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A B S T R A C T

An environmental restoration programme based on Zostera noltii transplantation aimed to rehabilitate a his
torically multi-metal contaminated estuarine system. This study evaluates early responses of the crab Carcinus 
maenas during the first two years following seagrass transplantation (2021–2022), by combining tissue mercury 
burdens and biochemical biomarkers. Although several potentially toxic metals co-occur in the system, sediment 
quality guideline screening (Probable Effect Levels) identified mercury as the only element exceeding effect- 
based thresholds; therefore, results are interpreted primarily in the context of mercury exposure, while contri
butions from other metals and mixture effects cannot be excluded. Mercury was quantified in gills, hepato
pancreas and gonads of crabs collected at a contaminated and a reference site. Mercury concentrations were 
consistently higher at the contaminated site across all tissues, reaching ≈0.8 mg kg− 1 in gonads. Gonadal 
mercury at the contaminated site decreased significantly between 2021 and 2022, indicating an early reduction 
in metal bioavailability following Z. noltii transplantation. Biochemical responses were organ-specific. Crabs from 
the contaminated site exhibited elevated antioxidant enzyme activities (catalase and glutathione-S-transferase) 
in the hepatopancreas and increased lipid peroxidation in gills, reflecting oxidative stress. Energy reserve 
mobilisation varied among tissues, reflecting higher metabolic costs under contaminant exposure. In contrast, 
gonads showed stable oxidative and energetic profiles over time. These findings provide quantitative evidence 
that gonadal mercury dynamics and associated biomarkers in C. maenas can track early-stage ecosystem re
covery. Although Z. noltii promotes phytostabilization and reduce mercury bioavailability, the limited mercury 
decrease after two years indicates that ecotoxicological recovery remains at an initial stage.

1. Introduction

In recent decades, the intensification of human activities and in
dustrial development in coastal areas, has led to significant environ
mental degradation. This phenomenon is especially evident in fragile 
ecosystems, such as estuaries, where the accumulation of contaminants, 
namely metal(loid)s, has caused profound alterations in the structure 
and functioning of natural habitats (Chakraborty et al., 2023; Kennish, 
2002). Despite the implementation of several European directives aimed 
at the protection and recovery of aquatic ecosystems, such as the Water 

Framework Directive (Directive 2000/60/EC), the Habitats Directive 
(Directive 92/43/EEC), and the Marine Strategy Framework Directive 
(Directive 2008/56/EC), the effective remediation of historically 
contaminated areas remains a significant challenge.

A paradigmatic example of this issue is found in the Ria de Aveiro, a 
shallow coastal lagoon located in the central-northern region of 
Portugal. The Laranjo Bay, an inner basin of this lagoon, was severely 
impacted during the second half of the 20th century by the discharge of 
industrial effluents, mainly from the Estarreja Chemical Complex 
(Pereira et al., 1998). These effluents, rich in metal(loid)s such as 
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mercury (Hg), arsenic (As), copper (Cu), cadmium (Cd), and lead (Pb) 
created a well-defined contamination gradient, with sediment concen
trations that, some of them until recently, exceeded the Probable Effect 
Levels (PEL) established by relevant sediment quality guidelines (CCME, 
2002), severely compromising local ecological health (Oliveira et al., 
2025b, 2025c).

In this context, nature-based remediation strategies have been pro
moted, particularly bioremediation, an approach that employs living 
organisms to remove or neutralize contaminants (Pang et al., 2023; 
Singh et al., 2023). This method has gained attention for its additional 
benefits, such as enhancing biodiversity and restoring the ecological 
functions of habitats (Oliveira et al., 2024; Pang et al., 2023). In 2020, 
an ecological restoration initiative was implemented in Laranjo Bay, 
involving the transplantation of 25 square meters of the native seagrass 
Zostera noltii. This restoration program expanded rapidly, reaching 
approximately 100 square meters by 2022, thereby promoting sediment 
stabilization (Oliveira et al., 2025a), increasing habitat complexity, and 
enhancing benthic biodiversity (unpublished data). In addition, this 
intervention supported biological recolonization and the 
re-establishment of local ecological interactions (Crespo et al., 2023). 
Moreover, Z. noltii has been shown to reduce sedimentary bioavailability 
of Hg (Oliveira et al., 2023), thereby limiting Hg accumulation in 
endobenthic organisms such as Scrobicularia plana and Hediste diversi
color (Oliveira et al., 2025b). However, the benefits of this restoration 
approach for the health of epibenthic fauna, such as Carcinus maenas, 
remain insufficiently explored. This species is a well-established bio
indicator due to its tolerance to contaminated environments, its 
ecological significance within food webs, and its ability to bio
accumulate contaminants (Coelho et al., 2007; Pereira et al., 2006). 
These traits, combined with its lifespan of approximately 3–5 years 
(Coelho et al., 2008), allow C. maenas to integrate contaminant exposure 
over seasonal to annual timescales, making it a suitable model for 
assessing the short-term effects of restoration interventions and moni
toring residual contamination in restored habitats (Leignel et al., 2014; 
Rodrigues and Pardal, 2014). While conventional assessments typically 
focus on bioaccumulation, they can be strengthened by evaluating bio
logical effects through biomarkers, such as biotransformation enzymes, 
energetic profile indicators, and oxidative stress profile (Hook et al., 

2014), which reflect sub-organismal stress responses and provide sen
sitive early-warning signals (van der Oost et al., 2003).

Within this framework, the main objectives of this study were to 
evaluate temporal trends in total Hg concentrations in different tissues 
of C. maenas in areas with historical contamination; to assess the 
biochemical responses of C. maenas to Hg exposure, with emphasis on 
metabolic and antioxidant parameters; and to examine the impact of 
natural attenuation processes and ecological restoration interventions, 
such as Z. noltii transplantation, on reducing Hg bioavailability and 
mitigating its toxic effects over short-to medium-term timescales, as 
reflected by early biological responses in C. maenas.

2. Materials and methods

2.1. Study site description and sampling method

Carcinus maenas individuals were collected from two sites within the 
Ria de Aveiro (Portugal): a reference, non-contaminated site (near Cais 
do Bico) and a historically contaminated site (Laranjo Bay), as shown in 
Fig. 1. Sediment analyses conducted by Oliveira et al. (2025b) confirmed 
a clear contamination gradient between the two locations. At Cais do 
Bico, sediment concentrations of metal(loid)s were relatively low, with 
values of Hg at 0.57 ± 0.01 mg kg− 1, As at 18 ± 1 mg kg− 1, Cd at 0.33 ±
0.04 mg kg− 1, Cu at 15 ± 0 mg kg− 1, and Pb at 21 ± 1 mg kg− 1. In 
contrast, Laranjo Bay sediments showed significantly elevated concen
trations: Hg at 9.1 ± 1.8 mg kg− 1, As at 51 ± 5 mg kg− 1, Cd at 0.82 ±
0.19 mg kg− 1, Cu at 48 ± 11 mg kg− 1, and Pb at 33 ± 4 mg kg− 1. 
Sampling was conducted at two distinct time points: during the summer 
of 2021 (one year after the Z. noltii transplantation) and again in the 
summer of 2022 (two years post-transplantation), with the aim of 
evaluating the temporal progression of the species’ physiological and 
contaminant exposure status. For comparative purposes, 
pre-transplantation contaminant exposure data reported in the litera
ture, obtained prior to the implementation of the Z. noltii restoration, 
were used to assess temporal trends.

At each site, fifteen mature (stage 3) and similarly sized female 
C. maenas individuals were collected during low tide using baited cir
cular drop nets. Selected crabs had cephalothorax widths ranging 

Fig. 1. Schematic map of the Aveiro Lagoon and Laranjo Bay (A), indicating the sampling locations of Carcinus maenas at the reference site near Cais do Bico (B) and 
at the historically contaminated site in Laranjo Bay (C). Green square in panel C indicates the site of Z. noltii transplantation in 2020, and the colour gradient il
lustrates the temporal expansion of the transplanted seagrass patch from 2020 to 2022. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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between 42 and 50 mm, corresponding to approximately 2+ year-old 
individuals (Coelho et al., 2008). Of these, ten individuals were used 
for biochemical analyses and five for Hg bioaccumulation assessments, 
as Hg was the only metal with sediment concentrations consistently 
exceeding the Probable Effect Levels (PEL) defined by the Canadian 
Interim Sediment Quality Guidelines (CCME, 2002). These guidelines, 
although originally developed for North American systems, are widely 
applied and recognized by the scientific community as reference 
benchmarks in estuarine environments worldwide to support ecological 
risk assessment and to ensure comparability with historical datasets in 
long-term contaminated systems (Biamont-Rojas et al., 2023; Broce 
et al., 2022; Palma et al., 2023). Immediately after sampling, tissues 
(gills, hepatopancreas, and gonads) were removed, frozen in liquid ni
trogen, and transported to the laboratory. At the laboratory, tissues for 
bioaccumulation analysis were stored at − 20 ◦C, whereas for 
biochemical biomarkers were stored at − 80 ◦C until further processing.

In parallel, water physicochemical parameters at each site (salinity, 
temperature, pH, and dissolved oxygen) were measured in situ during 
each sampling campaign.

2.2. Mercury quantification

To accurately determine the total Hg concentrations in gills, hepa
topancreas, and gonads at each site, a LECO AMA-254 (Advanced 
Mercury Analyzer) was used, following the method described by Costley 
et al. (2000). Analytical quality control was ensured by analysing each 
sample in triplicate and using the certified reference material TORT-3 
(Lobster hepatopancreas). Recovery rates for TORT-3 ranged from 
92% to 96% (n = 80), consistently falling within the certified confidence 
interval. The coefficient variation among replicates was consistently 
below 10%. Quality assurance and quality control data are provided in 
the Supplementary Material (Table S1).

2.3. Biochemical analysis

Gills, hepatopancreas, and gonads were divided into three aliquots 
(~25 mg fresh weight) to assess: (i) energy available, (ii) energy con
sumption, and (iii) biotransformation enzymes and oxidative stress 
profile (antioxidant defences and membrane damage).

To evaluate the energy available, tissues were homogenized at a 1:2 
ratio in distilled water using a Potter–Elvehjem homogenizer. This ho
mogenization procedure was selected to ensure consistent tissue 
disruption and reliable extraction for subsequent biochemical analyses. 
For the assessment of energy consumption, tissue aliquots were ho
mogenized at a 1:5 ratio in 0.1M Tris-HCl pH 8.5 buffer with 15% (w/v) 
Poly Vinyl Pyrrolidone, 153 μM MgSO4, and 0.2% (w/v) Triton X-100. 
The homogenates were centrifuged at 3000×g for 10 min at 4 ◦C, frozen 
in liquid nitrogen, and stored at − 80 ◦C until the analysis of electron 
transport system activity.

Regarding the oxidative stress profile and biotransformation, tissues 
were homogenized at a 1:6 ratio in a chilled potassium phosphate buffer 
(0.1M, pH 7.4). Homogenates were divided into two aliquots: one for 
lipid peroxidation (LPO) and another to obtain the post mitochondrial 
supernatant (PMS). For LPO, 100 μL of homogenate was stored with 10 
μL of 4% butylatedhydroxytoluene and frozen in liquid nitrogen. The 
second aliquot was centrifuged at 12000×g for 20 min at 4 ◦C to obtain 
the PMS. Aliquots of PMS were prepared for the quantification of 
biotransformation enzymes (glutathione-S-transferases) and antioxidant 
profile (enzymatic: catalase, glutathione peroxidase, glutathione 
reductase; non-enzymatic antioxidants: total glutathione). For total 
glutathione determination, an additional PMS aliquot was prepared by 
precipitating the non-soluble PMS protein with 12% TCA (1:2 dilution). 
Briefly, PMS samples were incubated at 4 ◦C for 60 min, then centrifuged 
at 12000×g for 5 min at 4 ◦C. All PMS samples were immediately frozen 
in liquid nitrogen and stored at − 80 ◦C until biochemical analyses were 
performed.

2.3.1. Energetic profile
Total lipids (LIP) were extracted following the Bligh and Dyer (1959)

method. Briefly, chloroform and methanol were added to each sample, 
followed by centrifugation at 1000×g for 5 min. The organic phase was 
collected, treated with sulfuric acid, heated at 200 ◦C for 15 min, diluted 
with distilled water, and absorbance read at 370 nm using tripalmitin as 
the standard (Novais et al., 2013). For the quantification of total car
bohydrate (CH) and proteins (PROT), samples were incubated in 15% 
TCA at − 20 ◦C for 10 min and then centrifuged at 1000×g for 10 min. 
The supernatant was used for CH analysis, and the pellet for PROT 
determination. Total carbohydrates were determined using the phe
nol–sulfuric acid method, with 5% phenol and concentrated H2SO4, and 
measuring the absorbance at 492 nm using glucose as the standard. For 
PROT, pellets were resuspended in 1 N NaOH, incubated at 60 ◦C for 30 
min, neutralized with HCl and measured at 592 nm following Bradford 
(1976) using bovine serum albumin as the standard. After analyses, LIP, 
CH and PROT were converted into energetic equivalents using estab
lished enthalpy combustion values: 39.5 kJ g− 1 for LIP, 17.5 kJ g− 1 for 
CH and 24 kJ g− 1 for PROT (De Coen and Janssen, 1997, 2003). Results 
were expressed in millijoules (mJ) per milligram of fresh weight (F.W.). 
Energy consumption was estimated by measuring the activity of the 
electron transport system (ETS) activity, following the protocol of De 
Coen and Janssen (2003, 1997). This assay is based on the reduction of 
p-iodonitrotetrazolium (INT) to formazan. The reaction was monitored 
spectrophotometrically at 490 nm, with absorbance readings every 25 s 
over a 10-min period at 20 ◦C. The concentration of formazan was 
calculated using an extinction coefficient (ε) of 15,900 M− 1 cm− 1. ETS 
activity was converted into oxygen equivalents using the stoichiometric 
relationship: 2 μmol of formazan formed corresponds to 1 μmol of O2 
consumed (De Coen and Janssen, 1997). The amount of oxygen 
consumed was then converted into energy equivalents using the specific 
oxygenthalpic value of 484 kJ mol− 1 O2 for a mixed substrate of LIP, 
PROT, and CH (Gnaiger, 1983). Results were expressed as mJ h− 1 mg− 1 

of F.W. For CH, LIP, PROT and ETS activity, assay precision was assessed 
using the coefficient of variation among replicates. An optimal threshold 
of ≤10% was targeted, and only measurements within the coefficient 
variation acceptance criterion (≤20%) were included in the analyses.

2.3.2. Biotransformation and oxidative stress profile
The activity of the glutathione-S-transferase (GSTs) was assessed 

following Habig et al. (1974), using 1-chloro-2,4-dinitrobenzene 
(CDNB) as a substrate. Absorbance was registered at 340 nm every 30 
s for 5 min and activity was expressed as nmol of GS-DNB formed min− 1 

mg− 1 protein (ε = 9.6 × 103 M− 1 cm− 1). Catalase (CAT) activity was 
measured following the methodologies of Claiborne (1985) and Giri 
et al. (1996), based on the decomposition of hydrogen peroxide (H2O2). 
Absorbance was recorded at 240 nm every 10 s over 3 min at 25 ◦C. 
Activity was calculated using an ε = 43.5 M− 1 cm− 1 and expressed as 
μmol of H2O2 consumed min− 1 mg− 1 of protein. Glutathione peroxidase 
(GPx) activity was assessed according to the protocol of Mohandas et al. 
(1984), modified by Athar and Iqbal (1998), while glutathione reductase 
(GR) activity was determined following the method of Cribb et al. 
(1989). In both assays, the oxidation of NADPH was monitored at 340 
nm every 30 s for 5 min at 25 ◦C. Enzymatic activity was expressed as 
nmol of NADP+ formed min− 1 mg− 1 protein, using an ε = 6.22 × 103 

M− 1 cm− 1. Total glutathione (GSHt) content was determined according 
to the methodology of Vandeputte et al. (1994). The formation of TNB 
resulting from this methodology is directly proportional to the sum of 
the concentrations of reduced glutathione (GSH) and oxidized gluta
thione (GSSG) present in the sample. The absorbance was read at 415 
nm for 7 min at 30 s intervals at 25 ◦C. The formation of TNB concen
tration was expressed as nmol TNB conjugated min− 1 mg− 1 protein (ε =
14.1 × 103 M− 1 cm− 1). Lipid peroxidation was evaluated using the 
thiobarbituric acid reactive substances (TBARS) assay, as described by 
Bird and Draper (1984) and modified by Wilhelm Filho et al. (2001). 
TBARS levels, which reflect malondialdehyde (MDA) equivalents, were 
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determined spectrophotometrically at 535 nm. MDA concentrations 
were calculated using an ε = 1.56 × 105 M− 1 cm− 1 and expressed as 
nmol of TBARS formed mg− 1 protein. Assay precision was similarly 
evaluated using the coefficient of variation among replicates. An 
optimal coefficient of variation threshold of ≤10% was targeted, and 
only measurements meeting the coefficient of variation acceptance cri
terion of ≤20% were included in the analyses.

2.4. Statistical analysis

All statistical analyses were conducted using the non-parametric 
Permutational Multivariate Analysis of Variance (PERMANOVA), a 
robust method for univariate data and is suitable for complex experi
mental designs involving multiple factors (Anderson et al., 2008). In this 
study, PERMANOVA was applied to a Euclidean distance matrix, using a 
two-way crossed design for each response variable (e.g. oxidative stress 
parameter) with the factors: 1) Site, namely Cais do Bico (reference site) 
and Laranjo Bay (contaminated site); and 2) Time, first and second 
sampling campaigns, both treated as fixed factors. Results and F-statis
tics are identical to those of traditional univariate ANOVA, but with a 
permutation-based p-value, making PERMANOVA robust for 
non-normal data. Prior to PERMANOVA, the homogeneity of multivar
iate dispersion among groups was assessed using PERMDISP to ensure 
that significant effects were not due to differences in dispersion. When 
significant main effects or interactions were detected (p ≤ 0.05), pair
wise comparisons based on permutation tests were performed to identify 
the combinations with statistical differences. All analyses were con
ducted using PRIMER v6 software with the PERMANOVA + add-on 
(Anderson et al., 2008), based on 9999 permutations. Results are re
ported as pseudo-F statistics and corresponding p-values. Statistical 
significance was considered at p ≤ 0.05.

3. Results

3.1. Site characterization

Environmental parameters were measured directly in the field 
(Table 1). Significant interaction effects between site and time factors 
were observed for salinity (F = 608, p = 0.001) and pH (F = 184, p =
0.001), with higher values recorded at Cais do Bico in 2021. Tempera
ture showed a similar interaction effect (F = 112, p = 0.001), with 
higher values recorded in Laranjo Bay during summer 2021. For dis
solved oxygen, expressed as a percentage of saturation, both site (F =
133, p = 0.001) and time (F = 1113, p = 0.001) were significant, with 
higher values recorded at Cais do Bico in 2022. In contrast, when dis
solved oxygen was expressed in mg L− 1, significant differences were 
found only over time (F = 49, p = 0.001) with higher values observed in 
2022 for both sites.

3.2. Total Hg accumulation in Carcinus maenas

Total Hg concentrations in the gills, hepatopancreas, and gonads of 
C. maenas (Table 2) showed distinct spatial and temporal patterns in 
2021 and 2022. Significant differences between sites were observed in 
the gills (F = 384, p = 0.001) and hepatopancreas (F = 261, p = 0.001), 
with consistently higher Hg concentrations at Laranjo Bay compared to 
Cais do Bico. Despite this spatial contrast, Hg levels in these organs 
remained relatively stable between the two sampling years, and in both 
years the gills displayed higher Hg concentrations than the hepatopan
creas, a result consistent with prior observations in 2003 (Table 2).

The gonads were the only organ to exhibit a significant interaction 
between site and sampling time (F = 8.8, p = 0.004). As observed for the 
other organs, gonads from Laranjo Bay consistently displayed higher Hg 
concentrations compared to those from Cais do Bico and specially in 
2021 when concentration reached 0.76 mg kg− 1. In 2022, concentra
tions in Laranjo Bay declined to 0.67 mg kg− 1, whereas values in Cais do 
Bico remained consistent across time/sampling events (Table 2).

3.3. Biochemical biomarker responses

3.3.1. Energetic profile
In the gills, the energetic profile showed significant differences be

tween sites for CH (F = 19, p = 0.001), LIP (F = 11, p = 0.002), and ETS 
(F = 4.6, p = 0.043), while PROT levels did not differ significantly 
(Table 3). Carbohydrate content was higher at Cais do Bico compared to 
Laranjo Bay. In contrast, LIP content and ETS activity were higher at 
Laranjo Bay. Despite these differences, ETS activity in 2022 showed 
similar values between the two sites. In the hepatopancreas, significant 
differences between sites were also observed for CH (F = 12, p = 0.001), 
LIP (F = 11, p = 0.005), and ETS (F = 7.8, p = 0.017), while PROT levels 
again did not show significant variation. Additionally, CH content var
ied significantly over time (Table 3; F = 5.8, p = 0.044). Both CH and LIP 
contents were higher at Cais do Bico than at Laranjo Bay. Moreover, CH 
levels were higher in 2022. Conversely, ETS activity was higher at 
Laranjo Bay in 2021. However, in 2022, ETS activity values were similar 
between the two sites. Regarding the energetic profile of the gonads 
(Table 3), no significant differences were observed between sites or 
sampling times.

3.3.2. Biotransformation and oxidative stress profile
In the gills (Fig. 2), significant spatial differences were detected, with 

C. maenas collected from Laranjo Bay exhibiting higher CAT (F = 38, p 

Table 1 
Physicochemical parameters measured at Cais do Bico (CB, reference site) and 
Laranjo Bay (LB, contaminated site). Salinity, temperature, pH, and dissolved 
oxygen values are expressed as means ± standard deviation (n = 3 per site per 
campaign). Different superscript letters denote statistically significant differ
ences (p ≤ 0.05) between sites within the same sampling campaign.

Time Site Salinity Temperature 
(◦C)

pH O2 (%) O2 (mg 
L− 1)

2021 CB 30 ±
0 (a)

19 ± 0 (a) 7.8 ± 0.0 
(a)

54 ± 1 
(a)

5.0 ± 0.1 
(a)

LB 25 ±
0 (b)

21 ± 0 (b) 7.4 ± 0.0 
(b)

47 ± 1 
(b)

4.8 ± 0.7 
(a)

2022 CB 31 ±
0 (c)

24 ± 0 (c) 7.7 ± 0.0 
(c)

77 ± 3 
(c)

6.3 ± 0.1 
(b)

LB 29 ±
0 (d)

24 ± 0 (c) 7.5 ± 0.0 
(d)

68 ±
0 (d)

5.8 ± 0.1 
(c)

Table 2 
Total mercury concentrations (mg Kg− 1) in the gills, hepatopancreas, and go
nads of Carcinus maenas collected at Cais do Bico (CB, reference site) and Laranjo 
Bay (LB, contaminated site) over time. Values are presented as mean ± standard 
deviation (n ≥ 5 per site per year). Different superscript letters indicate statis
tically significant differences (p ≤ 0.05) between years within the same site.

Site: Year

1999 2003 2021 2022

Gills CB 0.92 ± 0.59 
(a)

0.82 ± 0.03 
(a)

0.49 ±
0.13 (b)

0.57 ±
0.09 (b)

LB — 1.5 ± 0.1 (a) 1.4 ±
0.2 (a)

1.4 ±
0.1 (a)

Hepatopancreas CB 0.96 ± 0.63 
(a)

0.63 ± 0.02 
(b)

0.41 ±
0.17 (c)

0.37 ±
0.06 (c)

LB — 1.1 ± 0.1 (a) 0.95 ±
0.17 (a)

1.0 ±
0.1 (a)

Gonads CB — — 0.21 ±
0.03 (a)

0.21 ±
0.01 (a)

LB — — 0.76 ±
0.13 (a)

0.67 ±
0.04 (b)

Reference: Pereira 
et al. 
(2006)

(Coelho et al., 
2007, 2008)

This study
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= 0.001) and GPx (F = 40, p = 0.001) activities, as well as higher LPO 
levels (F = 21, p = 0.001) comparing to Cais do Bico. In contrast, the 
activities of GR (F = 43, p = 0.001), GST (F = 367, p = 0.001), and GSHt 

(F = 1039, p = 0.001) were lower at this site. Temporal differences were 
observed at Cais do Bico, where GPx activity (t = 2.7, p = 0.024) 
increased in the second campaign, while GST (t = 3.5, p = 0.001) and 
GSHt (t = 12, p = 0.001) activities decreased. At Laranjo Bay, only GSHt 
showed a slight reduction in activity during the second campaign 
compared to the first (t = 4.6, p = 0.001).

In the hepatopancreas (Fig. 3), significant spatial differences were 
observed in the activity of CAT (F = 99, p = 0.001), GPx (F = 42, p =
0.001), GST (F = 201, p = 0.001), and GSHt (F = 21, p = 0.002), with 
higher values recorded at Laranjo Bay, except for GSHt, which displayed 
lower activity at this site. Regarding temporal variation, both GPx (t =
2.4, p = 0.046) and GST (t = 4.2, p = 0.017) exhibited significantly 
higher activities during the second campaign at Cais do Bico. However, 
at Laranjo Bay, GST activity decreased from the first to the second 
campaign (t = 2.5, p = 0.025). GR activity and LPO levels did not exhibit 
significant differences between sites or sampling times.

In the gonads (Fig. 4), differences between sites were observed in 
CAT activity during the first campaign (t = 4.1, p = 0.005), GSHt in the 
second campaign (t = 2.1, p = 0.045), and GPx (F = 22, p = 0.002) and 
LPO (F = 45, p = 0.001) across both campaigns. Whenever significant 
differences were found, enzyme activities and LPO levels were consis
tently higher at Laranjo Bay. GR and GST activities showed no signifi
cant variation with respect to site or sampling time.

Table 3 
Energy budget parameters in gills, hepatopancreas, and gonads of Carcinus 
maenas in 2021 and 2022. PROT (protein), CH (carbohydrates), LIP (lipids): mJ 
mg− 1 F.W.; ETS (Electron Transport System activity): mJ h− 1 mg− 1 F.W. Values 
are presented as mean ± standard deviation (n = 10 individuals per site per 
year). Different superscript letters indicate statistically significant differences (p 
≤ 0.05) between sites (Cais do Bico (CB, reference site) and Laranjo Bay (LB, 
contaminated site)) within the same year. Asterisk (*) indicates a significant 
difference between years at the same site.

Gills Hepatopancreas Gonads

2021 2022 2021 2022 2021 2022

PROT CB 163 ±
19 (a)

173 ±
19 (a)

502 ±
31 (a)

474 ±
47 (a)

203 ±
26 (a)

224 ±
16 (a)

LB 183 ±
37 (a)

185 ±
33 (a)

522 ±
35 (a)

520 ±
64 (a)

218 ±
29 (a)

213 ±
18 (a)

CH CB 53 ± 5 
(a)

52 ± 7 
(a)

115 ±
2 (a)

122 ±
11 (a)

58 ± 5 
(a)

53 ± 7 
(a)

LB 42 ± 9 
(b)

42 ± 8 
(b)

86 ± 4 
(b) *

107 ±
15 (a) *

60 ± 6 
(a)

50 ±
11 (a)

LIP CB 55 ± 9 
(a)

63 ±
21 (a)

493 ±
22 (a)

500 ±
33 (a)

493 ±
55 (a)

474 ±
56 (a)

LB 72 ±
15 (b)

79 ±
13 (a)

430 ±
10 (b)

424 ±
49 (b)

471 ±
37 (a)

487 ±
29 (a)

ETS CB 5.9 ±
0.6 (a)

6.5 ±
0.9 (a)

11 ±
0 (a) *

12 ±
0 (a) *

5.2 ±
0.4 (a)

6.0 ±
0.8 (a)

LB 6.8 ±
0.6 (b)

6.7 ±
0.9 (a)

13 ± 1 
(b)

12 ± 1 
(a)

5.0 ±
0.6 (a)

5.0 ±
0.7 (a)

Fig. 2. Oxidative stress profile in gills of Carcinus maenas from Cais do Bico (CB, reference site) and Laranjo Bay (LB, contaminated site) in 2021 and 2022 (n = 10 per 
site per year). CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase; GST: glutathione-S-transferase; GSHt: total glutathione; LPO: lipid peroxidation. 
Different letters indicate significant differences (p ≤ 0.05) between sites within the same year: lowercase letters refer to the 1st campaign (2021) and uppercase 
letters to the 2nd campaign (2022). Asterisk (*) indicates significant differences between years at the same site.
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4. Discussion

4.1. Temporal trends of total Hg in study sites and in Carcinus maenas

The Laranjo Bay study site is historically contaminated with multiple 
metals, including Hg, As, Cd, Cu, and Pb. Sediment analyses revealed 
that Hg is the only one with concentrations consistently exceeding the 
Probable Effect Levels established by sediment quality guidelines.

Total Hg concentrations in the surface sediments and suspended 
particles of the study areas have shown a consistent declining trend from 
the 1990s to the present (Coelho et al., 2014; Oliveira et al., 2018, 
2025a). This reduction reflects natural attenuation processes, including 
the progressive deposition of cleaner sediments over historically 
contaminated layers and the cessation of industrial discharges since the 
late 20th century (Pereira et al., 2009a). Early surveys reported 
extremely high sediment Hg levels, with local maxima up to ~99.8 mg 
kg− 1 (Lucas et al., 1986). More recent measurements indicate much 
lower concentrations in bare sediments, generally <9 mg kg− 1, consis
tent with gradual ecosystem recovery (Oliveira et al., 2018).

The decline in sediment concentrations of multiple metals, with a 
focus on Hg as the primary contaminant exceeding PEL, has translated 
into reduced exposure for benthic organisms. Bioindicator species such 
as S. plana and H. diversicolor exhibit decreasing Hg body burdens over 
time (Oliveira et al., 2025b). Similarly, temporal trends in C. maenas 
show a reduction in Hg concentrations at Cais do Bico, the site furthest 
from the primary contamination source, where significant decreases in 
both gills and hepatopancreas have been recorded since 1999 (Coelho 
et al., 2007, 2008; Pereira et al., 2006). At Laranjo Bay, however, the 
temporal decline is not yet statistically significant. Despite signs of 

sediment decontamination in this area (Castro et al., 2009; Rodrigues 
et al., 2010), surface sediment Hg concentrations remained relatively 
high in 2021, particularly in lower intertidal zones influenced by tidal 
erosion (9.1 ± 1.8 mg kg− 1) (Oliveira et al., 2025b). In contrast, higher 
intertidal areas exhibited much lower concentrations (2.5 ± 0.2 mg 
kg− 1) (Oliveira et al., 2025c). Given the spatial mobility of C. maenas 
across intertidal gradients, variability in sediment contamination may 
be buffered at the organism level, which could explain the lack of sta
tistically significant differences in gill and hepatopancreas Hg concen
trations between 2003 and 2021/2022. Furthermore, the similar Hg 
levels in these organs suggest a consistent organotropism pattern over 
time, reflecting their respective roles in uptake (gills) and detoxification 
(hepatopancreas). In contrast, the gonads, as a secondary storage organ, 
exhibited a declining trend in Hg levels between 2021 and 2022, indi
cating a more sensitive, organ-specific response potentially linked to 
lower long-term Hg burdens or physiological regulation during repro
ductive cycles.

The pattern described above underscores the importance of ana
lysing multiple tissues when assessing environmental contamination 
and may reflect the early ecological benefits of Z. noltii restoration ef
forts initiated in 2020 in Laranjo Bay. Halophytes such as Z. noltii have 
been reported to enhance sediment quality by reducing sediment 
contaminant bioavailability (Oliveira et al., 2023), stabilizing sedi
ments, and promoting the burial of contaminated layers, aided by local 
sedimentation rates (~0.7 cm/year) (Castro et al., 2009; Oliveira et al., 
2018; Pereira et al., 1998). Such improvements have already been noted 
in other benthic species co-inhabiting the area, like H. diversicolor and 
S. plana (Oliveira et al., 2025b), indicating interspecific differences in 
metal uptake and sensitivity. However, the effects of restoration on Hg 

Fig. 3. Oxidative stress profile in the hepatopancreas of Carcinus maenas from Cais do Bico (CB, reference site) and Laranjo Bay (LB, contaminated site) in 2021 and 
2022 (n = 10 per site per year). CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase; GST: glutathione-S-transferase; GSHt: total glutathione; LPO: 
lipid peroxidation. Different letters indicate significant differences (p ≤ 0.05) between sites within the same year: lowercase letters refer to the 1st campaign (2021) 
and uppercase letters to the 2nd campaign (2022). Asterisk (*) indicates significant differences between years at the same site.
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accumulation in C. maenas remain tissue-specific and subtle in the 
short-term. Notably, in 2024, spontaneous colonization of Z. noltii was 
recorded near the crab collection site (Oliveira et al., 2025a), suggesting 
an adaptive response of the ecosystem to historical contamination. Over 
time, this natural expansion may strengthen phytostabilization pro
cesses, potentially leading to further declines in Hg bioaccumulation in 
C. maenas.

4.2. Biochemical status

Biochemical analyses provide sensitive and early-warning informa
tion on the physiological responses of C. maenas to environmental 
contaminant exposure. Variations in energy metabolism and oxidative 
stress markers between organs, sites and sampling campaigns highlight 
organ-specific responses.

Energy reserve mobilisation differed clearly between tissues. In the 
gills of crabs from the contaminated Laranjo Bay, CH levels were 
consistently lower than at Cais do Bico, whereas LIP levels were higher. 
This divergence suggests that, despite increased contaminant exposure, 
LIP was not mobilised in the gills in the same way as CH. Several non- 
exclusive explanations are possible, such as contaminants like Hg may 
inhibit local lipid catabolic enzymes, promote lipid accumulation asso
ciated with membrane remodelling or damage, or alter lipid transport 
between tissues (Bejaoui et al., 2025; Singaram et al., 2013), so that gill 
CH is used preferentially to support immediate metabolic needs while 
LIP remains relatively conserved or even accumulated locally. In 
contrast, in the hepatopancreas, both CH and LIP levels were signifi
cantly lower at Laranjo Bay, suggesting enhanced consumption of these 
reserves in response to contaminant stress (primarily Hg, but 

contributions from other metals at lower concentrations cannot be 
excluded). This aligns with the hepatopancreas’ recognized role as the 
main site of CH and LIP storage and mobilisation in crustaceans, 
including during the pubertal molt and other energetically demanding 
life stages (Li et al., 2022; Sánchez-Paz et al., 2006). Protein levels 
remained stable across sites and years in all organs, indicating that 
crustaceans tend to spare structural PROT under moderate stress, relying 
primarily on CH and LIP catabolism to sustain metabolism while pre
serving essential functions. Similar responses were reported by Arrigo 
et al. (2025), who showed that PROT degradation was only triggered 
under severe or prolonged stress (e.g. marine heatwaves).

The limited variation observed in gonadal energy reserves further 
supports the idea that reproductive tissues maintain energetic stability, 
as they rely largely on reserves accumulated earlier in the reproductive 
cycle (Li et al., 2022; Sánchez-Paz et al., 2007; Sugumar et al., 2013).

During the first sampling campaign, crabs from Laranjo Bay showed 
significantly higher ETS activity in both gills and hepatopancreas 
compared to Cais do Bico, indicating elevated metabolic turnover and 
increased ATP demand for stress responses (Herrera et al., 2024; Soko
lova, 2018). Enhanced ETS may result in increased reactive oxygen 
species (ROS) formation, thus stimulating antioxidant defences. For 
example, Zhao et al. (2010) reported that low-level Hg exposure raised 
CAT and GPx activities in crabs. This is in line with the elevated CAT and 
GPx activities observed at Laranjo Bay. Higher water temperatures 
recorded during the first campaign may also have contributed to these 
increases, as temperature is known to accelerate metabolic and enzy
matic processes in crustaceans (Capparelli et al., 2019; Rodrigues et al., 
2015).

During the second campaign, hepatopancreas LIP levels in Laranjo 

Fig. 4. Oxidative stress profile in the gonads of Carcinus maenas from Cais do Bico (CB, reference site) and Laranjo Bay (LB, contaminated site) in 2021 and 2022 (n 
= 10 per site per year). CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase; GST: glutathione-S-transferase; GSHt: total glutathione; LPO: lipid 
peroxidation. Different letters indicate significant differences (p ≤ 0.05) between sites within the same year: lowercase letters refer to the 1st campaign (2021) and 
uppercase letters to the 2nd campaign (2022). Asterisk (*) indicates significant differences between years at the same site.
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Bay remained lower than at Cais do Bico, showing no evidence of re
covery of LIP stores. However, CH levels in this organ increased relative 
to the previous year, partly narrowing the difference between sites. This 
may reflect improved local conditions, such as higher food availability 
linked to Z. noltii expansion, or shifts associated with reproductive 
maturation, as CH demands fluctuate during oogenesis (Monteiro et al., 
2025). In the gills, CH content remained stable between years at both 
sites, indicating that this reserve did not undergo further depletion 
during the second campaign. Throughout both years, gonadal CH, LIP, 
PROT and ETS showed no significant spatial or temporal variation, 
reinforcing the idea that reproductive tissues maintain energetic sta
bility even when other organs experience metabolic adjustments (Li 
et al., 2022; Wang et al., 2014).

The observed oxidative stress profile was organ-specific. Gills were 
particularly sensitive, likely due to their direct exposure to contaminants 
and role in temporary metal storage (Ghedira et al., 2011; Laporte et al., 
2002). Increased CAT and GPx activities in association with higher 
contaminant levels suggest an adaptive antioxidative response focused 
on peroxide detoxification. However, GST activity decreased in the more 
contaminated sites, consistent with findings by Maria et al. (2009). This 
decline may result from glutathione depletion due to its conjugation 
with Hg via sulfhydryl (-SH) groups (Ajsuvakova et al., 2020; Erofeeva, 
2015; Sharma et al., 2012), forming less toxic GSH-Hg complexes, an 
adaptive strategy also seen in humans (Ajsuvakova et al., 2020; Endo 
and Sakata, 1995). Additionally, reductions in total GSH and GR activity 
in Laranjo Bay crabs suggest substantial GSH consumption without 
efficient regeneration. This antioxidant depletion is reflected in elevated 
LPO in gills, showing that a potential increase in ROS, possibly linked to 
elevated ETS activity, combined with reduced detoxification capacity 
resulted in membrane lipid damage. In the hepatopancreas, significant 
increase of CAT, GPx, and GST in contaminated site highlights the or
gan's robust antioxidant response to contaminant exposure, corrobo
rating findings from previous studies by Elumalai et al. (2007) and 
Pereira et al. (2009b). This response reflects not only the efficiency of its 
antioxidant machinery but also the inherently high metabolic capacity 
of the hepatopancreas, a pattern commonly reported in 
pollution-tolerant decapods (Leignel et al., 2014; Rodrigues and Pardal, 
2014). The stable GR activity supports continuous GSH regeneration, 
although lower GSHt levels in Laranjo Bay point to its intensive use in 
detoxification. The absence of increased LPO further confirms the 
effectiveness of this antioxidant response in protecting lipid membranes. 
In contrast, the gonads showed generally low and stable antioxidant 
activity across sites and campaigns. Gonads from Laranjo Bay exhibited 
higher LPO levels than those from Cais do Bico, and the slight increases 
in CAT and GPx observed at this site were not accompanied by changes 
in GR, GST, or GSHt. This relative stability may reflect several protective 
mechanisms: (i) the high LIP content of gonads, which can bind meth
ylmercury and modulate its reactivity (Liu et al., 2018; O'Connor et al., 
2019); (ii) the sequestration of contaminants in non-reactive forms (e.g. 
bound to metallothioneins) in primary detoxification organs such as the 
gills and hepatopancreas (Kumar et al., 2025); and (iii) limited transfer 
of Hg and other contaminants to reproductive tissues. Additionally, 
because gonads were sampled during the reproductive season, when a 
substantial proportion of energy is channelled into reproduction 
(Dvoretsky et al., 2023; Griffen, 2018), these tissues may be more sus
ceptible to oxidative disturbance, making any early improvements more 
detectable. The absence of temporal increases in oxidative damage or 
energetic disruption in the gonads may therefore represent an early and 
sensitive biological indication of improving environmental conditions, 
even if detoxifying organs continue to reflect legacy contamination.

Although clear biochemical improvements between 2021 and 2022 
could not be demonstrated in most organs, the gonads were the only 
tissue in which Hg concentrations declined over this period (see Section 
4.1). Despite Laranjo Bay showed higher LPO levels overall, oxidative 
damage did not increase from the first to the second campaign, and 
antioxidant activity remained stable. This temporal stability, combined 

with decreasing Hg burdens in the gonads, reinforce their sensitivity as 
an early tissue-specific signal of improving environmental conditions/ 
ecosystem recovery. As environmental quality continues to improve, 
including contaminant phytostabilization and natural attenuation of the 
area, reductions in dissolved Hg concentrations, together with a diet 
consisting of less contaminated prey, may help decrease Hg bio
accumulation in the organs most directly exposed to metal(loid)s, pro
gressively mitigating oxidative damage. Additionally, higher food 
availability could reduce the energetic costs of foraging, allowing more 
energy to be allocated to maintenance and detoxification processes. As 
previously highlighted, sampling occurred during the reproductive 
season, when a substantial proportion of energy is channelled into 
gonadal maturation, increasing physiological susceptibility to stress. 
This reproductive allocation may help explain why early signs of 
improvement were more readily detected in the gonads than in the 
detoxifying organs.

5. Conclusion

This study shows a clear decline in total Hg concentrations in the 
gonads of C. maenas, as revealed through comparison with historical 
data, reflecting the combined effects of natural attenuation, the cessa
tion of industrial inputs and early benefits from Z. noltii restoration, 
which likely contributed to reduced Hg mobility and bioavailability. 
Improvements were more evident in Cais do Bico, but initial recovery 
signals were also detectable in Laranjo Bay, specifically in gonadal tis
sues, while gills and hepatopancreas still reflect persistent legacy 
contamination. Biochemical responses revealed organ-specific stress 
signatures, with gills and hepatopancreas sustaining the strongest 
detoxification demands, whereas gonads showed the earliest signs of 
improvement. Importantly, this is the first study to document gonadal 
Hg dynamics in C. maenas at this site, adding novel insights to the 
knowledge of early-stage ecosystem recovery following seagrass-based 
restoration. Together, the geochemical and biological evidence sug
gests an initial yet promising trajectory of ecological recovery, with 
seagrass restoration and natural attenuation contributing to the gradual 
reduction of Hg exposure and its sublethal effects in this estuarine 
system.
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Pérez-Bernal, L.H., Guerra-Chanis, G.E., 2022. Background concentrations and 
accumulation rates in sediments of pristine tropical environments. Catena 214, 
106252. https://doi.org/10.1016/j.catena.2022.106252.

Capparelli, M.V., Gusso-Choueri, P.K., Abessa, D.M. de S., McNamara, J.C., 2019. 
Seasonal environmental parameters influence biochemical responses of the fiddler 
crab Minuca rapax to contamination in situ. Comp. Biochem. Physiol., Part C: 
Toxicol. Pharmacol. 216, 93–100. https://doi.org/10.1016/j.cbpc.2018.11.012.

Castro, R., Pereira, S., Lima, A., Corticeiro, S., Válega, M., Pereira, E., Duarte, A., 
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