/ijerph18042136
https://www.ncbi.nlm.nih.gov/pubmed/33671710
https://doi.org/10.1016/j.marpolbul.2013.02.027
https://www.ncbi.nlm.nih.gov/pubmed/23490346
https://doi.org/10.1016/j.scitotenv.2018.05.234
https://www.ncbi.nlm.nih.gov/pubmed/29929302
https://doi.org/10.3390/app132111920


Water 2024, 16, 5 17 of 18

16. Suter, G.W.; Norton, S.B. Ecological Risk Assessment. In Encyclopedia of Ecology, 2nd ed.; Fath, B., Ed.; Elsevier: Amsterdam,
The Netherlands, 2019; pp. 402–406.

17. Calisi, A.; Giordano, M.E.; Dondero, F.; Maisano, M.; Fasulo, S.; Lionetto, M.G. Morphological and functional alterations in
hemocytes of Mytilus galloprovincialis exposed in high-impact anthropogenic sites. Mar. Environ. Res. 2023, 188, 105988. [CrossRef]
[PubMed]

18. Stelzenmüller, V.; Coll, M.; Mazaris, A.D.; Giakoumi, S.; Katsanevakis, S.; Portman, M.E.; Degen, R.; Mackelworth, P.; Gimpel,
A.; Albano, P.G. A risk-based approach to cumulative effect assessments for marine management. Sci. Total Environ. 2018, 15,
1132–1140. [CrossRef]

19. Cubadda, F.; Conti, M.E.; Campanella, L. Size-dependent concentrations of trace metals in four Mediterranean gastropods.
Chemosphere 2001, 45, 561–569. [CrossRef]

20. Cunha, I.; Mangas-Ramirez, E.; Guilhermino, L. Effects of copper and cadmium on cholinesterase and glutathione S-transferase
activities of two marine gastropods (Monodonta lineata and Nucella lapillus). Comp. Biochem. Physiol. Toxicol. Pharmacol. 2007, 145,
648–657. [CrossRef]

21. García-Escárzaga, A.; Gutiérrez-Zugasti, I.; Schöne, B.R.; Cobo, A.; Martín-Chivelet, J.; González-Morales, M.R. Growth patterns
of the topshell Phorcus lineatus (da Costa, 1778) in northern Iberia deduced from shell sclerochronology. Chem. Geol. Chem.
Sclerochronol. 2019, 526, 49–61. [CrossRef]

22. Fulton, T.W. The Sovereignty of the Sea: An Historical Account of the Claims of England to the Dominion of the British Seas, and of the
Evolution of the Territorial Waters: With Special Reference to the Rights of the Fishing and the Naval Salute; W. Blackwood: Edinburgh,
UK, 1911.

23. Deng, J.; Yu, L.; Liu, C.; Yu, K.; Shi, X.; Yeung, L.W.; Lam, P.K.; Wu, R.S.; Zhou, B. Hexabromocyclododecane-induced
developmental toxicity and apoptosis in zebrafish embryos. Aquat. Toxicol. 2009, 93, 29–36. [CrossRef] [PubMed]

24. Durak, I.; Yurtarslanl, Z.; Canbolat, O.; Akyol, O. A methodological approach to superoxide dismutase (SOD) activity assay based
on inhibition of nitroblue tetrazolium (NBT) reduction. Clin. Chim. Acta 1993, 214, 103–104. [CrossRef] [PubMed]

25. Claiborne, A. Catalase activity. In CRC Handbook of Methods for Oxygen Radical Research; CRC Press: Boca Raton, FL, USA, 1985;
pp. 283–284.

26. Habig, W.H.; Jakoby, W.B. [51] Assays for differentiation of glutathione S-transferases. In Methods in Enzymology; Academic Press:
Cambridge, MA, USA, 1981; pp. 398–405.

27. Hosokawa, M.; Satoh, T. Measurement of Carboxylesterase (CES) Activities. Curr. Protoc. Toxicol. 2001, 10, 4.7.1–4.7.14. [CrossRef]
28. Wallin, B.; Rosengren, B.; Shertzer, H.G.; Camejo, G. Lipoprotein oxidation and measurement of thiobarbituric acid reacting

substances formation in a single microtiter plate: Its use for evaluation of antioxidants. Anal. Biochem. 1993, 208, 10–15. [CrossRef]
[PubMed]

29. Mesquita, C.S.; Oliveira, R.; Bento, F.; Geraldo, D.; Rodrigues, J.V.; Marcos, J.C. Simplified 2,4-dinitrophenylhydrazine spectropho-
tometric assay for quantification of carbonyls in oxidized proteins. Anal. Biochem. 2014, 458, 69–71. [CrossRef] [PubMed]

30. Rodriguez-Fuentes, G.; Rubio-Escalante, F.J.; Norena-Barroso, E.; Escalante-Herrera, K.S.; Schlenk, D. Impacts of oxidative stress
on acetylcholinesterase transcription, and activity in embryos of zebrafish (Danio rerio) following Chlorpyrifos exposure. Comp.
Biochem. Physiol. C Toxicol. Pharmacol. 2015, 172–173, 19–25. [CrossRef] [PubMed]

31. Beliaeff, B.; Burgeot, T. Integrated biomarker response: A useful tool for ecological risk assessment. Environ. Toxicol. Chem. 2002,
21, 1316–1322. [CrossRef]

32. Devin, S.; Burgeot, T.; Giambérini, L.; Minguez, L.; Pain-Devin, S. The integrated biomarker response revisited: Optimization to
avoid misuse. Environ. Sci. Pollut. Res. 2014, 21, 2448–2454. [CrossRef]

33. Clarke, K.R.; Gorley, R.N. PRIMER v7: User Manual/Tutorial Vol. 91; PRIMER-E: Plymouth, UK, 2015; pp. 192–296.
34. Anderson, M.J.; Gorley, R.N.; Clarke, K.R. PERMANOVA+ for PRIMER: Guide to Software and Statistical Methods; PRIMER-E:

Plymouth, UK, 2008.
35. Boulajfene, W.; Strogyloudi, E.; Lasram, M.; El Mlayah, A.; Vassiliki-Angelique, C.; Zouari-Tlig, S. Biological and biochemical

assessment in Phorcus articulatus (Lamarck 1822): Contamination and seasonal effect. Environ. Monit. Assess. 2019, 191, 555.
[CrossRef]

36. Alengebawy, A.; Abdelkhalek, S.T.; Qureshi, S.R.; Wang, M.-Q. Heavy metals and pesticides toxicity in agricultural soil and
plants: Ecological risks and human health implications. Toxics 2021, 9, 42. [CrossRef]

37. Gimeno-García, E.; Andreu, V.; Boluda, R. Heavy metals incidence in the application of inorganic fertilizers and pesticides to rice
farming soils. Environ. Pollut. 1996, 92, 19–25. [CrossRef] [PubMed]

38. Santos, R.M.B.; Monteiro, S.M.; Cortes, R.M.V.; Pacheco, F.A.L.; Fernandes, L.F.S. Seasonal effect of land use management on gill
histopathology of Barbel and Douro Nase in a Portuguese watershed. Sci. Total Environ. 2021, 764, 142869. [CrossRef] [PubMed]

39. Couto, C.M.C.M.; Ribeiro, C. Pollution status and risk assessment of trace elements in Portuguese water, soils, sediments, and
associated biota: A trend analysis from the 80s to 2021. Environ. Sci. Pollut. Res. Int. 2022, 29, 48057–48087. [CrossRef] [PubMed]

40. Reis, P.A.; Cassiano, J.; Veiga, P.; Rubal, M.; Sousa-Pinto, I. Fucus spiralis as monitoring tool of metal contamination in the
northwest coast of Portugal under the European Water Framework Directives. Environ. Monit. Assess. 2014, 186, 5447–5460.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.marenvres.2023.105988
https://www.ncbi.nlm.nih.gov/pubmed/37080092
https://doi.org/10.1016/j.scitotenv.2017.08.289
https://doi.org/10.1016/S0045-6535(01)00013-3
https://doi.org/10.1016/j.cbpc.2007.02.014
https://doi.org/10.1016/j.chemgeo.2018.03.017
https://doi.org/10.1016/j.aquatox.2009.03.001
https://www.ncbi.nlm.nih.gov/pubmed/19356805
https://doi.org/10.1016/0009-8981(93)90307-P
https://www.ncbi.nlm.nih.gov/pubmed/8453769
https://doi.org/10.1002/0471140856.tx0407s10
https://doi.org/10.1006/abio.1993.1002
https://www.ncbi.nlm.nih.gov/pubmed/8434778
https://doi.org/10.1016/j.ab.2014.04.034
https://www.ncbi.nlm.nih.gov/pubmed/24814294
https://doi.org/10.1016/j.cbpc.2015.04.003
https://www.ncbi.nlm.nih.gov/pubmed/25937383
https://doi.org/10.1002/etc.5620210629
https://doi.org/10.1007/s11356-013-2169-9
https://doi.org/10.1007/s10661-019-7726-3
https://doi.org/10.3390/toxics9030042
https://doi.org/10.1016/0269-7491(95)00090-9
https://www.ncbi.nlm.nih.gov/pubmed/15091407
https://doi.org/10.1016/j.scitotenv.2020.142869
https://www.ncbi.nlm.nih.gov/pubmed/33129522
https://doi.org/10.1007/s11356-022-20699-9
https://www.ncbi.nlm.nih.gov/pubmed/35567689
https://doi.org/10.1007/s10661-014-3794-6
https://www.ncbi.nlm.nih.gov/pubmed/24816592


Water 2024, 16, 5 18 of 18

41. Boulajfene, W.; Strogyloudi, E.; Catsiki, V.-A.; El Mlayah, A.; Tlig-Zouari, S. Bio-monitoring of metal impact on metallothioneins
levels in the gastropod Phorcus turbinatus (Born, 1778) in the northeastern and the eastern coasts of Tunisia. Mar. Pollut. Bull. 2017,
120, 274–285. [CrossRef] [PubMed]

42. Hagger, J.A.; Lowe, D.; Dissanayake, A.; Jones, M.B.; Galloway, T.S. The influence of seasonality on biomarker responses in
Mytilus edulis. Ecotoxicology 2010, 19, 953–962. [CrossRef] [PubMed]

43. Li, Q.; Wang, M.; Duan, L.; Qiu, Y.; Ma, T.; Chen, L.; Breitholtz, M.; Bergman, Å.; Zhao, J.; Hecker, M.; et al. Multiple biomarker
responses in caged benthic gastropods Bellamya aeruginosa after in situ exposure to Taihu Lake in China. Environ. Sci. Eur. 2018,
30, 34. [CrossRef] [PubMed]

44. Otero, S.; Kristoff, G. In vitro and in vivo studies of cholinesterases and carboxylesterases in Planorbarius corneus exposed to a
phosphorodithioate insecticide: Finding the most sensitive combination of enzymes, substrates, tissues and recovery capacity.
Aquat. Toxicol. 2016, 180, 186–195. [CrossRef]

45. Moreira, S.M.; Guilhermino, L. The use of Mytilus galloprovincialis acetylcholinesterase and glutathione S-transferases activities as
biomarkers of environmental contamination along the Northwest Portuguese coast. Environ. Monit. Assess. 2005, 105, 309–325.
[CrossRef]

46. Escartín, E.; Porte, C. The use of cholinesterase and carboxylesterase activities from Mytilus galloprovincialis in pollution monitoring.
Environ. Toxicol. Chem. 1997, 16, 2090–2095. [CrossRef]

47. Pfeifer, S.; Schiedek, D.; Dippner, J.W. Effect of temperature and salinity on acetylcholinesterase activity, a common pollution
biomarker, in Mytilus sp. from the south-western Baltic Sea. J. Exp. Mar. Biol. Ecol. 2005, 320, 93–103. [CrossRef]

48. Tim-Tim, A.L.S.; Morgado, F.; Moreira, S.; Rangel, R.; Nogueira, A.J.A.; Soares, A.M.V.M.; Guilhermino, L. Cholinesterase and
glutathione S-transferase activities of three mollusc species from the NW Portuguese coast in relation to the ‘Prestige’ oil spill.
Chemosphere 2009, 77, 1465–1475. [CrossRef] [PubMed]

49. Dellali, M.; Gnassia Barelli, M.; Romeo, M.; Aissa, P. The use of acetylcholinesterase activity in Ruditapes decussatus and Mytilus
galloprovincialis in the biomonitoring of Bizerta lagoon. Comp. Biochem. Physiol. Toxicol. Pharmacol. 2001, 130, 227–235. [CrossRef]
[PubMed]

50. Najimi, S.; Bouhaimi, A.; Daubèze, M.; Zekhnini, A.; Pellerin, J.; Narbonne, J.F.; Moukrim, A. Use of acetylcholinesterase in Perna
perna and Mytilus galloprovincialis as a biomarker of pollution in Agadir Marine Bay (South of Morocco). Bull. Environ. Contam.
Toxicol. 1997, 58, 901–908. [CrossRef] [PubMed]

51. Boulajfene, W.; Lasram, M.; Zouari-Tlig, S. Integrated biomarker response for environmental assessment using the gastropod
Phorcus turbinatus along the Northern and the Northeastern coasts of Tunisia. Life 2021, 11, 529. [CrossRef]

52. Anderson, M.J. Analysis of Ecological Communities: Bruce McCune and James B. Grace, MjM Software Design, Gleneden Beach,
USA, 2002, ISBN 0 9721290 0 6, US$35 (Pbk). J. Exp. Mar. Biol. Ecol. 2003, 289, 303–305. [CrossRef]

53. Clarke, K.R. Non-parametric multivariate analyses of changes in community structure. Aust. J. Ecol. 1993, 18, 117–143. [CrossRef]
54. Kruskal, J.B. Nonmetric multidimensional scaling: A numerical method. Psychometrika 1964, 29, 115–129. [CrossRef]
55. Cabecinha, E.; Hughes, S.; Cortes, R. Consistent, congruent or redundant? Lotic community and organisational response to

disturbance. Ecol. Indic. 2018, 89, 175–187. [CrossRef]
56. Mirzaei, M.; Hatamimanesh, M.; Haghshenas, A.; Moghaddam, S.M.; Ozunu, A.; Azadi, H. Spatial-seasonal variations and

ecological risk of heavy metals in Persian gulf coastal region: Case study of Iran. J. Environ. Health Sci. Eng. 2020, 18, 91–105.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.marpolbul.2017.05.022
https://www.ncbi.nlm.nih.gov/pubmed/28527742
https://doi.org/10.1007/s10646-010-0477-0
https://www.ncbi.nlm.nih.gov/pubmed/20349133
https://doi.org/10.1186/s12302-018-0164-y
https://www.ncbi.nlm.nih.gov/pubmed/30221106
https://doi.org/10.1016/j.aquatox.2016.10.002
https://doi.org/10.1007/s10661-005-3854-z
https://doi.org/10.1002/etc.5620161015
https://doi.org/10.1016/j.jembe.2004.12.020
https://doi.org/10.1016/j.chemosphere.2009.10.014
https://www.ncbi.nlm.nih.gov/pubmed/19889444
https://doi.org/10.1016/S1532-0456(01)00245-9
https://www.ncbi.nlm.nih.gov/pubmed/11574292
https://doi.org/10.1007/s001289900419
https://www.ncbi.nlm.nih.gov/pubmed/9136652
https://doi.org/10.3390/life11060529
https://doi.org/10.1016/S0022-0981(03)00091-1
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1007/BF02289694
https://doi.org/10.1016/j.ecolind.2018.01.060
https://doi.org/10.1007/s40201-019-00441-3

	Introduction 
	Materials and Methods 
	Study Area and Sampling 
	Tissue Preparation for Biochemical Assays 
	Biochemical Biomarker Measurements 
	Water Collection and Analysis 
	Integrated Biomarker Response (IBR) 
	Statistical Analysis 

	Results and Discussion 
	Physicochemical Parameters 
	Biometric Parameters 
	Biochemical Biomarkers 
	Integrated Biomarker Response (IBR) 
	Multivariate Analysis 

	Conclusions 
	References

