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Introduction: Mangrove forests play a crucial role in the biogeochemical cycling of trace elements in intertropical coastal regions. This study evaluates concentrations of metals and arsenic in mangrove plants and ferns (leaves, flowers, branches, and roots) along a tidal creek chronically affected by residues from a zinc smelter and along another creek influenced by iron ore storage in Sepetiba Bay, Rio de Janeiro, Brazil.

Methods: To investigate potential physiological responses to metal exposure, selected plant samples were analyzed for the occurrence of proteins like phytochelatins. Total element contents (As, Zn, Cd, Cr, Cu, Mn, Fe, Ni, and Pb) were determined using ICP-MS, and the proteins were analyzed through SEC-HPLC-ICP-MS.

Results: Elevated concentrations of As (average of 34.81 mg kg−1) were detected in fern leaves, and proteins similar to phytochelatins indicated the presence of two distinct chemical species of As in these plants. In mangrove trees, three chemical species were identified in leaves and two in flowers and branches. Statistical comparisons showed significant differences in Cr, Cu, and Pb in mangrove leaves and Pb in branches from the Arapucaia Channel relative to Saco do Engenho Creek. These higher concentrations were associated with untreated domestic effluent from the Mazomba River and effluent from ore and coal activities in Itaguaí Port.

Discussion: Results indicate a dilution gradient for all metals (except Fe) from the former Cia Mercantil Ingá waste site toward the bay, whereas the Arapucaia Channel does not show a comparable dilution pattern. These outcomes highlight consideration contaminant sources, hydrodynamics, and plant uptake pathways in managing mangroves in higher polluted area.
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1 Introduction

Mangrove ecosystems are a special realm due to the efficient trapping effect they have on elements transported in the intertropical coastal zones mitigate pollutant transfer through estuaries (Sultana et al., 2023; Lacerda et al., 2022; Lacerda, 2025). Mangrove contamination by chemical pollutants has a cascading effect on nutrient cycling throughout the ecosystem. Studies indicate that mangrove leaves contaminated by metals and hydrocarbons have a greater production of phenolic compounds and tannins, a defense response mechanism against stressors (Yan et al., 2017; Jiang et al., 2017; Numbere and Camilo, 2016). Consequently, the cycling and isotopic fractionation of carbon and nitrogen is altered, because mangrove crabs and other herbivores find the leaves more difficult to digest, the subsequent processing of the carbon and nitrogen is impaired (Nordhaus and Wolff, 2007), leading to alterations in their biogeochemical cycling and isotopic fractionation (Almeida et al., 2022). Furthermore, the exudates released by the roots alter the rhizosphere sediment with an increase in pH and consequently inhibit functional bacteria-mediated Fe and S cycles and promote the immobilization of metals (e.g., Cd) in the sediments (Leng et al., 2022).

Mangrove plants have evolved biochemical defense mechanisms to regulate internal metal concentrations and maintain physiologically tolerable limits, minimizing possible harmful effects. This mechanism results in a change in the plant and sediment chemical composition when exposed to a high concentration of metals. One such mechanism involves the chelation of trace elements by phytochelatins (or proteins like phytochelatins), metal binding peptides synthesized to avoid toxicological effects on plant tissues (Faizan et al., 2024; Inouhe, 2005). Phytochelatins are biomarkers and constitute a family of metal/metalloid-complexing peptides consisting of repetitive γ-glutamylcysteine units with a carboxyl-terminal glycine and range from 5 to 17 amino acids in length (2–10 kDa) (Hall, 2002). They have been identified in a wide variety of plant species, as well as in some microorganisms (Bhat et al., 2025; Cobbett and Goldsbrough, 2002). Furthermore, phytochelatins play an important role in metal detoxification by transporting the metal to the vacuoles (Cobbett and Goldsbrough, 2002). Phytochelatins are biomarkers that have been successfully employed in biomonitoring, allowing the evaluation of metal exposure effects (Sanhita et al., 2024; Lara-Almazán et al., 2021; Gawel and Hemond, 2004). However, a limited number of studies have investigated the production of phytochelatins and/or phytochelatin genes expression in mangrove species, with a predominant focus on laboratory-based analyses in Indo-Pacific taxa (Nualla-Ong et al., 2020; Huang and Wang, 2010; Gonzalez-Mendoza et al., 2007), resulting in a significant paucity of data regarding mangrove species from the Americas.

In southeastern Brazil, due to the growth of large urban and industrial centers over the last few decades, mangroves have been massively suppressed with an area reduction of about 30% (Ferreira and Lacerda, 2016; Diniz et al., 2019). In addition, they have been exposed to high levels of domestic and industrial pollution (Machado et al., 2002; Luiz-Silva et al., 2008) and major large-scale technological accidents (tailing dam rupture, oil spill, sewage rupture) (Kütter et al., 2023; Queiroz et al., 2018; Farias et al., 2008). This region houses Sepetiba Bay, Rio de Janeiro, which is the eighth largest bay (447 km2) in Brazil, and which for 40 years received effluents from the zinc electroplating industry and suffered repeated occurrences of tailing dike rupture (1996, 2002, and 2003), spreading metal contamination throughout the bay causing chronic local contamination (Rodrigues et al., 2020; Tonhá et al., 2020).

The aim of the present study is to present new data on the concentration of metals (Fe, Mn, Cr, Cu, Zn, Ni, Cd, As, and Pb) and expression of proteins phytochelatins-like in the mangrove and mangrove-associated vegetation affected by disposals from the zinc electroplating industry (currently decommissioned) and iron ore and coal wastes (before the decommissioning process of the electroplating metallurgy) in Sepetiba Bay. These data will also serve as a starting point for future assessments of the efficiency of the metallurgical decommissioning process, as the samples were collected and analyzed 2 years before this process.

Chronic geochemical anomalies persist in sediments at Sepetiba Bay despite numerous remediation actions, including dredging and subaquatic confinement of contaminated sediments and complete closure and confinement of the 390,000 m3 zinc electroplating industry residues (Rodrigues et al., 2020). Baseline data are strategic to area management and evaluated the best remediation practices applied in this tropical environment.

Considering the worldwide ecological and economic relevance of coastal bays, which host a great aquatic biodiversity (e.g., coastal vegetation, fishes, invertebrates from rocky shores, muddy banks, and sandy beaches, as well as sea birds and mammals), the evaluation of organism contamination and a better comprehension of the physiological mechanisms adopted as defenses against adverse effects need to be addressed. The starting point of expression of proteins similar to phytochelatin in mangroves and ferns impacted by zinc electroplating industry residues can help to understand the toxicological impact on the biota of Sepetiba Bay.



2 Materials and methods


2.1 Study area

Sepetiba Bay is a highly impacted coastal lagoon system that has an area of 447 km2 during high tide and 419 km2 during low tide, and an average depth of 6 m. It has brackish water (salinity range: 22–32 psu) due to its connection with the Atlantic Ocean. The north shore of this bay is the most industrialized and urbanized area, hosts the largest mangrove area, and receives the main continental drainage, with the São Franscico River providing to 86% of freshwater input into the bay. Close to this area for four decades the zinc smelter effluents discharge in the mangrove adjacent to the defunct Companhia Mercantil and Industrial Ingá, resulting in the increased concentration of various metals (Zn, Cd, Pb, Cu) and arsenic (As) in the mangrove sediments adjacent to the industrial plant (Jeong et al., 2023; Fonseca et al., 2013; Magalhães et al., 2001). According to Gonçalves et al. (2020), metallurgy decommissioning in 2011 had a positive impact, reducing concentrations by 100-fold (Cd) and 70-fold (Zn) in bottom sediments of the bay, although the mangrove sediments directed affected by metallurgy waste are still hotspots of contamination. Metals enrichments in forms weakly bound to sediments have pointed relevant risks for the sediment biota of Sepetiba Bay (de Carvalho Vicente et al., 2024; da Silva et al., 2022; Rodrigues et al., 2017).

Companhia Mercantil and Industrial Ingá, situated at north portion of the bay in Madeira Island, operated for 40 years and disposed steel waste and effluents into the mangroves and the bay. This company became the largest producer of Zn and Cd, representing around 30% of the Brazilian market until 1998. The company discharged 24 tons year−1 of Cd and 3,660 tons year−1 of Zn in Sepetiba Bay until its closure after 40 years of activity (Barcellos and Lacerda, 1994; Molisani et al., 2004). This waste discharge resulted in a nearly 200-fold increase in the deposition of Zn and Cd in the coastal environment (Barcellos and Lacerda, 1994; Barcellos et al., 1997). Additionally, the presence of As contamination in bay sediments is related to the arsenic trioxide (As2O3) used for coal purification (Magalhães et al., 2001). Repeated tailing dike rupture disasters occurred (1996, 2002, and 2003), directly affecting the nearby mangroves. Recent studies indicate changes in the epicuticular wax of Avicennia shaueriana and Laguncularia racemosa leaves in areas with higher metal contamination in sediments in Sepetiba Bay (Victório et al., 2020, 2023). A morphology of the epicuticular wax has been applied as a biomarker of air pollution (Banerjee et al., 2022; Gostin, 2016).

The discharge of effluent into the bay by Companhia Mercantil and Industrial Ingá ceased in 2008 with the start of the zinc smelter decommissioning project, which was concluded in 2015. During this remediation project, sediment from some areas with higher metal levels was removed by dredging, and the material was disposed of in an underwater confined disposal facility. The waste ore pile in the dike was encapsulated and confined in the underground. However, the contaminated mangrove sediments were not remediated. Accord to Gonçalves et al. (2020), the decommissioning project resulted in reductions of bay sediment of Cd and Zn concentrations by 100% and 70%, respectively.



2.2 Sampling

Plant samples were collected in February 2009, before the completion of the decommissioning project (Figure 1). During this period, the mangrove received discharge of treated effluents from the Zn waste pile.
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FIGURE 1
 Sampling site at Sepetiba Bay, close to Itaguaí Port. The bay receives drainage from large cities (Itaguaí, Mangaratiba, Japeri, Miguel Pereira, and partially Rio de Janeiro) and an expanding industrial park (Santa Cruz), in addition to housing four large ports (operation mainly containers, ore, and steel).


At the edge of the tailing waste ore pile, the fern Nephrolepis biserrata was sampled and the mangrove Rhizophora mangle was sampled in six points at Saco do Engenho creek (receive tailing waste, buried by repeated tailing dike rupture). Four other sampling points for Rhizophora mangle were also included along the Arapucaia Channel, which receives the coal and ore effluents from Itaguaí Port and drainage from the Mazomba River. Points Arapucaia 2 and Arapucaia 4 are situated in front of the discharge tubes of coal ore piles area drainage. Fern roots, stems, and leaves were collected, while mangrove flowers, green leaves, and branches were sampled. Four neighbor plants with the same size were collected at each sampling point, and a composite sample (10 units of leaves, 5–10 branches, four roots) of different trees or ferns was used for each type of plant tissue. The mangrove leaves were sampled manually in the branches disposed around 2 m of the soil. Only adult Rhizophora mangle was selected.



2.3 Metal analysis

In the laboratory, the plants were washed with distilled water and their structures were separated. They were subsequently dried in an oven at 60 °C, homogenized and pulverized in agate grade, and aliquots of 250 mg (n = 3) of the sample were digested in aqua regia [6.0 mL of HCl (37% Merck) and 2.0 mL of HNO3 (65% Merck)] in a microwave (Anton PAAR MW3000). The extracts obtained were used to determine the total content of elements (As, Zn, Cd, Cr, Cu, Mn, Fe, Ni, and Pb) by inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500). The detection limits were 0.5 mg kg−1 (Fe), 0.005 mg kg−1 (Mn, Ni), 0.001 mg kg−1 (Cr, Cu), 0.01 mg kg−1 (Zn), and 0.002 mg kg−1 (As). Analytical quality control was verified through blank samples reagents, triplicate, internal standard (Rh), and the use of certified reference material (BCR 414 plankton; NIST SEM 1515 apple leaf) analyses. The recovery rates for the certified reference material were within the acceptable range at 92% to 100%.



2.4 Analysis of proteins similar to phytochelatin

The determination of biomolecules associated with arsenic was carried out following the methodology of Montes-Bayón et al. (2004). The biomolecules were extracted from 200 mg of plant samples in 50 mM ammonium acetate (pH ~5) (99% Sigma-Aldrich) over 1 h in ultrasound and subsequent filtration through a 0.45μm membrane. The determination of the molecule was carried out by injecting 50 μL of sample into the size-exclusion chromatography—high performance liquid chromatography (LC-10 AD Shimadzu)—ICP-MS (Agilent 7500) (SEC-HPLC-ICP-MS) system with a Superdex peptide column at a flow rate of 0.6 mL/min.



2.5 Statistical analyses

In Statistica® 13, the Shapiro–Wilk test was performed to assess the normality of the data. The results indicated that the data were non-normally distributed. Therefore, a non-parametric Mann–Whitney test could have been used to compare samples from Saco do Engenho inlet and Arapucaia Channel. The Kruskal–Wallis test was applied to investigate differences between metal concentrations in the plant's tissues.




3 Results and discussion


3.1 Total metal concentration

Arsenic, Zn, Cd, Cr, Cu, Fe, Ni, and Pb exhibited higher concentrations in the fern species than in the mangrove species (Figures 2, 3). Supplementary Table 1 presents the mean concentrations (in parts per million, mg Kg−1) of nine metals across various plant tissues, including leaves, stems, roots, and flowers. The data highlight variations in metal accumulation depending on plant type and tissue, providing insights into potential bioaccumulation patterns and environmental exposure.
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FIGURE 2
 Metal concentrations in the fern Nephrolepis biserrata close to the waste ore pile.



[image: Nine bar charts display concentrations of various elements (N, Cl, Mn, Fe, Pb, Cu, As, Zn) in leaves, branches, and flowers across different sites. Each chart uses different colors to represent plant parts, comparing levels at multiple locations. Error bars indicate variability.]
FIGURE 3
 Metals distribution in mangrove impacted by waste ore in Sepetiba Bay.


The fern showed the highest concentrations of metals (Cr, Cu, Fe, Ni, Zn, Cd, and Pb) in the roots, while Mn and As presented the highest concentrations in the leaves. The higher metal concentrations in the fern roots are associated to the higher capacity of phytostabilization of the Nephrolepis sp. (Ancheta et al., 2020).

Manganese participates in the biochemical and physiological functions of the plants, such as photosynthesis and serving as a cofactor in the production of superoxide dismutase (Graham et al., 1988). The higher concentrations of Mn in the leaf would then be associated with the detoxification processes of free oxygen radicals produced when the plant is under environmental stress, with high concentrations of metals in the soil. The present Sepetiba Bay sediments, enriched in Mn due to influence of ore dispersion from the port terminal, increase the concentration in the sand beaches (Gueiros et al., 2003; Arruda et al., 2025).

Figure 3 shows a marked increase in As concentration (34.81 mg kg−1) detected in leaves of the fern sample, while the values found in the stems and roots were, respectively, 4.46 mg kg−1 and 3.20 mg kg−1, 10 times lower than detected in leaves. A previous study conducted by Melendez et al. (2011) at Companhia Mercantil and Industrial Ingá area, reported that As concentration in N. biserrata leaves range from 1.2 to 26.4 mg kg−1 in the Saco do Engenho inlet and 5.4–36.7 mg kg−1 close to the metallurgical waste pile.

On other hand, in Cu-Au mine tailing from Philippines in the Nueva Vizcaya area highest metals concentration in N. biserrata:191.41 mg kg−1 Cu and 153.96 mg kg−1 (leaves), 5,756.07 mg kg−1 Cu, < 0.01 mg kg−1 As (roots) (Ancheta et al., 2020). In the same way Manan et al. (2015) demonstrate higher activities of catalase and ascorbate peroxidase and production of phenolics and total flavonoids in N. biserrata from contaminated soil in Pasir Gudang Industrial Park, Malaysia compared to control (Manan et al., 2015). Manan et al. (2015) reported concentration of metals in leaves were: Zn 4,837 mg kg−1 (contaminated area) and 760 mg kg−1 (control area); Pb 133.7 mg kg−1 (contaminated area) and 11.3 mg kg−1 (control area); Cu 82 mg kg−1 (contaminated area) and 15.6 mg kg−1 (control area).

The highest Zn levels in fern in our study were associated with pollution from Companhia Mercantil and Industrial Ingá. The fern showed Zn concentrations of 287.91 mg kg−1 in roots, 70.12 mg kg−1 in stems, and 86.12 mg kg−1 in leaves; these are high values when compared to other works (Supplementary Table 1). Unlike the concentrations obtained for Cd, which did not exceed 3 mg kg−1, being 2.66, 1.63, and 1.68 mg kg−1 for root, stem, and leaf, respectively. These lower concentrations of Zn and Cd in the aerial biomass of N. biserrata may indicate that environments saturated with trace elements may limit translocation and bioaccumulation mechanisms, not passing on nutrients to the rest of the plant, for example. Thus, these elements become toxic at high concentrations (>300 mg Zn/kg and >5 mg Cd/kg dry mass), resulting in serious physiological disorders, such as inhibition of photosynthesis, hormonal changes, and cell death (Marschner, 2012; Benavides et al., 2005).

Chromium (4.09 mg kg−1), Cu (18.23 mg kg−1), Fe (1,264.62 mg kg−1), and Ni (2.77 mg kg−1), however, are essential for the development of plants and, depending on their concentrations, they can have specific functions in physiology. The levels of these elements are higher in fern roots and no excess was observed in our data when compared to other studies (Table 1). The essential elements mentioned are within the tolerable limit for plants, participating as micronutrients with specific functions for these vegetables.

TABLE 1 Concentration of metal in leaves of mangrove species in different studies in Sepetiba Bay.




	Metal
	Concentration (mg kg−1)
	Local
	Reference
	Plant species





	As
	0.002 ± 0
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cd*
	0.032 ± 0.01
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Pb
	0.32 ± 0.13
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cr
	0.005 ± 0
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Mn
	0.91 ± 0.007
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Ni
	0.005 ± 0.0
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Zn
	0.26 ± 0.11
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cu
	0.028 ± 0.005
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Fe
	0.33 ± 0.08
	Coroa Grande/leaves
	Victório et al., 2023
	Laguncularia racemosa



	As
	0.002 ± 0
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cd*
	0.016 ± 0.01
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Pb
	0.16 ± 0.12
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cr
	0.005 ± 0
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Mn
	0.20 ± 0.02
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Ni
	0.087 ± 0.141
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Zn
	0.33 ± 0.025
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cu
	0.026 ± 0.002
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Fe
	0.51 ± 0.006
	Pedra de Guaratiba/leaves
	Victório et al., 2023
	Laguncularia racemosa



	As
	0.002 ± 0
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cd*
	0.009 ± 0.02
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Pb
	0.10 ± 0.17
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cr
	0.005 ± 0
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Mn
	0.13 ± 0.033
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Ni
	0.005 ± 0.004
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Zn
	0.25 ± 0.16
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Cu
	0.018 ± 0.003
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	Fe
	0.36 ± 0.09
	Marambaia/leaves
	Victório et al., 2023
	Laguncularia racemosa



	As
	0.002 ± 0
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cd*
	0.032 ± 0.01
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Pb
	0.32 ± 0.13
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cr
	0.005 ± 0
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Mn
	0.091 ± 0.007
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Ni
	0.005 ± 0.0
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Zn
	0.26 ± 0.11
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cu
	0.028 ± 0.005
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Fe
	0.33 ± 0.08
	Coroa Grande/leaves
	Victório et al., 2020
	Laguncularia racemosa



	As
	0.002 ± 0
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cd*
	0.016 ± 0.01
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Pb
	0.16 ± 0.12
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cr
	0.005 ± 0
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Mn
	0.20 ± 0.02
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Ni
	0.087 ± 0.141
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Zn
	0.33 ± 0.025
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cu
	0.026 ± 0.002
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Fe
	0.51 ± 0.006
	Pedra de Guaratiba/leaves
	Victório et al., 2020
	Laguncularia racemosa



	As
	0.002 ± 0
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cd*
	0.009 ± 0.02
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Pb
	0.1 ± 0.17
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cr
	0.005 ± 0
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Mn
	0.13 ± 0.033
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Ni
	0.005 ± 0.004
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Zn
	0.25 ± 0.16
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Cu
	0.018 ± 0.003
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	Fe
	0.36 ± 0.09
	Marambaia/leaves
	Victório et al., 2020
	Laguncularia racemosa



	As
	12.74 ± 3.53
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	Cd
	0.05 ± 0.02
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	Cr
	14.85 ± 1.45
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	Cu
	4.52± 2.25
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	Fe
	1.87 ± 1.37
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	Mn
	62.53 ± 13.30
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	Ni
	6.25 ± 2.46
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	Pb
	1.66 ± 0.41
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	Zn
	18.73 ± 2.04
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Rhizophora mangle L.



	As
	5.51 ± 4.96
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Cd
	0.02 ± 0.02
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Cr
	6.49 ± 5.37
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Cu
	1.62 ± 1.36
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Fe
	0.66 ± 0.61
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Mn
	37.08 ± 71.58
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Ni
	2.17 ± 2.30
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Pb
	0.69 ± 0.83
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Zn
	5.77 ± 6.27
	Piraquê-Açú and Piraquê-Mirim Rivers
	Costa et al., 2020
	Avicennia schaueriana



	Cd
	0.31 ± 0.17
	Sepetiba Bay
	Flores et al., 2021
	Avicennia schaueriana



	Cr
	0.48 ± 0.18
	Sepetiba Bay
	Flores et al., 2021
	Avicennia schaueriana



	Cu
	9.2 ± 2.53
	Sepetiba Bay
	Flores et al., 2021
	Avicennia schaueriana



	Pb
	2.51 ± 1.13
	Sepetiba Bay
	Flores et al., 2021
	Avicennia schaueriana



	Mn
	891.4 ± 497.8
	Sepetiba Bay
	Flores et al., 2021
	Avicennia schaueriana



	Zn
	35.3 ± 11.3
	Sepetiba Bay
	Flores et al., 2021
	Avicennia schaueriana



	Zn
	47 ± 5
	Saco do Engenho/Sepetiba Bay
	Araújo et al., 2018
	L. racemosa/leaves



	Zn
	15 ± 2
	São Francisco Channel/Sepetiba Bay
	Araújo et al., 2018
	L. racemosa/leaves



	Zn
	25 ± 2
	Enseada das Garças/Sepetiba Bay
	Araújo et al., 2018
	L. racemosa/leaves



	Mn
	
	Enseada das Garças/Sepetiba Bay
	Araújo et al., 2018
	L. racemosa/leaves





*Potentially toxic elements.




Rhizophora mangle did not present high levels of As, Cr, Cu, Ni, Fe, Zn, Cd, or Pb, compared to Nephrolepis biserrata (Figure 4). The mangrove from Arapucaia Channel and Saco do Engenho creek showed, using a Mann–Whitney U-test, significance at p < 0.05 for the metals Cr, Cu, and Pb present in the leaf and Pb in the branches between these areas. The higher values of Cr, Cu, and Pb in the leaf and Pb in the branches of mangroves from Arapucaia Channel can be attributed to domestic untreated effluent discharge from Mazomba River in the channel and the effluents of coal and ore operation in Itaguaí Port. Cunha et al. (2009) demonstrated the Pb input from the river's discharges to Sepetiba Bay.


[image: Three sets of chromatographs comparing Nephrolepis biserrata components. Each set has two graphs, one with atomic counts per second (red) and one with intensity (brown). The top set is for branches, the middle for leaves, and the bottom for roots. Each red graph includes a zoomed inset for detail. Time is shown on the x-axis up to sixty minutes.]
FIGURE 4
 SEC-UV-Vis-ICP-MS (Superdex peptide) in fern.


This difference in the distribution and concentration of metals between the two plant species analyzed is related to evolutionary and physiological differences between the species. While ferns are arsenic hyperaccumulators (Gonzaga et al., 2006), mangroves are tolerant to metals and have several metal homeostasis systems, such as the formation of iron plaques in the roots, limiting the translocation of toxic metals to the aerial parts (Yan et al., 2017). Laboratory experiments demonstrate that Avicennia marina is As-tolerant, and iron plaque reduces As translocation in the root, especially when there is a supply of SO42- and Fe2+ (Lin et al., 2018). In addition, Avicennia marina can excrete Zn through leaf glandular trichomes (MacFarlane and Burchett, 1999). Many mangrove species showed high resistance to metals (MacFarlane et al., 2007; Lu et al., 2014). Soil retention and root ultrafiltration would exclude most toxic metals, and only those absorbed and translocated to the aerial part would interfere with plant performance. The relatively higher tolerances to metals in the Rhizophoraceae mangrove species are attributed to their thick lignified/suberized exodermis, which could directly delay the entry of metals into the roots (Cheng et al., 2014). The concentrations of metals and metalloids showed distribution patterns in different compartments in Rhizophora mangle (Figure 4).

δ66ZnJMC in contaminated mangroves exhibits significant isotopic fractionation during its assimilation by vegetation. Studies on Laguncularia racemosa in Sepetiba Bay revealed that leaves present Zn isotopic signatures (δ66ZnJMC between +0.08‰ and +0.23‰) consistently lighter than those of the sediments where the trees are rooted (δ66ZnJMC: +0.36‰ to +0.84‰). This difference highlights critical biogeochemical processes: (1) selective bioavailability in the rhizosphere, where sulfides and organic complexes enrich the dissolved phase in light isotopes; (2) preferential translocation of 64Zn via xylem sap; and (3) tolerance mechanisms, such as active excretion through glandular leaf trichomes and the formation of root iron plaques, which immobilize heavy isotopes. The isotopic homogeneity in leaves (variation ≤ 0.15‰), even under sediment contamination gradients, suggests a uniformly accessible bioavailable pool to roots, reinforcing the role of mangroves as efficient biogeochemical filters. Such patterns allow the use of δ66Zn as a proxy for physiological stress in impacted coastal ecosystems (Araújo et al., 2018). The highest As concentrations in mangrove vegetation were reported only in flowers (Figure 4). This high concentration of As in the flowers of Saco do Engenho may be related to the higher concentration of this element in the local sediment (Magalhães et al., 2001) and also to the fact that these flowers have a different biochemical composition in comparison to another tissues, with sugars and anthocyanin to attract pollinating insects. Studies report the presence of anthocyanin in mangrove flowers (Paul et al., 2024), this pigment may increase arsenic tolerance (Ahammed and Yang, 2022). In relation to Zn, it can be observed that the levels showed in Arapucaia Channel and Saco do Engenho creek shoe similar values, probably due to the proximity of these points to Ingá Mercantil tailing waste, which it has a high concentration of this metal (Flores et al., 2021).

Cadmium did not present high concentrations (< 1 mg kg−1 in leaves), as well as Ni and Cr, whose content did not exceed 1.8 mg kg−1 in leaves and 1.6 mg kg−1 in branches, respectively. Manganese accumulated in mangrove branches and leaves, reaching 67.6 mg kg−1 in branches and 63 mg kg−1 in leaves, with similar concentrations in both areas. This accumulation pattern suggests a tendency for Mn to translocate to aerial tissues, which may be related to its high mobility in the xylem and its essential physiological role, especially as an enzymatic cofactor in photosynthesis and in the activation of cellular metabolic enzymes (Marschner, 2012). The higher concentration in branches and leaves may also reflect the demand for Mn by these tissues in photosynthetic and antioxidant processes, and may also indicate that, under the reducing conditions common in mangrove soils, some Mn remains immobilized in the roots in insoluble forms, while the available fraction is readily transported to the upper parts of the plant (Kabata-Pendias, 2011; Fernando and Lynch, 2015). These results point to an efficient physiological control of Mn homeostasis in Rhizophora mangle, favoring its accumulation in tissues with greater metabolic activity.

Lead, Cu, and Cr exhibited significant high levels in different compartments of Rhizophora mangle from Arapucaia Channel compared to Saco do Engenho creek. Jeong et al. (2023) identified Cu (167 mg kg−1) and Pb (257 mg kg−1) sediment hotspots in the Saco do Engenho inlet. Sepetiba Bay has multiple sources of Pb contamination (discharge of domestic and industrial effluents, gasoline, particulate matter transported by rivers, seawater, etc.) resulting in local biota contamination (Jeong et al., 2023; Kütter et al., 2021; Morales et al., 2019; Cunha et al., 2009).

Manganese accumulated in the branches and leaves of the mangrove, reaching 67.6 mg kg−1 in the branches and 63 mg kg−1 in the leaves with similar concentration in the two areas.

Among the elements studied here, Fe presented the highest concentration per sampling point, reaching 752.6 mg kg−1 leaves in S. Engenho 6. Iron is characterized as an essential micronutrient present mainly in the process of respiration and photosynthesis in plants. Likewise, Mn has a structural role and also acts in the photosynthetic process. Furthermore, these concentrations of Fe and Mn may be related to anthropogenic discharges from various industrial and port activities close to the inlet and channel around Sepetiba Bay. The high concentrations of Fe and Mn observed in the sediments may be related to local anthropogenic sources associated with industrial and logistical activities in Sepetiba Bay, particularly near Arapucaia and Saco do Engenho. Notable sources include steel and metallurgical complexes, such as Companhia Mercantil and Industrial Ingá and the private port terminal of TKCSA (ThyssenKrupp CSA), whose implementation from the 1960s to the 2000s has led to mangrove removals. Dredging and significant water alteration in iron ore logistics, with rail transport and port unloading in the Mangaratiba, Sepetiba region, resulted in the dispersion of dust rich in Fe, Mn, Cd, and other metals, near Sepetiba Bay (Arruda et al., 2025) and the Sepetiba Tecon/Porto de Itaguaí container port terminal, which handles large volumes of bulk cargo and operates on bottoms subject to dredging, contributing to the remobilization of metals in the sediments. The concentrations reported in this work indicate that the metals present in the Saco do Engenho inlet tend to follow a decreasing pattern, that is, with a higher content in the innermost area close to the courtyard of the former Cia Mercantil Ingá, diluting toward the mouth, except for Fe, which follows the opposite pattern.

In relation to the elements of the Arapucaia Channel, the influence of anthropogenic activities was observed, which tended to the strong assimilation of metals along the entire length of this channel. Silva et al. (1990) presented lower values for Zn and Fe in Rhizophora mangle, since the first Cia Ingá disaster occurred only in 1996, after their study.

The metal concentration values are below those reported by Kehrig et al. (2003), for mangrove sediment environments in southeastern Brazil, in addition to being below the mangrove sediment concentrations of some studies (Guzman and Jiménez, 1992; Che, 1999; Zan et al., 2002) in other parts of the world. This difference may reflect attenuation processes over time, such as the burial of contaminated layers by more recent, less impacted sediments. The adoption of environmental controls since the 2000s, including effluent treatment, CONAMA regulations, and increased oversight, may have contributed to the reduction in the direct input of metals to Sepetiba Bay.

Dilution by less contaminated terrigenous sediments from rivers such as the Guarda and Guandu may also be involved, especially in areas with greater hydrodynamics. From a geochemical perspective, processes such as the precipitation of Fe and Mn oxides, complexation with organic matter, and incorporation into less bioavailable phases (such as the residual or sulfide-associated fraction) favor the stabilization of metals in surface sediments.

Cheng et al. (2010) revealed that Zn significantly reduced the barriers to radial oxygen loss in three mangrove species (Aegiceras corniculatum, Bruguiera gymnorrhiza, and Rhizophora stylosa), thus inhibiting seedling growth due to changes in the anatomical structure of the root, such as thickening of the root, source, and cortex, and increased lignification in the exodermis and endodermis. Victório et al. (2020) also detected the presence of Al, Mn, Sr, and Zn in the leaves of Avicennia schaueriana, reducing the leaf area, directly affecting the photosynthetic process, and reducing epicuticular wax. Furthermore, leaf necrosis can be observed in some species, being induced by the hyperaccumulation of metals (Campos et al., 2018). These processes would end up occurring in the plants investigated in this study due to the higher concentrations of Zn and Cd in sediments and even in plant organisms.

Exposure of plants to high concentrations of As in the soil can have a deleterious effect. Campos et al. (2018), when demonstrating the hyperaccumulation of As in Pityrogramma calomelans, observed necrosis in the leaves, morphological changes in the root, and progressive darkening, which intensified with increasing concentration and exposure time to 30 mM As in the solution, reaching a total concentration of 6,289 mg kg−1 from root to leaves.



3.2 Binding of to proteins similar to phytochelatin

In fern species, biomolecule analyzes demonstrate the existence of two chemical species of As in the plant structure (Figure 4), while for mangroves, three chemical species were found in the leaves and two in flowers and branches, all in the low molecular weight range. In R. mangle, greater speciation diversity was observed, particularly in the leaves, where three distinct peaks were recorded (18, 26, and 31 min), while flowers and branches exhibited two main peaks (26 and 30 min) (Figure 5). The most intense and recurrent peak, located at 26 min, coincides with the sulfur absorption spectral region, which strongly suggests the involvement of compounds containing thiol (–SH) groups, such as GSH and PCs, in arsenic complexation. This association is consistent with studies indicating that phytochelatins are essential for the sequestration and intracellular transport of metals and metalloids in plants, functioning as chelating agents that reduce the toxicity of elements such as As(III) (Raab et al., 2004; Abbas et al., 2018).


[image: Six chromatograms showing chemical analyses of Rhizophora mangle, depicting peaks for flower, leaves, and branch samples. Each row represents different plant parts with the x-axis as time in minutes and y-axis varying by analysis type. Each set includes a red, purple, and orange chromatogram, indicating distinct analysis methods and intensity levels.]
FIGURE 5
 SEC-UV-Vis-ICP-MS (Superdex peptide) in mangrove.


The greater species diversity in R. mangle, especially in the leaves, the most metabolically active tissues, may reflect greater complexity in the defense mechanisms and compartmentalization of As in this woody species (Mishra et al., 2021), typical of estuarine wetlands subject to various environmental stressors. These data indicate not only the presence of sulfur-complexed species but also possible differences in the metabolic pathway or the availability of intracellular ligands between species and tissues. Thus the results demonstrate that both N. biserrata and R. mangle have the ability to form As complexes with thiolated ligands, suggesting a conserved detoxification mechanism, although with different levels of speciative complexity (Navaza et al., 2006; Mishra et al., 2021).




4 Conclusion

Environments saturated with Zn and Cd may limit the translocation and bioaccumulation mechanisms of Nephrolepis biserrata. The high concentrations of these metals in the roots suggest an initial defense barrier against their toxicity. In contrast, arsenic is more mobile in the plant, being translocated to the aboveground biomass, classifying the species as a potential phytoextractor of this element. The persistent influence of industrial and port discharges continues to shape the distribution of metals in the region, especially near the Saco do Engenho mangrove swamp. The presence of high concentrations of Fe and Mn indicates ongoing impacts from port tailings and industrial emissions, with an increasing gradient of contamination toward the metallurgical tailings pile. In this context, mangroves act as natural filters, functioning as phytostabilizers of metallic pollutants. Therefore, it is essential to investigate the arsenic chemical species present in the mangrove forest to understand their ecotoxicological risks and inform remediation strategies. The results obtained contribute to future studies evaluating the effects of climate change on the dynamics of metals and the biogeochemical cycle of sediments impacted by industrial waste.
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