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A B S T R A C T

In the midst of the UN Decade on Ecosystem Restoration and newly approved EU Nature Restoration Law, 
ecosystem restoration efforts have gained momentum. Still, monitoring tools and early warning protocols to 
evaluate restoration success are necessary. This study aimed to assess the suitability of using biochemical 
response parameters to evaluate Z. noltei tolerance to transplantation and various abiotic conditions (including 
metal(loid) concentrations) across different tissues and seasons, following restoration. The results indicate that 
the proposed monitoring strategy successfully highlighted the adaptation and acclimation phase of transplanted 
plants, as well as the tolerance to the conditions at the Transplant site by activating mechanisms to mitigate or 
reduce oxidative stress. The findings validate the use of biochemical response parameters as a measure of 
transplant success and early warning signal for plant maladjustment in the scope of ecosystem restoration actions 
in historically contaminated areas.

1. Introduction

Throughout the 20th century, estuarine and coastal ecosystems have 
experienced substantial degradation due to human activities such as 
urbanization, intensive agriculture, and industrialization (Kang et al., 
2021; Salinas et al., 2020; Zhai et al., 2020). These disturbances have 
resulted in the loss of local fauna and flora, causing a decline in 
important/essential ecosystem services (Bashir et al., 2020; Beaumont 
et al., 2007). In response, there has been a growing international effort 
to restore degraded ecosystems, driven by policies like the Convention 
on Biological Diversity, the European Green Deal, the United Nations 
Decade for Ecosystem Restoration (2021–2030), and the EU Nature 
Restoration Law. Among the various restoration strategies (physical, 
chemical, and biological), biological remediation stands out for its 
cost-effectiveness and environmentally friendly nature (Oliveira et al., 
2024). Moreover, in cases where contaminants are present in sediments, 
this method is capable of transforming organic contaminants into 

harmless substances or immobilizing them (Hamad et al., 2021; Karimi 
et al., 2022; Oliveira et al., 2023; Rostami and Azhdarpoor, 2019; 
Vishwakarma et al., 2020; Zhang et al., 2020). Furthermore, biological 
remediation, particularly using plants, not only helps to restore eco
systems but also contributes to mitigating global warming through the 
sequestration of atmospheric carbon, known as blue carbon (Brown 
et al., 2021; Sousa et al., 2017).

One of the most promising approaches to ecosystem restoration and 
rehabilitation involves the use of seagrasses, which play a vital role in 
restoring and rehabilitating degraded coastal ecosystems (Orth et al., 
2020). Seagrasses sequester carbon, provide habitat for numerous spe
cies and enhance local biodiversity (Crespo et al., 2023). They also 
improve water quality and reduce drag force by bending in the direction 
of water flow, which decreases flow velocity throughout the canopy 
(Morris et al., 2008; Verduin and Backhaus, 2000). This action creates 
more favourable conditions for fauna development and helps reduce 
sediment erosion (Brun et al., 2021; Jiménez-Ramos et al., 2019; Morris 
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et al., 2008; Unsworth et al., 2022; Valdez et al., 2020; Wahyudi et al., 
2020).

Despite their ecological benefits, the implementation of seagrass 
restoration in new and contaminated sites poses challenges. Seagrasses 
are highly sensitive to changes in atmospheric conditions, physico
chemical parameters and contaminant exposure. For example, Touch
ette and Burkholder (2000) found that elevated temperatures generally 
accelerate photosynthesis and respiration up to an optimal threshold, 
beyond which the regulation of antioxidant enzymes may become dis
rupted. Additionally, studies by Piro et al. (2015) and Sandoval-Gil et al. 
(2023) have reported that seagrasses employ various mechanisms to 
cope with salinity fluctuations, such as modulating carbon metabolism 
(e.g., reducing RuBisCO expression while increasing glycolytic enzyme 
levels), enhancing vacuolar Na+ sequestration, and adjusting osmotic 
balance.

Regarding contaminant exposure, seagrasses exhibit varied re
sponses. Research on species such as Halophila beccarii, Zostera marina, 
and Zostera muelleri indicates that exposure to metals such as copper and 
cadmium decreases photosynthetic efficiency and increases the pro
duction of reactive oxygen species (ROS), that can lead to oxidative 
stress by damaging proteins, lipids, and DNA (Buapet et al., 2019; Chen 
and Qiu, 2024; Greco et al., 2019). Moreover, metals such as lead can 
reduce seed germination, inhibit growth, and decrease biomass 
(Brackup and Capone, 1985; Li et al., 2023). In response, seagrasses 
often upregulate antioxidant enzymes, such as superoxide dismutase, 
catalase, and glutathione peroxidase, to mitigate oxidative damage 
(Buapet et al., 2019; Chen and Qiu, 2024; Lin et al., 2016). This adaptive 
response suggests that certain species may tolerate high contaminant 
levels without exhibiting biochemical damage, suggesting their poten
tial for phytoremediation, as observed in the seagrass species Posidonia 
oceanica, Cymodocea nodosa, Halophila stipulacea, and Zostera marina 
(Bonanno and Orlando-Bonaca, 2017; Brix et al., 1983; Lee et al., 2019).

Building on evidence that different seagrass species exhibit distinct 
physiological responses to contaminants, and with the primary goal of 
restoring a historically contaminated area with varying metal(loid) 
concentrations (e.g., arsenic, cadmium, copper, and mercury) in the 
Aveiro Lagoon, Portugal, laboratory studies were previously conducted 
by Fonte et al. (2023) and Oliveira et al. (2025b). These controlled ex
periments focused on understanding the biochemical and physiological 
responses of the native species Zostera noltei to contaminants present in 
an inner bay of the Aveiro Lagoon, known as Laranjo Bay. The studies 
aimed to fill critical gaps in knowledge regarding the species’ responses 
to different contaminants, with results showing that contaminant pres
ence did not compromise seasonal variations in biomass, coverage area, 
or key biochemical and physiological parameters (e.g., photosynthetic 
efficiency).

Based on these promising results, a pilot transplant of Z. noltei was 
initiated in Laranjo Bay as a Nature-based Solution (NbS) for ecological 
restoration (Crespo et al., 2023; Oliveira et al., 2023). The transplant’s 
success was monitored over time by evaluating physiological indicators 
such as biomass, coverage area, and photosynthetic efficiency (Oliveira 
et al., 2025a). Additionally, biochemical markers (including energy 
budgets and antioxidant enzyme activities) were analysed as 
early-warning indicators of plant stress. These biochemical responses 
provide valuable insights into plant acclimation during the early trans
plantation phase and its potential adaptations to abiotic stressors over 
time. Moreover, they help detect signs of maladaptation before visible 
symptoms arise, enabling timely interventions to prevent project failure 
and enhance the long-term success of restoration in contaminated eco
systems (Blanco-Murillo et al., 2024; Griffiths et al., 2020; Kerninon 
et al., 2021).

To ensure the effectiveness of the restoration efforts, the following 
specific objectives were established: 1) characterize the contaminant 
pools present in the sediments from the Donor (reference site) and 
Transplant site (contaminated site) over time; 2) monitor the acclima
tion process of transplanted Z. noltei plants to the conditions at the 

Transplant site; 3) measure energy budgets and oxidative stress levels 
across different tissues and seasons; and 4) validate the use of 
biochemical response parameters as a measure of transplant success and 
early warning signal for plant maladjustment.

2. Methodology

2.1. Site description

The Aveiro Lagoon, situated in Portugal, is a shallow coastal lagoon 
renowned for its intertidal zones and intricate network of four primary 
channels shaped by semidiurnal tides, spanning approximately 45 km.

Owing to its strategic location, the Aveiro Lagoon has been subject to 
substantial industrialization, resulting in challenges stemming from 
both direct and indirect discharge of domestic and industrial waste into 
its waters. The most pronounced environmental impacts unfolded dur
ing the latter half of the 20th century (Oliveira et al., 2018), notably 
attributed to the periodic release of industrial effluents, primarily orig
inating from a chlor-alkali factory situated within the Estarreja chemical 
complex (Oliveira et al., 2022; Válega et al., 2008a). These effluents 
were discharged into the upstream region of the lagoon, specifically 
Laranjo Bay, resulting in a well-defined metal(loid)s contamination 
gradient (Coelho et al., 2005; Ereira et al., 2015; Stoichev et al., 2019, 
2020) within this enclosed bay (Fig. 1A). Consequent to the discharge of 
contaminants, a discernible decline in local flora and fauna has been 
documented (García-Seoane et al., 2016; Nunes et al., 2008; Válega 
et al., 2008b). Nonetheless, in recent decades, cessation of such dis
charges has spurred a gradual natural recovery of the ecosystem, char
acterized by the gradual resurgence of halophytic plants within Laranjo 
Bay, particularly in its upper intertidal zones (Figueira et al., 2012; 
Oliveira et al., 2018; Válega et al., 2008b).

To accelerate the restoration of the area, mainly in the central 
intertidal area, a seagrass (Z. noltei) transplant initiative was undertaken 
in the summer of 2020, employing the patch transplant methodology 
(Oliveira et al., 2025a). Accordingly to Costa et al. (2022), this approach 
facilitates the transfer of seagrass plants and sediment, preserving their 
roots, rhizomes, and leaves, while minimizing disturbance to the Donor 
meadow. Patches of Z. noltei were harvested from a Donor meadow 
(Fig. 1B) situated 3 km downstream from the transplant zone and 
transplanted within Laranjo Bay, utilizing a chessboard pattern to 
facilitate expansion in all directions (Fig. 1C) (Oliveira et al., 2025a).

2.2. Sampling method

To assess the adaptability and biochemical response of Z. noltei to the 
transplant process and varying abiotic conditions, including sediment 
contamination found in Laranjo Bay, energy budgets and oxidative stress 
levels were examined in aboveground (leaves) and belowground (roots 
and rhizomes) tissues seasonally from summer 2020 (the transplant 
moment) through autumn 2021 as early-warning indicators.

Sampling was conducted in the Donor Meadow [DM] (Fig. 1B) and 
the Transplant Meadow [TM] (Fig. 1C). The DM served as a control/ 
reference area, providing reference values as it hosted a well-established 
and stable meadow of Z. noltei prior to the transplant (Crespo et al., 
2023). In each season, five cores of Z. noltei (8 cm deep, 15 cm diameter) 
were randomly collected from each meadow at low tide, except for the 
first season (summer 2020), in which sampling was conducted solely in 
DM due to the transplanting that took place on that day into the TM site. 
Upon collection, the cores were placed in plastic bags, stored in a cooler 
for transportation and processed in the laboratory. Plant biomass was 
separated from the sediments, and the sediment associated with the 
plant cores was divided into two aliquots. One aliquot was freeze-dried, 
and subsamples were taken for metal(loid) concentration analysis. The 
other aliquot was dried, disaggregated, and homogenized for the anal
ysis of organic matter content and the fine fraction (<63 μm). Regarding 
biomass, once separated from the sediments, the biomass was divided 
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into living aboveground and belowground tissues. These tissues were 
gently washed with distilled water to remove any remaining sediment 
particles, then freeze-dried for at least 48 h using a Unicryo MC-4 L-60 C 
freeze-dryer and subsequently stored at − 80 ◦C until biochemical 
analysis.

During the study period, the temperature and light intensity were 
continuously monitored every hour by two HOBO sensors (HOBO 
MX2202 Temp/Light) installed in the field. The total precipitation data 
(monthly averages) were obtained from INE (Instituto Nacional de 
Estatística).

2.3. Sediment characterization

The organic matter content was determined by loss on ignition (4 h at 
500 ◦C), and the fine fraction of the sediments was determined by wet 
sieving following the methodology described in Oliveira et al. (2018).

Total mercury (Hg) concentrations in sediment samples were 
measured using a LECO AMA-254 Advanced Mercury Analyzer, 
following the method described by Costley et al. (2000). The perfor
mance of the LECO AMA-254 was verified daily through the analysis of 
Certified Reference Materials (CRM) with similar matrices, both at the 
beginning and at the end of the day. Recovery rates for BCR-277R 
(97–113%, n = 10) were within their respective confidence intervals. 
Samples were always analysed in at least triplicate, with a coefficient of 
variation lower than 10%.

Arsenic (As), cadmium (Cd), copper (Cu), nickel (Ni), lead (Pb), tin 
(Sn), titanium (Ti), uranium (U), and zinc (Zn) concentrations were 
determined using Inductively Coupled Plasma Mass Spectrometry (ICP- 
MS, Thermo X Series). These metal(loid)s concentrations in sediment 
samples were determined according to the US EPA 3051 protocol. 
Similar to Hg quantification, the performance of the ICP-MS was verified 
daily. To ensure the quality and reliability of the results, parallel blank 
and certified reference material (ERM-CC141 and BCR-143R) digestions 
were performed to monitor and control potential contaminations. The 
recovery rates achieved ranged from 96% to 116% for both CRMs.

2.4. Biochemical parameters

2.4.1. Extraction procedures
For biochemical analysis, aboveground and belowground tissues 

were divided into approximately 100 mg portions of freeze-dried tissue 
to assess energy consumption (Electron Transport System), available 
energy (soluble carbohydrates and insoluble carbohydrates (starch)), 
oxidative damage (lipid peroxidation and protein carbonylation), and 
antioxidant response (activity of antioxidant enzymes). Each sample was 
homogenized in 200 μL of specific buffers tailored for each analysis 
using an ultrasonic probe for 15 s at 0.5 cycles.

For the assessment of the Electron Transport System (ETS), homog
enization was carried out in 0.1M Tris-HCl buffer (pH 8.5) containing 
15% (w/v) Poly Vinyl Pyrrolidone, 153 μM magnesium sulphate, and 
0.2% (v/v) Triton X-100. The homogenate was then centrifuged at 4 ◦C 
for 20 min at 3000 g.

To evaluate soluble carbohydrates (sCH) and starch (ST), carbohy
drates were extracted with potassium phosphate buffer (0.1 M dipo
tassium phosphate; 0.1 M potassium dihydrogen phosphate; 5 mM 
EDTA; 0.1% (v/v) Triton X-100; pH 7.5) using a mortar and pestle, 
followed by centrifugation at 10,000g for 10 min. The supernatant was 
used to determine soluble carbohydrates while the pellet was incubated 
at 95 ◦C for 30 min. After cooling in an ice bath, samples were centri
fuged at 10,000 g for 4 min, and the supernatant was used to quantify 
starch.

For lipid peroxidation (LPO), supernatants were extracted using 20% 
(v/v) trichloroacetic acid.

To quantify reduced (GSH) and oxidized (GSSG) glutathione, ho
mogenization was performed using 0.6% sulfosalicylic acid in potassium 
phosphate buffer (0.1 M dipotassium phosphate; 0.1 M potassium 
dihydrogen phosphate; 5 mM EDTA; 0.1% (v/v) Triton X-100; pH 7.5). 
Subsequently, the samples were centrifuged at 10,000 g for 10 min at 
4 ◦C.

The remaining parameters such as protein carbonylation (PC), su
peroxide dismutase (SOD), catalase (CAT), glutathione peroxidase 
(GPx), glutathione reductase (GR), ascorbate peroxidase (APX), and 
glutathione S-transferases (GST) were determined in samples homoge
nized with phosphate buffer (50 mM potassium dihydrogen phosphate; 
50 mM potassium phosphate dibasic; 1 mM ethylenediamine tetraacetic 
acid disodium salt dihydrate; 1% (v/v) Triton X-100; 1 mM dithio
threitol), followed by centrifugation at 10,000g for 10 min at 4 ◦C.

For all biochemical parameters, the supernatant was separated from 
the pellet after centrifugation, and either used immediately or stored at 
− 80 ᵒC until further use.

Fig. 1. Schematic plan of the Aveiro Lagoon and Laranjo Bay (A), showing the locations of the sampling sites for the Zostera noltei Donor Meadow (B) and the 
Transplant Meadow (C).
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2.4.2. Soluble protein content
The soluble protein content (PROT) was determined using the 

method outlined by Robinson and Hogden (1940). Bovine serum albu
min (BSA) served as the standard, and absorbance was measured at 540 
nm. Results were expressed as mg of soluble protein per g of dry weight 
(DW).

2.4.3. Electron transport system activity
The electron transport system (ETS) was determined using the pro

tocol described by De Coen and Janssen (1997). In this method, the 
measurement of dehydrogenase activity is based on the reduction, 
during electron flow, of the tetrazolium dye INT (p-IodoNitroTe
trazolium) that turns purple upon reduction. The amount of formazan 
formed was calculated using the molar extinction coefficient for for
mazan (Ɛ = 15,900 M− 1 cm− 1). Electron transport system activity was 
read at 490 nm for 10 min, and results were expressed as μmol min− 1 g− 1 

DW.

2.4.4. Energy reserves
Soluble carbohydrates (sCH) and starch (ST) were determined as 

measurements of the energy reserves, according to the method of DuBois 
et al. (1956). Quantification was based on the amount of colour pro
duced at a constant phenol concentration that is proportional to the 
amount of sugar present. Glucose was used as the standard, and absor
bance was read at 492 nm. Results were expressed in mg g− 1 DW.

2.4.5. Oxidative damage
Lipid peroxidation (LPO) and proteins carbonylation (PC) were 

determined using the protocols described by Buege and Aust (1978) and 
Udenigwe et al. (2016), respectively. The measurement of LPO was 
performed by quantification of thiobarbituric acid reactive substances 
and was measured at 532 nm (Ɛ = 156,000 M− 1 cm− 1). The amount of 
PC was determined by the quantification of carbonyl groups, through 
reaction with 2,4-dinitrophenylhydrazine and was measured at 450 nm 
(Ɛ = 22,308 M− 1 cm− 1). Both results were expressed in μmol g− 1 DW.

2.4.6. Antioxidant response
Superoxide dismutase activity was determined according to the 

method outlined by Beauchamp and Fridovich (1971), measuring the 
conversion of nitro blue tetrazolium (NBT) by superoxide radicals into 
NBT diformazan at 560 nm. Catalase activity was assessed following the 
protocol of Johansson and Håkan Borg (1988), where formaldehyde 
formation in reaction with Purpald produces a coloured product that 
absorbs light at 540 nm. Ascorbate peroxidase activity was determined 
using the method described by Nakano et al. (1981), measuring the 
oxidation of ascorbate at 290 nm (Ɛ = 2.8 mM− 1 cm− 1). Glutathione 
peroxidase activity was determined according to Paglia and Valentine 
(1967), monitoring the oxidation of NADPH at 340 nm (Ɛ = 6220 M− 1 

cm− 1). Reduced (GSH) and oxidized (GSSG) glutathione were deter
mined using the method of Rahman et al. (2007), using reduced and 
oxidized glutathione standards (0–90 μmol/L), with readings taken at 
412 nm. Glutathione reductase activity was determined following the 
protocol of Carlberg and Mannervik (1985), based on the oxidation of 
NADPH at 340 nm (Ɛ = 6220 M− 1 cm− 1). Glutathione S-transferases 
activity was assessed using the method of Habig et al. (1974), measuring 
the increment at 340 nm (ε = 9600 M− 1 cm− 1) resulting from the for
mation of a thioether (catalyse the conjugation of the substrate 
1-chloro-2,4-dinitrobenzene (CDNB) with glutathione). The activity of 
all the enzymes was expressed in μmol min− 1 g− 1 DW.

2.5. Statistical analysis

All results were statistically tested using the permutation multivar
iate analysis of variance (PERMANOVA), considering a 2-way crossed 
design. The factors were Site (Donor meadow and Transplant meadow) 
and Time (summer 2020 [SUM 20]; autumn 2020 [AUT 20]; winter 

2020 [WIN 20]; spring 2021 [SPR 21]; summer 2021 [SUM 21]; autumn 
2021 [AUT 21]). Prior to the PERMANOVA, each factor was tested for its 
dispersion around the centroid using the PERMDISP analysis. All ana
lyses were done with the PRIMER v6 software with PERMANOVA + add- 
on (Anderson et al., 2008). Significant differences were assigned for a 
p-value ≤0.05.

3. Results

3.1. Sediment characteristics

Significant differences in sediment characteristics were observed 
between the DM and the TM sites (Table 1). Sediments from the DM site 
consistently exhibited a higher percentage of organic matter and fine 
fraction compared to those from the TM site, in all time periods corre
sponding to different seasons. Regarding metal(loid)s, concentrations of 
As, Cd, Cu, Hg, and Zn were higher in sediments collected from the TM 
site, which is closer to the contamination source (Fig. 1A). In contrast, 
the remaining metal(loid)s (Ni, Pb, Sn, Ti, and U) tended to exhibit 
similar concentrations between the two study sites or were found in 
higher concentrations in the DM site. Seasonal variations in sediment 
characteristics were also evident. However, the PERMADISP revealed 
significant differences for Time due to the scattering of the data around 
the group centroids.

3.2. Atmospheric conditions

Atmospheric conditions varied from season to season (Table 2). The 
lowest temperatures and light intensities were recorded in the winter of 
2020, with average values of 18 ± 5 ◦C and 10,043 ± 7499 Lum m− 2, 
respectively. The highest values were recorded in the summer, with the 
summer of 2020 being slightly warmer and having higher light in
tensities than the summer of 2021. Regarding total precipitation, the 
highest rainfall occurred in the autumn of 2020 (132 ± 49 mm), while 
the lowest was in the summer of 2020 (25 ± 22 mm).

3.3. Biochemical response of Zostera noltei

The biochemical results from different sampling periods are pre
sented graphically in Figs. 2–4. All significant terms related to various 
fouling biochemical parameters for both belowground and aboveground 
tissues are detailed in Supplementary Table 1 (Supplementary Material).

3.3.1. Energy budgets
Significant differences in energy budgets (Fig. 2) were observed 

across meadows and over time (Supplementary Table 1). Between the 
DM and TM meadows, notable differences were found in belowground 
tissue, where ETS activity tended to be higher in TM, and in above
ground tissue, where ST levels were generally lower in TM.

Regarding temporal variations, nearly all energy parameters showed 
significant changes over time, except for PROT content in belowground 
tissue. In aboveground tissue, PROT content was higher during the 
spring and summer sampling periods. ETS activity, sCH levels, and ST 
levels showed differences over time in both tissues, generally presenting 
lower values during winter. The highest values depended on the tissue 
type and parameter. For instance, in aboveground tissue, a slight in
crease in ETS activity and energy reserves (such as sCH and ST) was 
noted in summer, whereas for the belowground tissue, ETS activity and 
ST levels increased earlier, starting in spring and remaining elevated 
throughout spring, summer, and autumn.

3.3.2. Antioxidant responses and oxidative damage
Antioxidant responses (Fig. 3) varied between meadows, with sig

nificant differences in belowground tissue observed only for CAT, GPx, 
and GSSG, where higher activity/level were generally found in the TM 
meadow. In aboveground tissue, differences between meadows were 
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limited to GPx, with higher activity in the TM meadow. Regarding 
temporal variations, significant differences were observed across all 
studied parameters, except for GST and GSSG in belowground tissue. 
The most pronounced variations in belowground tissues were seen in 
SOD, GPx, and GR activities (Fig. 3A, D, and 3G, respectively), with 
lower values during winter and higher values in spring and/or summer. 
In aboveground tissue, the most significant changes were observed in 
SOD, APX, GPx, GSH, GSSG, GR, and GST (Fig. 3A and 3C-H), with lower 
activities and levels during winter and higher values in summer and/or 
autumn.

Concerning oxidative damage, no significant differences between the 
DM and TM meadows were found for LPO and PC (Fig. 4). However, 
temporal variations were observed in both tissues. LPO levels were 
generally lower in winter and increased until late summer/autumn. In 
contrast, PC levels showed different patterns between aboveground and 
belowground tissues, with higher PC levels observed in belowground 
tissue during winter and lower levels in summer, whereas the opposite 
pattern was found in aboveground tissue.

4. Discussion

Based on the interpretation of sediment characterization data, sea
sonal climatic variations, and biochemical markers, it is possible to 

clarify plant acclimation during the early transplantation phase and its 
potential long-term adaptations to abiotic stressors.

4.1. Sediment characterization

The concentrations of metal(loid)s (As, Cd, Cu, Hg, and Zn) were 
significantly higher in the TM site, located near the contamination 
source, compared to the DM. This spatial gradient aligns with previous 
studies that demonstrate a decrease in metal(loid)s concentrations with 
increased distance from the source (Coelho et al., 2005; Ereira et al., 
2015; Stoichev et al., 2019, 2020). Additionally, other elements ana
lysed in this study correlated with geochemical variables such as fine 
sediment fraction, organic carbon, total carbon, and organic matter, 
consistent with the findings of Stoichev et al. (2020), suggesting that 
geochemical variables also play a role in the distribution of contami
nants. Comparisons with earlier studies in the Aveiro lagoon indicate an 
overall decline in surface sediment contaminant levels over time (Ereira 
et al., 2015; García-Seoane et al., 2016; Oliveira et al., 2018), reinforcing 
the hypothesis of natural attenuation processes following the cessation 
of contaminant discharges, as there have been no active human reme
diation efforts in the region. Although variations over time were also 
noted, the temporal data dispersion suggests that these changes may 
partly be due to spatial variability and intrinsic sediment characteristics 
(e.g., fine fraction and organic matter content), rather than solely sea
sonal effects. These findings suggest that metal(loid) concentrations 
have remained relatively stable over the short period examined.

When comparing the observed metal(loid)s concentrations to the 
Probable Effect Level (PEL) values according to the Canadian standard 
for marine sediment quality (CCME, 2002), Hg is the only element that 
exceeded its reference threshold (PEL = 0.7 mg kg− 1 dry weight) at the 
TM site. This finding suggests that, among the contaminants analysed, 
Hg is the most likely to exert adverse effects on both the seagrass and the 
local fauna. Since the other metal(loid)s remained below their respective 
PEL values, the ecological risk at this site appears to be primarily asso
ciated with Hg contamination.

Table 1 
Organic matter (%), fine fraction (%) and metal(loid)s concentrations (mg kg− 1) in surface sediments at the Donor and Transplant meadows over time. Values are 
presented as means ± standard deviation of 5 replicates. Superscript letters indicate statistically significant differences between times at the 95% confidence level. 
Asterisk (*) denotes significant differences between meadows (DM vs. TM) for the same time.

Time

SUM 20 AUT 20 WIN 20 SPR 21 SUM 21 AUT 21

Organic 
Matter

DM 9.6 ± 0.5 (a) * 8.6 ± 0.3 (b) * 9.1 ± 0.5 (c,d) * 8.7 ± 0.4 (b,d) * 10 ± 0 (e) * 9.0 ± 0.6 (b,d) *
TM 5.3 ± 0.7 (a) * 6.1 ± 0.2 (a) * 5.8 ± 0.8 (a) * 6.4 ± 1.1 (a) * 5.9 ± 1.2 (a) * 6.2 ± 0.8 (a) *

Fine 
Fraction

DM 19 ± 2 (a) 24 ± 3 (b) 31 ± 2 (c) * 27 ± 4 (d) * 23 ± 2 (b) 23 ± 1 (b)

TM 18 ± 3 (a) 22 ± 2 (b,c) 23 ± 0 (c) * 21 ± 2 (b) * 21 ± 2 (b) 21 ± 2 (b)

Metal(loid)s [As] DM 21 ± 4 (a,b,c) * 20 ± 0 (a) * 19 ± 1 (b) * 20 ± 1 (a) * 20 ± 1 (a) * 21 ± 0 (c) *
TM 24 ± 1 (a) * 26 ± 1 (b) * 24 ± 1 (a) * 24 ± 1 (a) * 24 ± 0 (a) * 25 ± 1 (a,b) *

[Cd] DM 0.40 ± 0.04 (a) * 0.34 ± 0.01 (b) * 0.35 ± 0.02 (b,c) * 0.38 ± 0.02 (a) 0.34 ± 0.01 (b) * 0.37 ± 0.02 (a,c) *
TM 0.43 ± 0.02 (a) * 0.44 ± 0.03 (a) * 0.40 ± 0.03 (b,c) * 0.36 ± 0.06 (b) 0.40 ± 0.06 (a,b,c) * 0.41 ± 0.02 (c) *

[Cu] DM 20 ± 2 (a) 19 ± 0 (b) * 18 ± 0 (c) * 19 ± 1 (b) * 18 ± 0 (c) * 19 ± 1 (a,b) *
TM 20 ± 0 (a) 21 ± 1 (b) * 20 ± 1 (c) * 21 ± 2 (a,b,c) * 19 ± 1 (c) * 21 ± 1 (b) *

[Hg] DM 0.71 ± 0.08 (a,c) * 0.75 ± 0.20 (a,c) * 0.66 ± 0.01 (a,b) * 0.70 ± 0.03 (c) * 0.55 ± 0.21 (b) * 0.59 ± 0.15 (b) *
TM 1.8 ± 0.5 (a) * 2.8 ± 0.5 (b) * 1.4 ± 0.2 (a) * 2.4 ± 0.3 (b) * 1.9 ± 0.4 (a) * 2.5 ± 0.2 (b) *

[Ni] DM 18 ± 2 (a) * 16 ± 0 (b) * 16 ± 0 (b) * 16 ± 1 (c) * 16 ± 0 (c) * 17 ± 2 (a,c) *
TM 13 ± 0 (a) * 14 ± 1 (b) * 13 ± 1 (c) * 14 ± 2 (b,c) * 14 ± 1 (b,c) * 15 ± 1 (b) *

[Pb] DM 27 ± 3 (a) * 24 ± 0 (b) 23 ± 1 (c) * 24 ± 1 (b) * 23 ± 0 (d) * 25 ± 1 (a) *
TM 21 ± 0 (a) * 23 ± 2 (b) 20 ± 1 (c) * 22 ± 3 (a,b,d) * 20 ± 1 (c,d) * 22 ± 1 (a,b) *

[Sn] DM 2.9 ± 0.2 (a) * 2.3 ± 0.1 (b) * 2.5 ± 0.1 (d) * 2.9 ± 0.2 (a) * 2.8 ± 0.3 (a) * 3.4 ± 0.7 (c)

TM 2.1 ± 0.1 (a) * 2.1 ± 0.2 (a,b) * 2.1 ± 0.1 (b) * 2.3 ± 0.4 (a,b) * 3.1 ± 0.2 (c) * 3.6 ± 1.1 (c)

[Ti] DM 1139 ± 55 (a) * 946 ± 76 (b) * 1040 ± 11 (c) * 1143 ± 12 (a) * 1186 ± 164 (a) * 1294 ± 327 (a) *
TM 675 ± 23 (a) * 799 ± 28 (b) * 831 ± 39 (c) * 874 ± 132 (b,c,d) * 916 ± 122 (d) * 971 ± 67 (d) *

[U] DM 3.4 ± 0.4 (a,c) * 3.1 ± 0.2 (a) * 3,0 ± 0.1 (b) * 3.3 ± 0.0 (c) * 3.5 ± 0.2 (c) * 3.7 ± 0.4 (c) *
TM 2.7 ± 0.2 (a) * 2.9 ± 0.1 (b) * 2.6 ± 0.1 (c) * 2.8 ± 0.4 (a,b) * 2.7 ± 0.4 (a,b,c) * 2.8 ± 0.0 (a) *

[Zn] DM 143 ± 15 (a,c) 127 ± 2 (b) * 128 ± 4 (b) * 129 ± 4 (b) * 136 ± 3 (c) * 146 ± 11 (a)

TM 140 ± 3 (a) 151 ± 3 (b) * 141 ± 7 (a) * 146 ± 14 (a,b) * 143 ± 8 (a) * 154 ± 9 (b)

Table 2 
Temperature (◦C), light intensity (Lum m− 2) and total precipitation (mm) 
registered. Values are presented as means ± standard deviation.

Temperature 
(◦C)

Light Intensity (Lum 
m− 2)

Total Precipitation 
(mm)

SUM 
20

27 ± 3 23,030 ± 23,282 25 ± 22

AUT 20 19 ± 5 18,722 ± 17,470 132 ± 49
WIN 20 18 ± 5 10,043 ± 7499 88 ± 63
SPR 21 24 ± 4 11,318 ± 9663 68 ± 41
SUM 

21
26 ± 3 22,183 ± 21,684 31 ± 32

AUT 21 19 ± 2 17,251 ± 7463 84 ± 44
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4.2. Biochemical response of Zostera noltei

4.2.1. Adaptation to the early transplantation phase
In the initial stages following transplantation, when a direct com

parison between TM and DM sites was possible (autumn 2020), Zostera 
noltei at the TM site exhibited pronounced biochemical changes. These 
changes highlight the plant’s efforts to cope with two simultaneous 
stressors: the physical stress associated with transplantation and the 
initial exposure to contaminants, with Hg possibly exerting the most 
significant effect in this area.

Both aboveground and belowground tissues showed a significant 
increase in ETS activity, indicating an increased metabolic demand, 
likely serving as a compensatory response to stress (Bat et al., 2021; 
Malea et al., 1994; Rosalina et al., 2022). This enhanced ETS activity 
supports energy production and is coupled with the need to reestablish 
the root system after transplantation and with the upregulation of key 
antioxidant defence mechanisms, including enzymes such as SOD, CAT, 
and GPx, which are essential for scavenging ROS generated during 
transplantation to a metal contaminated area. Laboratory studies by 
Oliveira et al. (2025b) demonstrated that handling plants and disturbing 
sediment during transplantation can transiently boost ETS activity and 
cause membrane damage. However, these effects were observed only for 
a brief period (approximately 15 days), primarily due to temporary 
damage to the root system when patches were removed from Donor 
meadow, potentially resulting in injury or cutting of roots and rhizomes. 
A key parameter distinguishing this initial adaptation phase was the 
drastic reduction in GSH levels, most likely due to its rapid consumption 

during detoxification processes. GSH plays a central role in the GPx and 
APX cycles by converting hydrogen peroxide into water, a reaction that 
depletes available GSH under conditions of increased oxidative stress 
(Sofo et al., 2010).

Furthermore, a similar increase in SOD, GR, and GPx activity was 
observed when, for example, Hg, Cu, Cd, and Pb accumulation in sea
grass tissues began to rise, as noted by Lin et al. (2016) and Oliveira et al. 
(2025b). Accordingly, these studies suggest that when metals start 
accumulating in plant tissues, these antioxidant enzymes become 
increasingly active and may also promote slight increases in membrane 
and protein damage. However, seagrass plants have the ability to sub
sequently develop defence mechanisms against contaminant absorption, 
such as releasing exudates to reduce metal(loid) bioavailability 
(Agarwal et al., 2024; Greco et al., 2019; Padmavathiamma and Li, 
2012) or internal mechanisms, such as the production of phytochelatins, 
which bind to metal(loid)s, forming metal-phytochelatin complexes in 
vacuoles (Faizan et al., 2024; Li et al., 2023; Lima et al., 2012; Nguyen 
et al., 2017).

4.2.2. Adaptation over time
As the transplantation period extends, the continuous elevation of 

antioxidant enzymes and the development of additional defence mech
anisms appear to lessen the differences between the TM and DM sites, 
particularly in terms of oxidative damage. This indicates that trans
planted Z. noltei gradually achieves a new adaptive equilibrium, in 
which persistent metal-induced stress is effectively balanced by 
enhanced protective responses. Once this equilibrium is established, a 

Fig. 2. Biochemical response in Zostera noltei (above and belowground tissues) over time at different sites (Donor Meadow and Transplant Meadow). (A) Soluble 
protein content [PROT]. (B) Electron transport system [ETS]. (C) Soluble carbohydrates [sCH]. (D) Starch [ST]. Columns represent the mean (n = 10), and error bars 
indicate the standard error. Different upper-case letters indicate significant differences between times (p < 0.05), while "DM ∕= TM" denotes significant differences 
between meadows for the specific tissue, when present.
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Fig. 3. Biochemical response in Zostera noltei (above and belowground tissues) over time at different sites (Donor Meadow and Transplant Meadow). (A) Superoxide 
dismutase [SOD]. (B) Catalase [CAT]. (C) Ascorbate peroxidase [APX]. (D) Glutathione peroxidase activity [GPx]. (E) Reduced glutathione [GSH]. (F) Glutathione 
oxidase [GSSG]. (G) Glutathione reductase [GR]. (H) Glutathione S-transferases activity [GST]. Columns represent the mean (n = 10), and error bars indicate the 
standard error. Different upper-case letters indicate significant differences between times (p < 0.05), while "DM ∕= TM" denotes significant differences between 
meadows for the specific tissue, when present.
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distinct seasonal pattern emerges in the biochemical processes, influ
enced by environmental conditions and the plant’s developmental cycle. 
For example, during winter, lower temperatures and reduced light in
tensity lead to diminished photosynthetic activity (Olivé et al., 2007), 
lower energy demands (Soissons et al., 2018), and consequently reduced 
ETS and antioxidant enzyme activities (Khan et al., 2021; Manara, 2012; 
Pereira et al., 2018). In contrast, the warmer seasons (spring and sum
mer) promote higher photosynthetic rates and increased transpiration 
processes, which imply greater absorption of water and metal(loid)s in 
solution, enhanced carbohydrate production, and subsequently elevated 
ROS formation, which in turn stimulates the activity of CAT, APX, and 
GPx. The seasonal biochemical trends (increases and decreases) 
observed in this study coincide with biomass fluctuations (vegetative 
growth) reported by Oliveira et al. (2025a) and are consistent with both 
laboratory findings (Oliveira et al., 2025b) and studies on other seagrass 
species, such as Enhalus acoroides, Thalassia hemprichii, and Cymodocea 
rotundata (Govers et al., 2015; Olivé et al., 2007; Ouisse et al., 2010; 
Soissons et al., 2018; Vermaat and Verhagen, 1996; Zhang et al., 2022). 
Although the continued presence of contaminants maintains higher 
antioxidant enzymatic activity in transplanted plants relative to those in 
the Donor meadow, laboratory experiments conducted by Fonte et al. 
(2023) and Oliveira et al. (2025b), indicate that Z. noltei can tolerate Hg 
and other metal(loid)s (As, Cd, Cu, and Zn) at concentrations far 
exceeding those currently observed at the transplantation site. The 
precise upper limit at which these defence mechanisms might be over
whelmed, however, remains to be determined.

5. Conclusion

Integrating sediment and biochemical data demonstrates that 
Z. noltei employs a coherent adaptive strategy in response to environ
mental stress. Elevated contaminant levels, primarily Hg, at the trans
plant site, combined with the transplantation process, trigger an 
immediate upregulation of ETS and antioxidant enzymes as an acute 
response to the new conditions. Over time, the plant achieves a new 
adaptive equilibrium through inducible defence mechanisms and 
physiological adjustments, with seasonal factors such as temperature, 
light intensity, contaminant accumulation, and vegetative growth 
further modulating these responses. Overall, these insights not only 
underscore the resilience and acclimatization potential of Z. noltei but 
also enable early detection of maladaptation, thereby facilitating timely 
interventions to enhance the long-term success of restoration projects in 
contaminated ecosystems.
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