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and crab samples were collected to analyze the con-
tents of potentially toxic elements (total concentration 
and chemical partitioning of trace elements), polycy-
clic aromatic hydrocarbons (PAHs), and polychlorin-
ated biphenyls (PCBs). Both total concentrations and 
geochemical fractions of Cu, Zn, and Ni in soils were 
significantly higher in IM. Likewise, higher reactive 
Pb contents were observed in mangroves both in IM 
and in PG. Values above quality limits were observed 
for organic pollutants (PAHs) in soils from CP and 
PT, while PCB contents were below the maximum 
permissible levels. Metals in crabs also showed spa-
tial variations, with higher Cu concentrations in all 
tissues in IM and PT and higher Ni concentrations in 
hepatopancreas in PT during the dry season. PAH val-
ues in crabs did not show spatial variations; however, 
crustaceans with contents above maximum limits in 
their muscle tissue were found in CP. Crabs from the 
Baia de Todos Santos showed different responses in 
biomarker expression, with higher enzymatic activity 
and greater numbers of micronucleated cells in crabs 
from IM, suggesting oxidative stress and genotoxicity 
in this mangrove forest.

Keywords  Potentially toxic elements · Polycyclic 
aromatic hydrocarbons · Polychlorinated biphenyls · 
Biomarkers · Ucides cordatus

Abstract  The aim of the present study was to ana-
lyze the response to exposure to pollutants (trace 
elements and organic pollutants) using biomarkers 
(micronucleated cells and glutathione S-transferase 
and catalase activity) in uçá crab Ucides cordatus. 
The study was carried out at four sites: Cacha Prego 
(CP) and Ponta Grossa (PG), areas with low anthropic 
activity; and Ilha de Maré (IM) and Pitinga (PT), 
areas affected by industrial activity. At each site, soil 
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1  Introduction

Mangrove forests are wetlands associated with the 
provision of ecosystem services, such as food pro-
duction for coastal communities, since they consti-
tute breeding and shelter areas for many marine and 
estuarine animal species (Mcleod and Salm, 2006). In 
Baía de Todos os Santos (BTS), important artisanal 
fishing and shellfish gathering grounds are located in 
mangrove forests, making this ecosystem a relevant 
environment for animal protein supply and employ-
ment generation in coastal communities in the BTS 
(Souto, 2008; Soares et al., 2009).

The crab Ucides cordatus, commonly known as 
uçá crab, is one of the main fishing resources in the 
north and northeastern regions of Brazil and repre-
sents one of the main exploited crustacean species in 
Baía de Todos os Santos (Soares et al., 2009; Pinheiro 
et  al., 2016). In addition to the relevance of its har-
vesting, U. cordatus plays a major role in mangrove 
ecosystem functioning, being involved in nutrient 
recycling and influencing soil biogeochemical pro-
cesses (Nordhaus et  al., 2006, 2009; Araújo-Júnior 
et al., 2016).

Mangroves in the BTS, mainly in the north and 
northeast, are threatened by intense anthropogenic 
activity, including ports, marine terminals, and indus-
trial areas, with ongoing developments in the chemi-
cal, metal, and petrochemical industries, which have 
promoted enrichment of organic pollutants (∑PAH 
sediments 1–408629 ng g−1, Celino and Queiroz, 
2006; PCB bivalves <0.08–50.1 ng g−1, Santos et al., 
2020) and trace elements (Cu sediments 2.7–38.9 mg 
kg−1, Zn sediment 9.4–212 mg kg−1, Pb 5–125 mg 
kg−1, Rocha et al., 2012; Cu sediments 122±3.4 mg 
kg−1, Andrade et al., 2017; Cu sediments: 92.7–97.5 
mg kg−1, Cr sediments 56.2–66.0 mg kg−1, Santos 
et  al., 2021) in coastal ecosystems. The presence of 
these pollutants has compromised the quality of these 
environments, as well as fishing and shellfish gather-
ing activities (Carvalho, 2020; Carvalho and Vidal, 
2020), and poses a risk both for the biota and for the 
human species, taking into account the bioaccumula-
tion and trophic transfer potential shown by these pol-
lutants (Hatje et al., 2006; Santos et al., 2021).

Environmental quality has been monitored using 
different types of biomarkers present in aquatic 
organisms worldwide (Jesus et  al., 2021; Yamamoto 
et  al., 2023; Rao et  al., 2023; Truchet, et  al., 2023). 

Biomarkers are defined as any biological alterations 
that can be used to detect and predict the effects of 
pollutants on the environment. These responses 
include alterations in molecules, cells, tissues, physi-
ological mechanisms, and animal behavior (Van der 
Oost et al., 2003; Walker et al., 2010). Thus, the use 
of suitable biomarkers is essential to more accurately 
assess the risks of exposure and the consequent impli-
cations for their mitigation and the protection of the 
animal’s integrity (Kroon et  al., 2017; Yamamoto 
et  al., 2023). Biochemical biomarkers, such as cata-
lase and glutathione S-transferase enzyme activities, 
provide an early warning system able to demonstrate 
the initial effects caused by exposure to xenobiotic 
compounds (Lam, 2009, de Oliveira et  al., 2024). 
Moreover, glutathione S-transferase (GST) and cata-
lase (CAT) activity in Ucides cordatus has been 
linked to the presence of metals in their environment 
(Pinheiro et al., 2012; Duarte et al., 2014, 2016; Banci 
et  al., 2017; Silva et  al., 2018; Santos et  al., 2019). 
Thus, the use of biochemical biomarker responses 
may constitute a major tool to indicate exposure of 
organisms to xenobiotic compounds.

Taking into account the importance of the exploi-
tation of U. cordatus in this bay and its role in the 
biogeochemical processes that take place in man-
grove forests, this study aimed to analyze the con-
tents of trace elements, polycyclic aromatic hydrocar-
bons (PAHs), and polychlorinated biphenyls (PCBs) 
in soils and in tissues of this crustacean, as well as 
assessing this species’ responses to exposure using 
genetic and biochemical biomarkers.

2 � Material and Methods

2.1 � Study Area

The study was carried out in four mangrove forests in 
Baía de Todos os Santos (BTS, Fig. 1), two of them 
located at the entrance of the bay, in Itaparica Island 
(Cacha Prego, CP, and Ponta Grossa, PG), both areas 
considered to have a low anthropic impact and low 
pollution; one forest located in the northeast region 
(Ilha de Maré, IM), close to industrial areas and mari-
time ports, and one located in the northern region 
(Pitinga, PT), in the Subaé River estuary, an area 
with a history of metal pollution associated with an 
abandoned metallurgical factory (Hatje et  al., 2006, 
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2009; Rocha et al., 2012). These sites were selected to 
cover different sections of the BTS, analyzing poten-
tial spatial variations according to the higher or lower 
exposure to anthropogenic stressors both to establish 
baseline values and to better understand soil-to-biota 
transfer processes.

2.2 � Sample Collection

Soil samples were collected at low tide during the 
dry season (DS), between December 2020 and Febru-
ary 2021, and during the rainy season (WS), between 
June and July 2021. At each site and during each sea-
son, 12 pooled samples were collected from the sur-
face soil layer (S, 0–5 cm) and 12 more samples were 
collected from the deep soil later (D, 15–30 cm); 
each sample was composed of three subsamples and 
was collected using stainless steel corers. Addition-
ally, 12 male Ucides cordatus specimens were col-
lected (carapace length >60 mm) at each mangrove 

site during the dry season in 2019, during the dry 
season in 2020/2021, and during the rainy season in 
2021. Moreover, 12 male U. cordatus specimens to be 
used for enzymatic biomarker analyses were collected 
in 2022 in the Marine Extractive Reserve of Baía 
do Iguape (Resex-Iguape), located in a gorge in the 
Paraguaçu river, in a low-pollution area far away from 
the more industrialized areas within Baía de Todos 
os Santos (Andrade et al., 2017) and therefore estab-
lished as a reference site for this study.

2.3 � Sample Analysis

2.3.1 � Soil Analysis

Soil samples were characterized in terms of pH 
and Eh using a HI8424 portable pH-meter (Hanna 
Instruments). The pH electrode used for the analy-
sis was previously calibrated using pH 4 and pH 7 
standards, while the Eh-meter was tested using a 

Fig. 1   Map showing the locations of sampling sites in mangroves within Baía de Todos os Santos
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220-mV standard redox solution (Hach Be right). 
Texture was determined by sieving soil through 
2-mm and 0.053-mm mesh sizes to determine the 
proportions of sand and fine fraction (silt and clay). 
Total organic carbon content (TOC) was also deter-
mined using an elemental analyzer (FlashEA1112, 
ThermoFinnigan) on dry soil samples. For this 
analysis, all samples had been previously subjected 
to acid attack using 10 ml HCl (1N) to remove car-
bonates (Schumacher, 2002). After adding the acid 
solution, samples were shaken for 1 h, then centri-
fuged to remove HCl, washed five times in deion-
ized water, and dried in an oven at 40 °C.

Total content of Fe, as well as of elements Cu, Zn, 
Ni, Cd, Pb, and Cr, was analyzed in soils after sample 
digestion using 9 ml ultrapure nitric acid (HNO3 65%) 
and 3 ml ultrapure hydrochloric acid (HCl 37.5%) in 
a closed system in a closed-vessel microwave system 
(Milestone; ETHOS EASY).

As for the extraction of geochemical forms of met-
als, two fractions were considered: the reactive frac-
tion and the oxidizable fraction. The reactive fraction 
was considered to be the sum of the exchangeable 
metal fraction and metals associated with carbonates 
and with oxyhydroxides (both crystalline and amor-
phous), while the oxidizable fraction includes metals 
associated with organic matter and with the pyritized 
fraction (Huerta-Díaz and Morse, 1992).

To extract both fractions, the BCR method (Rau-
ret et al., 1998) was followed in combination with the 
extraction method proposed by Otero et  al. (2009). 
The reactive fraction was extracted according to the 
following steps:

–	 F1, soluble fraction, exchangeable, and associated 
with carbonates (ExCa): 30 ml acetic acid (0.11 
mol l−1; pH = 4.5) was added to each sample (2 
g wet sample); samples were then shaken at 25 °C 
for 16 h. After shaking, samples were centrifuged 
to remove the supernatant (fraction 1), washed in 
ultrapure water, and then centrifuged again, a pro-
cedure that was repeated before each subsequent 
stage.

–	 F2, fraction associated with amorphous iron 
oxides (Am): to the residue of the previous frac-
tion, 20 ml of solution containing 20 g ascorbic 
acid + 50 g sodium citrate + 50 g bicarbonate + 
1 l ultrapure H2O and N2(g) at pH 8 were added. 
Samples with the solution were shaken at 25 °C 

for 24 h and were subsequently centrifuged to col-
lect the washed extract.

–	 F3, fraction associated with crystalline iron oxy-
hydroxides (Cr): each sample was added 20 ml of 
solution containing 73.925 g sodium citrate + 9.24 
g NaHCO3 in 1 l ultrapure H2O and 3 g sodium 
dithionite, then shaken for 30 min at 75 °C, and 
then centrifuged to collect the washed extract.

–	 F4, reduced forms associated with organic matter 
and oxidizable sulfides (Red): each sample was 
added 10 ml H2O2 (8.8 M) and warmed in a bath 
at 85 °C until evaporation down to 3 ml, followed 
by a second addition of 10 ml H2O2. Samples were 
kept warm (in a bath at 85 °C) until evaporation 
down to 1 ml, at which point 50 ml of AcNH4 
solution was added and samples were shaken for 
16 h at 25 °C.

Considering the distribution of each metal in the 
reactive and oxidizable fraction, the degree of pyriti-
zation of Fe (DOP; Berner, 1984) and of trace metals 
(DTMP, Huerta-Díaz and Morse, 1992) was deter-
mined, assuming that most of the metal in the oxi-
dizable fraction is found in the form of pyritic metal 
(Me-pyr).

2.4 � Analysis of Trace Metals in Ucides cordatus

To determine levels of trace metals in crustaceans, all 
U. cordatus specimens were washed in distilled water 
to remove mud and immediately dissected to collect 
gills, hepatopancreas, and muscle. The extracted tis-
sues were freeze-dried (LIOTOP L101 Freeze-Drier) 
for 72 h, ground, and digested on a digestion block 
with 7 ml ultrapure HNO3 and 2 ml ultrapure H2O2 
(Joksimovic and Stankovic, 2012). All analyses were 
performed on pooled samples, each one of them com-
posed of tissue from three different specimens.

Analytes were determined by atomic absorption 
spectroscopy (AAS-Perkin Elmer) in all the study 
matrices, and the analytical method used was vali-
dated using certified reference material for soil (SO-
3, Canadian Certified Reference Material Project, 

DOP =
(

Fe − pyrite∕
(

∑

F1 → F4
) )

× 100

DTMP =
(

Me − pyrite∕
(

∑

F1 → F4
))

× 100
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Canada), leaves (NIST-1547), and animal samples 
(NIST-1577b, bovine liver), with recovery rates over 
79%.

2.5 � Analysis of Polycyclic Aromatic Hydrocarbons 
and Polychlorinated Biphenyls in Soils and in 
Crab

Soil samples (n=3) and edible U. cordatus tis-
sues (hepatopancreas, n=3, and muscle, n=3) were 
analyzed to determine the contents of the follow-
ing polycyclic aromatic hydrocarbons: naphthalene 
(NAP), acenaphthylene (ACY), acenaphthene (ACP), 
fluorene (FLR), phenanthrene (PHE), anthracene 
(ANT), fluoranthene (FLT), pyrene (PYR), benz(a)
anthracene (B(a)A), chrysene (ChR), benzo(b,j)
fluoranthene (B(b)F + B(j)F), benzo(k)fluoranthene 
(B(k)F), benzo(a)pyrene (B(a)P), dibenz(a,h)anthra-
cene (DhA), benzo(g,h,i)perylene (B(g,h,i)P), and 
indeno(1,2,3-cd)pyrene (IcP), as well as of polychlo-
rinated biphenyls (PCB 28, 52, 101, 138, 153, 180).

PAH extraction was performed following the EPA 
3545 method, while contents were determined by gas 
chromatography/mass spectrometry (GC-MS) fol-
lowing the EPA 8270C method, with a limit of detec-
tion of 0.001 mg kg−1. Samples and extracts were 
kept until analysis at 3 °C in glass containers previ-
ously washed in methanol and acetone. B(a)P, B(a)
A, B(b)F, and ChR values were taken into account 
for the analysis of crab samples, taking into account 
the specifications in European Commission Regula-
tion no. 835/2011, which considers both the isolated 
B(a)P value and the sum of the values for B(a)P, 
B(a)A, B(b)F, and ChR as indicators for the defini-
tion of the maximum permissible values for PAHs 
in foodstuffs. The Regulation defines 2.0 μg g−1 as 
a maximum threshold for B(a)P and 12.0 μg g−1 for 
∑ [B(a)P, B(a)A, B(b)F, ChR] in meat (muscle) from 
smoked crab appendages, with no defined limits for 
hepatopancreas.

For PCB’s analysis, soil (n=1) and animal tissue 
(n=1) samples were doped with carbon-13-labeled 
toxic isomers and subsequently left to rest for 3 h. 
Soxhlet extraction with toluene was performed for 
8 h until evaporation, followed by redissolution in 
hexane. Samples were later treated with acid and 
separated to concentrate the organic phase in a rotary 
evaporator until an approximate volume of 5 ml was 
reached. Purification was immediately performed 

using automated chromatography equipment. Detec-
tion was performed by high-resolution electron ioni-
zation spectrometry (Thermo Scientific DFS). The 
analysis procedure was based on the EPA method 
1668C. PAH and PCB analyses were performed by 
the Research Support Services (Servizos de Apoio Á 
Investigación, SAI) of the University of A Coruña.

2.6 � Enzymatic Biomarker Analysis

2.6.1 � Glutathione S‑Transferase and Catalase 
Activity

GST and CAT activity was analyzed in crabs col-
lected at Ilha de Maré (2020/2021), an impacted man-
grove site, and in Santiago do Iguape (2022), the ref-
erence site. The collected specimens were transferred 
into a plastic box containing ice until their metabolic 
activity was visibly reduced. An incision in the ceph-
alothorax region was then performed using surgical 
material to extract the hepatopancreas. Hepatopan-
creas samples were immediately transferred to 1.5-ml 
cryotubes (Eppendorf®), labeled, and stored at −80 
°C in an ultra-low temperature freezer (Sanyo®, Ultra 
Low) to determine the activity of enzymes CAT and 
GST. Due to the small amount of biological material, 
each sample was composed of a pool of hepatopan-
creas samples from three adult individuals to achieve 
the minimum mass required for the analysis (0.5 g), 
according to Mota et al. (2023).

The frozen pooled samples were homogenized in a 
phosphate-buffered solution (pH=6.8) at a 1:10 pro-
portion (weight:volume) in an ice-cooled container. 
The homogenized material was then centrifuged at 
10000 RPM for 20 min in a centrifuge (Hettich®, 
MIKRO 220R) refrigerated at 4 °C. After centrifug-
ing, the supernatant was separated using a micropi-
pette and transferred to previously labeled cryotubes. 
Samples were stored at −80 °C in an ultra-low tem-
perature freezer to later determine the activity of 
enzymes CAT and GST. CAT activity (nmol H2O2 
min−1 mg pt−1) was determined based on exog-
enous H2O2 degradation to subproducts H2O and 
O2 (Aebi, 1987). Readings were performed in trip-
licate using a UV/Vis spectrophotometer (Biochrom 
Libra®, S21/S22, Reaction kinetics software) in 
quartz cubes at a wavelength of 240 nm. GST activ-
ity (nmol CDNB min−1 mg pt−1) was determined 
based on the catalysis of the conjugation reaction for 
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substrate 1-26-chloro-2,4-dinitrobenzene (CDNB) 
with reduced glutathione in acrylic trays at a wave-
length of 340 nm (Keen et  al., 1976). Total hepatic 
protein concentration was quantified using a commer-
cial kit (Doles®).

2.7 � Genetic Biomarker Analysis (Micronucleus 
Tests, MN)

Micronucleus tests were performed on crabs collected 
at Ilha de Maré, an impacted site, and in Cacha Prego, 
in the reference site, collected in 2020/2021. For the 
analysis, 1 mL of hemolymph was extracted from 
each crab by inserting a hypodermic syringe with a 
needle through the membrane of the carpal-propo-
dal joint of a cheliped. The needle was immediately 
removed from the syringe, and a drop of hemolymph 
was deposited onto a histological slide and smeared 
using a clean slide (smearing slide). Freshly smeared 
slides were air-dried for 20 min at room temperature 
and subsequently immersed in Carnoy’s solution 
(methanol/acetic acid 3:1) for 20 min to fix the hemo-
lymph sample, then air-dried again (Pinheiro et  al., 
2013).

All the slides were stained by immersion in 
2% Giemsa solution in phosphate buffer at pH 6.8 
(Na2HPO4+KH2PO4) for 20 min. Stained slides were 
immediately removed from the staining solution and 
washed in deionized water (Duarte et al., 2016). Once 
the slides were completely dry, a drop of Entellan® 
was deposited on each slide to place and fix a slide 
cover on the hemolymph smear.

Cell counts and verification of their status (normal 
or showing nuclear malformations: micronuclei) were 
performed under an Olympus® binocular microscope 
(model CX31) with 1000× magnification in immer-
sion oil. Micronucleated cells were identified accord-
ing to Countryman and Heddle (1976) and Duarte 
et  al. (2016). In total, two slides were mounted for 
each specimen to guarantee a minimum cell count of 
1000 (Pinheiro et al., 2013; Duarte et al., 2016).

2.8 � Statistical Analysis

The results were analyzed using descriptive statistics 
(Sigmaplot 12.0), and a Kruskal-Wallis non-para-
metric test was applied at a 5% level of significance 
(XLSTAT 2014) to compare the results obtained from 
the different study sites. This non-parametric test was 

selected due to its higher robustness and lower statis-
tical assumption requirements (Reimann et al., 2008).

3 � Results

3.1 � General Soil Characterization

Ilha de Maré (IM) showed significantly higher silt 
and clay contents than the remaining mangrove sites 
(Table 1). pH ranged from 4.5 to 7.7, with mean soil 
values close to neutrality and without seasonal vari-
ations, except for Pitinga (PT), where values were 
lower in the dry than in the rainy season, ranging 
from highly acidic to moderately acidic (S, 4.8±0.4; 
D, 5.9±0.4). Eh during the dry season varied between 
+92 and +188 mV, with mean values typical of sub-
oxic soils in all the mangroves (Eh 200–300 mV; 
Table 1) except for IM, where conditions in the deep 
soil layer were predominantly anoxic. During the 
rainy season, values varied between +30 and +155 
mV, with most of the soils showing values within the 
suboxic range, the deep layer being predominantly 
anoxic in IM, PG, and CP (Table 1). Seasonal differ-
ences were observed at both soil depths in IM, as well 
as in the deep layer in PT, with higher values during 
the dry season (p<0.05). TOC ranged between 0.8% 
and 6.6%, without seasonal differences but showing 
significant spatial differences, with higher values in 
IM during the dry (S, 6.0±0.58%; D, 4.8± 0.3%) and 
rainy season (S, 5.9±1.0%; D, 4.8±0.4%) than in the 
remaining areas (0.8–3.9%).

Total Fe ranged from 0.10 to 2.8% and showed the 
highest concentrations in IM (Table  1), both during 
the dry (S, 2.3±0.5%; D, 2.6±0.1%) and the rainy 
season (S, 2.3±0.5%; D, 2.6±0.1%). Contents in CP 
during the rainy season were also higher than those 
found in PT and PG at both depth levels (p<0.05). 
Seasonal differences were only observed for the 
deep soil layer in IM and CP, where contents were 
higher during the rainy season. Reactive Fe varied 
between 128 and 3344 mg kg−1, with clear spatial 
differences in the two study periods. In the dry sea-
son, values in the deep layer in IM (1319–1480 mg 
kg−1; mean, 1414±84.7 mg kg−1) were significantly 
higher than those in the remaining areas (267–983 mg 
kg−1; mean, 661±249 mg kg−1). During the rainy sea-
son, contents in the surface layer in IM and CP were 
higher than those in PG and PT, while values in the 
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deep layer in IM were higher than those found in all 
other mangrove sites (170–1254 mg kg−1). Reduced 
Fe contents (85–9233 mg kg−1) also showed signifi-
cant spatial variations both during the dry season, 
when values in the deep layer were highest in IM and 
CP, and during the rainy season, when concentrations 
at all depths in IM were higher than those observed in 
all other mangroves (Table 1).

3.2 � Pollutants in Soils

3.2.1 � Potentially Toxic Metals

Cd values were below the limit of detection in all 
samples (ld, 0.01 mg l−1). Total Cu ranged from 
below the limit of detection (<ld–0.02 mg l−1) to 
89.4 mg kg−1, with the highest values found in IM 
during both seasons (Table 2). Non-residual contents 
(<ld–40.1 mg kg−1) (Table 3) were mainly present in 
the reduced phase, except during the dry season in 
PT, where concentrations in this fraction were lower 
(<ld–0.30 mg kg−1) than reactive contents (<ld–0.90 
mg kg−1), although differences were not signifi-
cant (p>0.05). Non-residual concentrations showed 

spatial variability only in terms of Cu contents in the 
reduced phase, which were significantly higher in 
IM (7.80–40.1 mg kg−1; mean, 25.0±10.5 mg kg−1) 
(p<0.05).

Total Zn ranged from values <ld (0.02 mg l−1) 
to 65.7 mg kg−1 and also showed significant spatial 
variations (p<0.05), with the highest contents found 
in the IM mangrove site (Table 2). Most of the Zn in 
IM was found in the potentially bioavailable phase 
(∑ F1➔F4), while in the remaining mangrove sites, 
the highest values were found in the residual phase 
(PT, 57.2±24.9%; CP, 69.6±14.4%; PG, 80.1±9.3%). 
Non-residual contents varied from values <ld to 
32.7 mg kg−1 (Table  3) and were mainly present in 
the reactive phase, where contents were significantly 
higher in IM (p<0.05).

Total Cr ranged from values <ld (0.01 mg l−1) to 
63.0 mg kg−1 and showed significant spatial varia-
tions (p<0.05), with the highest contents found in 
IM (Table  2). Contents in geochemical fractions in 
PT were below the limit of detection in all samples. 
In the remaining mangroves, Cr was mainly present 
in the residual fraction (IM, >70%; CP, >74%; and 
PG, >87%), with potentially bioavailable contents 

Table 1   Mean and standard deviation (between parentheses) 
of soil parameters and components (S, 0–5 cm; D, 15–30 cm) 
in mangroves in Ilha de Maré (IM), Pitinga (PT), Cacha Prego 
(CP), and Ponta Grossa (PG) during the dry season (DS) and 

the rainy season (WS). Within the same depth and season, dif-
ferent letters indicate significant spatial variations (p<0.05), 
while * indicates significant seasonal differences (p<0.05) 
within the same site and depth

Site pH
(n=12)

Eh (mV)
(n=12)

TOC (%)
(n=12)

Total Fe (%)
(n=12)

Reactive Fe (mg 
kg−1)
(n=3)

Reactive Fe (mg 
kg−1)
(n=3)

Sand (%)
(n=6)

 DS WS DS WS DS WS DS WS DS WS DS WS

IM S 6.9ab

0.1
6.7a

(0,1)
161a*
(13)

111b

(6)
6.0a

(0.6)
5.9a

(1.0)
2.3a

(0.3)
2.3a

(0.5)
2261a.
(41.9)

2578a

(720)
5074a

(3329)
5855a

(1580)
43.7b

(6.7)
D 7.2a

(0.1)
7.2a

(0.1)
97b*
(6)

74b

(13)
4.8a

(0.3)
4.8a

(0.4)
2.1a

(0.0)
2.6a

(0.1)
1414a

(84.7)
1419a

(106)
7200a

(2662)
6819a

(1437)
51.4c

(9.0)
PT S 4.8b*

(0.4)
6.8a

(0.2)
164a

(14)
146a

(8)
1.3b

(0.4)
1.5c

(0.4)
0.5b

(0.3)
0.4c

(0.1)
1221a

(722)
522b

(342)
140a

(7.9)
313c

(184)
89.8a

(2.0)
D 5.9a*

(0.4)
7.2a

(0.1)
187a*
(1.0)

140a

(13)
1.1b

0.4
2.1b

(0.7)
0.5b

(0.1)
0.6c

(0.2)
527b*
(29.2)

223c

(56.6)
160b

(106)
1722c

(853)
89.4a

(2.4)
CP S 7.1a

(0.2)
7.1a

(0.2)
144a

(18)
102b

(13)
2.5b

(0.5)
3.4b

(0.8)
0.8b

(0.2)
1.3b

(0.3)
885a

(46.9)
1853ab

(1196)
2488a

(1043)
3621b

(689)
84.9a

(3.3)
D 7.0a

(0.0)
7.3a

(0.3)
111ab

(17)
77ab

(41)
3.2b

(0.5)
2.5b

(0.4)
1.1b

(0.3)
1.2b

(0.2)
873b

(151)
1010b

(259)
3782ab

(1828)
4321b

(851)
77.4b

(3.1)
PG S 7.0ab

(0.0)
7.0a

(0.0)
134a

(3.5)
112b

(3.5)
1.3b

(0.8)
1.0c

(0.3)
0.5b

(0.5)
0.4c

(0.3)
707a

(818)
717b

(621)
1163a

(1348)
467c

(471)
87.3a

(8.4)
D 7.3a

(0.1)
7.3a

(0.1)
111ab

(2.1)
96b

(15)
1.4b

(0.0)
1.9b

(1.2)
0.5b

(0.2)
0.3c

(0.1)
477b

(297)
377c

(1.7)
881b

(246)
1082c

(417)
88.1a

(3.6)
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showing different distribution patterns among geo-
chemical fractions (Table  3). Concentrations in IM 
were present both in the reactive (<ld–10.6 mg kg−1) 
and in the oxidizable phase (<ld–8.60 mg kg−1), 
while in CP and PG, contents were only detected in 
the reduced phase (<ld–6.30 mg kg−1) and in the 
reactive phase (0.20–1.60 mg kg−1), respectively. No 
significant spatial differences were found (p>0.05).

Total Ni in IM varied between 15.0 and 21.2 mg 
kg−1, without seasonal variations or vertical differ-
ences (p>0.05). In PT, it ranged from below the ld 
(0.05 mg l−1) to 5.45 mg kg−1, with only two sam-
ples showing values above the LD (WS, 5.33±0.20 
mg kg−1). In CP and PG, all values were below the 
limit of detection (Table 2). Ni contents in geochemi-
cal fractions were below the limit of detection in PG, 
PT, and CP in all samples (Table  3), while in IM, 
non-residual contents accounted for 10.4% and 20.2% 
or total contents in the dry and rainy season, respec-
tively, detected only in the oxidizable fraction (<ld to 
4.20 mg kg−1).

Pb contents during the dry season were only 
detected in soils from IM (Table  2), where con-
centrations ranged from 15.6 to 21.5 mg kg−1; 
meanwhile, in the rainy season, values remained 
below the limit of detection (0.01 mg l−1; <10 mg 
kg−1) in the surface soil layer in PT and PG, with 
the detected concentrations ranging from 10.2 to 
26.3 mg kg−1, with no spatial variations (p>0.05). 
Most of the Pb was present in the residual frac-
tion (>95%), with potentially bioavailable con-
tents detected only in the reactive fraction, ranging 
from values <ld to 0.70 mg kg−1 (Table  3). Con-
centrations showed clear spatial differences, with 
the highest concentrations found in PG during the 
dry season (in depth) and in PG and IM during the 
rainy season (in the upper layer) (p<0.05). Metal 
concentrations, both in total and in the geochemi-
cal fractions, did not show significant seasonal 
variations.

Table 2   Mean and standard deviation (between parentheses; 
n=12) of total metal concentrations in the surface soil layer (S, 
0–5 cm) and in the deep soil layer (D, 15–30 cm) in mangroves 
in Ilha de Maré (IM), Pitinga (PT), Cacha Prego (CP), and 
Ponta Grossa (PG) during the dry season (DS) and the rainy 

season (WS). Different uppercase letters indicate significant 
differences (p<0.05) among sites within each season, while 
lowercase letters indicate significant differences (p<0.05) 
among depths within the same site. ld: limit of detection; *n=1 
sample

Depth Cu
DS

WS Zn
DS

WS Cr
DS

WS Ni
DS

WS Pb
DS

WS

mg kg−1

Ilha de Maré (IM)
  S 61.0Aa

(5.31)
66.7 Aa

(23.7)
51.8Aa

(3.76)
54.5Aa

(11.7)
49.4a

(4.25)
52.9Aa

(11.1)
16.8a

(0.97)
18.6a

(2.65)
20.0a

(2.14)
20.4Aa

(6.20)
  P 36.5Ab

(7.31)
46.0 Aa

(6.15)
43.3Ab

(2.89)
48.7Aa

(4.20)
43.0Aa

(1.66)
47.2Aa

(2.03)
16.0a

(1.17)
16.5a

(1.27)
16.7a (1.23) 19.2Aa

(4.20)
Pitinga (PT)
  S 4.64Ba

(4.79)
4.61Aa

(1.36)
6.40Ba

(4.76)
7.24Ca

(6.48)
15.6* 14.2* <ld 5.21* <ld <ld

  P 4.98Ba

(1.10)
7.10Ba

(1.81)
5.82Ca

(2.04)
9.62Ca

(3.27)
11.3A

(1.41)
16.2C

(2.56)
<ld 5.45* <ld 11.5

(1.53)
Cacha Prego (CP)
  S 3.55ABa (0.56) 5.36Aa

(1.47)
13.3Ba

(3.86)
21.8Ba

(5.68)
19.5* 24.8Ba

(5.12)
<ld <ld <ld 10.7Aa

(0.62)
  P 4.08Ba

(1.22)
4.35BCa

(0.55)
18.4Ba

(3.38)
20.4Ba

(2.52)
20.3A

(1.28)
26.7Ba

(3.75)
<ld <ld <ld 11.2Aa

(1.04)
Ponta Grossa (PG)
  S 3.23ABa

(0.73)
3.12Aa

(0.01)
12.9Ba

(5.37)
8.96BCa

(6.22)
15.7* 15.0Ba

(3.22)
<ld <ld <ld <ld

  P 2.63Ba

(0.00)
2.59Ca

(0.09)
4.08Ca

(3.92)
5.29Ca

(1.26)
15.9A

(3.35)
14.1Ca

(2.55)
<ld <ld <ld 12.8*
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3.2.2 � PAH and PCB Concentrations

PAH concentrations in soils varied between values 
below the limit of detection and 44.7 ng g−1, without 
clear spatial variations in content except in the case 
of [B(b+j)F], which showed higher values in PG 
(19.7±2.86 ng g−1) than in PT (6.61±2.83 ng g−1), 
and B(a)P, significantly higher in CP (11.7±1.30 ng 
g−1) than in IM (1.79±0.38 ng g−1) (p<0.05). Values 
above the threshold effect level (TEL), the minimum 
level required for the potential risk of toxic effects 
for the biota, established by National Oceanic and 
Atmospheric Administration of the United States 
(NOAA, 1999), were found in samples for [ACY] in 
CP and PT and for [DhA] also in CP. PCBs ranged 
from values <0.03 to 4.18 ng g−1, with the highest 
values observed for congeners PCB101, PCB153, and 
PCB180 (Table 4), which were higher in mangroves 

in IM and PG. These areas also showed the highest 
values for the total sum of all PBCs, which ranged 
from 9.25 ng g−1 in PT to 16.05 ng g−1 in IM.

3.3 � Pollutant Concentrations in Ucides cordatus

3.3.1 � Potentially Toxic Trace Elements

Cd contents in U. cordatus remained below the LD 
for all samples. Cu concentrations ranged from 20.2 
to 1320 μg g−1, and it was mainly present in hepato-
pancreas and gills. Concentrations in tissues showed 
clear spatial differences in all the study periods and 
were significantly higher in IM and PT (p<0.05) for 
all tissues (Fig. 2). Values found in gills (76.8–1320 
μg g−1) did not show any seasonal variations, except 
for IM, where concentrations during the dry season 
(DS, 918±315 μg g−1) were significantly higher than 

Table 4   Mean±SD (ng g−1; n=3) concentrations of PAHs 
(n=3) and PCBs (n=1) in soil samples from mangroves in 
Ilha de Maré (IM), Cacha Prego (CP), Pitinga (PT), and Ponta 
Grossa (PG) in relation to the limits established for the thresh-

old effects level (TEL) by the National Oceanic and Atmos-
pheric Administration (NOAA, 1999). For each PAH, different 
letters indicate significant differences (p<0.05) among sites; * 
indicates n=1; nd value not defined by the NOAA

PAH/PCB IM CP PT PG NOAA limit

Naphthalene [NAP] <0.04 6.80* 4.23±2.63 < 0.04 34.57
Acenaphthylene [ACY] <0.09 9.27* 4.79±4.98 < 0.09 5.87
Acenaphthene [ACP] <0.03 3.58±3.13a 2.78±3.41a 1.79* 6.71
Fluorene [FLR] 2.59±0.64a 5.61±4.44a 6.45±4.42a 5.31±5.28a 21.17
Phenanthrene [PHE] 16.0±3.54a 16.4±5.32a 11.6±3.63a 10.4±10.3a 86.68
Anthracene [ANT] 0.69±0.15a 6.42±7.85a 4.88±7.74a 1.78±2.11a 46.85
Fluoranthene [FLT] 19.4±4.99a 30.4±13.4a 20.9±16.9a 23.4±3.43a 112.82
Pyrene [PYR] 13.5±3.36a 13.8±5.25a 8.18±2.33a 12.6±8.02a 152.66
Benzo(a)anthracene [B(a)A] 2.71±0.61a 13.7±15.7a 10.4±14.8a 9.21±4.86a 74.8
Chrysene [ChR] 11.5±3.03a 21.4±13.7a 13.9±16.6a 24.4±15.8a 107.7
*Benzo(b+j)fluoranthene [B(b+j)F] 15.1±4.57ab 15.8±6.60ab 6.61±2.83b 19.7±2.86a nd
Benzo(k)fluoranthene [B(k)F] 5.34±1.79a 9.52±5.44a 5.88±6.89a 11.7±4.83a nd
*Benzo(a)pyrene [B(a)P] 1.79±0.38b 11.3±1.30a 6.06±3.94ab 5.51±3.23ab 88.8
Dibenz(a,h)anthracene [DhA] <0.20 5.68±4.06a 2.00±0.06a 2.87±2.45a 6.22
Benzo(g,h,i)perylene [B(ghi)P] 5.00±0.97a 5.39±1.76a 2.26±1.39a 3.93±1.74a nd
Indene(1,2,3-cd)pyrene [IcP] 4.92±0.99a 11.8±10.4a 8.17±9.94a 10.3±10.4a nd
∑PAH 98.0±25.4 175±66.9 110±96.9a 142±21.4 nd
PCB28 1.66 1.14 0.056 1.62 nd
PCB52 2.15 1.17 0.062 1.59 nd
PCB101 3.59 1.56 0.110 3.14 nd
PCB153 3.89 2.34 0.200 4.18 nd
PCB138 0.89 0.72 0.160 1.27 nd
PCB180 3.88 3.03 < 0.03 4.02 nd
∑PCBs 16.05 9.96 9.25 15.83 21.6
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those in the rainy season (WS, 463±105 μg g−1). 
Likewise, concentrations in muscle varied between 
33.4 μg g−1 and 104 μg g−1, without significant sea-
sonal variations (p>0.05), except for CP, where con-
tents in the dry season were also higher than in the 
rainy period (p<0.05). Contents in hepatopancreas 
ranged from 20.2 to 1133 μg g−1, with higher concen-
trations during the dry season in all areas (p<0.05).

Zn contents ranged from 71.1 to 527 μg g−1, and 
it was mainly present in muscle tissue (Fig. 2). Con-
centrations in hepatopancreas showed spatial varia-
tions only during the dry season, where the highest 
values were found in mangroves in PT; the same pat-
tern was found for gill tissue, where contents during 
this period were higher in PT and IM. Muscle tissue 
showed spatial variation in the two seasons, again 
with higher concentrations in PT during the dry sea-
son; meanwhile, values during the rainy season were 
higher in crabs from PT, IM, and CP, without signifi-
cant differences among these areas (p>0.05).

The highest contents in hepatopancreas were found 
during the dry season for all mangrove sites, while for 
gills in PT and CP and for muscle in IM and PT, the 
highest concentrations were found in the rainy season 
(p<0.05).

Cr concentrations ranged from values <ld to 8.40 
μg g−1 and were detected only in gills during the rainy 
season (p<0.05), with concentrations in PT remaining 
below the limit of detection for all samples (Fig. 2). 
Spatial variations were only observed during the rainy 
season, when values in IM (7.54±0.57 μg g−1) were 
higher than those found in CP (6.33±0.69 μg g−1). Ni 
contents in muscle were below the ld for all sites, as 
were contents in gills in PG and CP during all sea-
sons and in IM and PT during the dry season (Fig. 2). 
Contents detected in the aforementioned tissue ranged 
from values <ld to 3.51 μg g−1 and did not show sig-
nificant spatial differences (p>0.05). Meanwhile, con-
centrations in hepatopancreas (<ld to 14.6 μg g−1) 
showed clear spatial variations during the rainy sea-
son, with higher contents in PT (10.9±4.38 μg g−1) 
than in the remaining mangrove sites (p<0.05). All 
samples collected in the PG mangrove site during the 
rainy season showed values below the LD.

Pb contents remained below the LD for all samples 
from CP and PG (Fig. 2). Values above the limit of 
detection were only found in gills in IM during the 
dry season (<ld–6.32 μg g−1) and in PT during both 
seasons (<ld–6.64 μg g−1), without spatial variations 

but with significant seasonal differences in PT, where 
contents were highest during the dry season (p<0.05).

3.4 � PAH and PCB Concentrations in Ucides cordatus

Contents of the PAH B(a)P in hepatopancreas varied 
between 0.17 and 21.1 ng g−1 and remained below 
the limit of quantification (<0.20 ng g−1) in all mus-
cle tissue samples, while values for ∑[B(a)P, B(a)
A, B(b)F, ChR] ranged from 3.74 to 48.4 ng g−1 to 
values <LOQ to 20.1 ng g−1 in hepatopancreas and 
muscle, respectively (Table 5). Values above the max-
imum thresholds permitted by the European Union 
(EU Regulation no. 835/2011) were only observed in 
muscle samples from CP for the sum ∑[B(a)P, B(a)
A, B(b)F, ChR], as shown in Table 5. No significant 
spatial differences were found (p>0.05).

PCB contents in U. cordatus varied between values 
<0.03 and 1.32 ng g−1 in hepatopancreas and between 
<0.03 and 0.20 ng g−1 in muscle tissue (Table  6). 
The highest values in hepatopancreas were observed 
for congener PCB153 (IM, CP, PT), followed by 
PCB52 (PG) and PCB138 (CP and PT), while the 
highest concentrations in muscle were detected for 
congeners PCB153, PCB138, and PCB101. In PT, 
the highest values for PCB153 and PCB138 in both 
tissues were found, as well as for the sum of all the 
analyzed PCBs. PG had the highest value for conge-
ner PCB52 (0.93 ng g−1) compared with those found 
in the remaining areas, where concentrations ranged 
from values <ld to 0.29 ng g−1. The recorded values 
for the sum of all the analyzed PCBs suggest differ-
ences among the sites, with the highest values found 
in PT both for hepatopancreas and for muscle.

3.5 � Biomarkers in Ucides cordatus

GST activity (Fig. 3) in IM showed clear differences 
among sites and was significantly higher (p<0.05, 
IM 493 ±17.5 μmol min mg protein−1) than that in 
the reference site (RESEX 279 ±59.5 μmol min 
mg protein−1); the same pattern was observed for 
the CAT enzyme (IM 47.9 ± 9.70 nmol min mg 
protein−1; RESEX, Santiago do Iguape 11.5 ± 1.40 
nmol min mg protein−1). Micronucleated cells ranged 
from 0.0 to 6.0‰, with significantly higher values in 
IM (4.0±1.0‰) than in CP (0.8±0.8‰).
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4 � Discussion

4.1 � Geochemistry of Potentially Toxic Metals 
Related to Their Bioavailability

Soils exhibited spatial differences in terms of total 
metal contents, with the highest values found in IM, 
which can be explained by the location of this man-
grove forest, close to ports and industrial areas (Hatje 
et al., 2009; Rocha et al., 2016; Andrade et al., 2017), 
as well as by the finer soil texture, which confers a 
higher metal accumulation capacity (Harbison, 
1986; Soto-Jiménez and Páez-Osuna, 2001; Cor-
inga et  al., 2016). Moreover, the more reduced con-
ditions observed in the deep layer, together with the 
higher content of organic carbon and Fe, may have 
also promoted the formation of pyrite, a sulfide that 
is important for metal sequestration in reduced sys-
tems (Berner, 1985; Huerta-Díaz and Morse, 1992; 
Huerta-Díaz et al., 2014).

Cu contents in IM exceeded the background val-
ues found for the BTS (16.4±5.6 mg kg−1; Centro de 
Recursos Ambientais da Bahia, CRA, 2004), as well 
as the prevention limit (60.0 mg kg−1) established 
by the Brazilian National Council for the Environ-
ment (CONAMA, 2009) (Table 7). Likewise, values 
exceeded the TEL (18.7 mg kg−1), the concentration 
below which there is no potential risk of toxic effects 
to biota, and the effect range-low (ERL) (34.0 mg 
kg−1) defined by NOAA (1999). Other studies per-
formed in the northern and northeastern areas of the 
BTS have confirmed Cu enrichment in this region, 
which has mainly been increasing since the 1970s, 
with other studies having also shown results above 
the TEL (Andrade et  al., 2017; Santos et  al., 2021) 
and close to the probable effect level (PEL) (108.0 mg 
kg−1) defined by NOAA (1999), with potential risk to 
biota, according to the work of Santos et al. (2021).

As for the remaining elements, only Ni showed 
values above the TEL (15.9 mg kg−1, NOAA, 
1999) in IM (WS, 0–5 cm, 16.99±2.62; 15–30 cm, 

26.04±1.23), although they were within the preven-
tion limit established by Brazilian legislation (30.0 
mg kg−1, CONAMA, 2009) (Table  7) and within 
the range observed by other studies on the BTS 
(1.98–17.36 mg kg−1 Otero et  al., 2008; 5.09±0.65 
mg kg−1, Pereira et  al., 2015; <limit of quantifica-
tion–12.07 mg kg−1, Santos et al., 2021).

Values found for Pb, Zn, and Cr in IM were within 
the prevention limits set by Brazilian law (CONAMA, 
2009), although some samples showed contents that 
exceeded the background values found in the BTS 
(CRA, 2004) for Cr and Pb, as well as the TEL for Cr 
(NOAA, 1999) (Table 7).

In the BTS region, studies have shown Pb enrich-
ment associated with improper waste disposal from a 
metallurgical plant in the city of Santo Amaro, with 
soil and sediment pollution in the Subaé estuary 
(Hatje et  al., 2006; Bomfim et  al., 2015). A recent 
study by Gloaguen et al. (2021) found high contents 
in sediment material from the Subaé River, with high 
values mainly found in sites close to the plant, with 
concentrations ranging from 18.3 to 2506 mg kg−1, 
thus demonstrating active and persistent metal pol-
lution in this region. Likewise, Bomfim et al. (2015) 
found high values in mangroves in the lower course of 
the Subaé River, with the highest contents observed 
in the areas with the greatest river influence and 
located closest to the plant. Pb values observed in the 
mangrove forest in PT were lower than those found 
in previous studies in the Subaé estuary and could be 
related to the low mobility of this element throughout 
the river course, with the highest values found closer 
to the metallurgic plant (Bomfim et  al., 2015; Silva 
et  al., 2017; Gloaguen et  al., 2021). The observed 
results could also be related to the low metal retention 
capacity of soils in PT, based on their predominantly 
sandy texture and to their lower Fe contents (Harbi-
son, 1986; Soto-Jiménez and Páez-Osuna, 2001; Pit-
tarello et al., 2019).

Distribution of toxic metals among the different 
reactive fractions showed different patterns, which 
could impact their bioavailability. Non-residual Cu 
and Ni were mainly found in the oxidizable fraction 
(CuRed, NiRed), as has been observed in other study 
areas (Zhou et  al., 2010; Chakraborty et  al., 2015; 
Araújo et al., 2022); this is explained by the affinity 
of these two metals to organic matter, forming strong 
complexes in reducing conditions (Zhou et al., 2010; 
Chakraborty et al., 2016), as well as by the tendency 

Fig. 2   Concentrations of trace elements (Cu, Zn, Cr, Pb, and 
Ni) in μg g− in tissues (M, muscle; G, gills; and H, hepatopan-
creas) of Ucides cordatus in mangroves in Baía de Todos os 
Santos during the dry season (DS) and the rainy season (WS). 
Different uppercase letters indicate spatial differences within 
each season, while * indicates seasonal variations within each 
area. Blank plots indicate that values were below the limit of 
detection.

◂



	 Water Air Soil Pollut         (2024) 235:218 

1 3

  218   Page 14 of 26

Vol:. (1234567890)

to form sulfides (Morse and Luther, 1999), with high 
rates of incorporation into pyrite (Huerta-Díaz and 
Morse, 1992; Morse and Luther, 1999; Otero and 

Macías, 2003), as shown in Fig. 4. The spatial differ-
ences found in terms of both potentially bioavailable 
contents and total Cu contents (which were higher in 

Table 5   Concentrations (minimum, maximum, mean, and 
standard deviation; ng g−1) of benzo(a)pyrene [B(a)P], of the 
sum of [B(a)P, B(a)A, B(b)F, ChR] (∑PAHs), and of the total 
sum of all PAHs (∑16PAHs) in tissues of Ucides cordatus 
from mangroves in Ilha de Maré (IM), Cacha Prego (CP), Pit-

inga (PT), and Ponta Grossa (PG) in relation to the maximum 
thresholds established by the European Union (EU Regulation 
no. 835/2011). nd limit not defined, ld limit of detection (0.02 
ng g−1)

Site B(a)P ∑PAHs ∑ 16PAHs B(a)P ∑PAHs ∑ 16PAHs
Hepatopancreas Muscle

IM 10.5±7.12
(4.37–21.1)

33.9±9.63
(22.8–48.4)

140±4.64
(134–147)

<ld 1.09±0.72
(<ld–1.72)

51.8±11.8
(40.1–63.6)

CP 5.49±0.56
(4.83–5.32)

26.8±6.89
(16.5–34.4)

142±21.3
(113–174)

<ld 11.2±6.65
(1.19–20.1)

33.8±7.09
(29.7–42.0)

PT 3.29±1.57
(1.90–5.65)

16.4±12.2
(6.47 – 34.7)

147±37.5
(107 – 204)

<ld 0.31±0.21
(<0.20–0.55)

43.2±14.2
(30.4–40.6)

PG 0.59±0.45
(0.17–1.26)

12.0±7.63
(3.74–23.)

140±38.6
(82.2–198)

<ld 0.31±0.20
(<ld–0.50)

37.2±1.63
(35.8–39.0)

Limit nd nd nd 2.00 12.0 nd

Table 6   PCB 
concentrations (ng g−1) in 
tissues of Ucides cordatus 
from mangroves in Ilha de 
Maré (IM), Cacha Prego 
(CP), Pitinga (PT), and 
Ponta Grossa (PG), ld: limit 
of detection (0.03 ng g−1)

IM CP PT PG IM CP PT PG
Hepatopancreas Muscle

PCB28 0.15 0.04 0.04 0.34 < ld < ld 0.06 < ld
PCB52 0.29 0.11 0.13 0.93 < ld < ld 0.06 < ld
PCB101 0.09 0.24 0.30 0.32 0.06 0.04 0.11 < ld
PCB153 0.31 0.77 1.32 0.12 0.06 0.11 0.20 0.09
PCB138 0.27 0.52 0.56 0.10 0.05 0.11 0.16 0.08
PCB180 0.23 0.08 0.11 < ld 0.04 0.05 < 0.03 < ld
∑PCBs 1.34 1.75 2.46 1.81 0.20 0.30 0.60 0.17

Fig. 3   Glutathione-S-transferase (GST) and catalase (CAT) 
activity in hepatopancreas (A, B) and micronucleated cells in 
hemolymph (C) of Ucides cordatus in mangroves in Ilha de 

Maré (IM), Cacha Prego (CP), and Santiago de Iguape (con-
trol site, CNTRL) in Baía de Todos os Santos. Different letters 
indicate significant differences (p<0.05). na, not analyzed
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IM) suggest increased potential bioavailability with 
increasing metal enrichment.

Zn and Pb were mainly present in the reactive 
phase, showing higher mobility than other ele-
ments, consistently with observations made by 
other studies (Coringa et  al., 2016; Araújo et  al., 
2022). These elements are generally found in frac-
tion F1 (exchangeable), associated with carbon-
ates, and adsorbed to Fe and Mn oxides (Espinosa 
et al., 2011; Coringa et al., 2016; Chen et al., 2022), 
while values are low in the pyrite fraction (Fig. 4) 
(Huerta-Díaz and Morse, 1992; Otero and Macías, 
2003). Zn and Pb form highly stable sulfides, 
although they are soluble in acidic environments, 
suggesting the solubilization of sulfides formed in 
previous fractions (Morse and Luther, 1999). Con-
versely, Cr did not show a common distribution pat-
tern among fractions, displaying a variable behavior 

among the different mangrove sites: it was detected 
both in the reactive and oxidizable fractions, which 
could be associated with the variability in oxidation 
states of this element, which translates into vari-
able partition patterns depending on redox condi-
tions (Otero and Macías, 2003). Moreover, differ-
ences in soil chemical parameters, mainly TOC and 
Fe oxyhydroxide contents, may have influenced the 
observed distribution patterns. Potentially bioavail-
able Cr tends to be present in the oxidizable phase 
in soils, mainly associated with organic matter and 
without high rates of incorporation into pyrite, with 
kinetically inert Cr3+ forming sulfides (Morse and 
Luther, 1999; Otero and Macías, 2003; Zhou et al., 
2010). In addition, it may be adsorbed onto Fe and 
Mn oxyhydroxides or form insoluble Cr hydroxides 
(Rai et al., 1989).

Table 7   Concentrations of trace elements (mg kg−1) in man-
grove soils in Ilha de Maré (IM), Cacha Prego (CP), Pitinga 
(PT), and Ponta Grossa (PG) in relation to background lev-
els found in the BTS (Centro de Recursos Naturais de Bahia, 
CRA, 2004), to the prevention limits established by the Bra-
zilian laws (Brazilian National Council for the Environment, 

CONAMA, 2009), and to the limits established for the thresh-
old effects level (TEL) by the National Oceanic and Atmos-
pheric Administration of the United States (NOAA, 1999). (1) 
Background value for the BTS; (2) prevention limit; nd limit 
not defined, ld limit of detection

Site Cu Zn Ni Cr Pb

IM 28.1–89.4 40.1–65.7 15.0–21.2 41.1–63.0 14.0–26.3
CP 2.9–6.8 10.5–26.4 <ld <ld–30.9 <ld–12.3
PT <ld–8.7 <ld–14.1 <ld–5.5 <ld–18.6 <ld–12.5
PG 2.5–3.7 <ld–16.7 <ld <ld–18.2 <ld–12.8
(CRA, 2004) 16.4±5.6 70.6±1.5 nd 42.4±8.7 18.4±8.0
(CONAMA, 2009) 60.0 300.0 30.0 75.0 72.0
(NOAA, 1999) 18.7 124.0 15.9 52.3 30.2

Fig. 4   Degree of metal 
pyritization (DTMP%) 
according to the degree of 
Fe pyritization (DOP%) in 
mangrove soils in the BTS.
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4.2 � Organic Pollutants (PAHs and PCBs)

The values observed for PAHs in soils showed evi-
dent spatial variations, except for [B(b+j)F] and [B(a)
P], which were higher in PG and CP, in Itaparica 
Island, than in PT and IM, respectively. The contents 
found for most PAHs were within the thresholds for 
environmental quality, except for [ACY] in CP and 
PT and for [DhA] in CP, which exceeded the TEL 
(NOAA, 1999). High PAH values in Itaparica Island 
(CP and PG) have also been found by other studies 
and associated with oil combustion and activity at 
marine terminals (Rocha et al., 2012; Almeida et al., 
2018; Eça et al., 2021).

PAH ratios in soils (Table  8) were analyzed to 
determine the sources of hydrocarbons in the stud-
ied mangrove sites. The results showed differences 
among areas, with PAHs in IM mainly associated 
with petrogenic sources, while the results obtained 
in the remaining mangroves indicated mixed sources, 
associated both with a petrogenic origin and with 
combustion by vehicles.

PCB contents found in soils also showed clear spa-
tial variations, with the highest contents found in IM 
(16.1 ng g−1) and PG (15.8 ng g−1). Concentrations 
found in these areas were higher than those observed 

by Neto et  al. (2020) in the BTS (∑PCBs: <limit 
of quantification–4.7 ng g−1), as well as higher than 
values measured in Guaratuba bay, a well-preserved 
estuary in southern Brazil (∑PCBs: <limit of quan-
tification–5.6 ng g−1; Combi et  al., 2013), although 
below the TEL (21.6 ng g−1, NOAA, 1999). The val-
ues observed in this study were also lower than those 
found in the Santos estuary, in São Paulo (∑PCBs: 
<limit of detection–190.7 ng g−1, Souza et al., 2018), 
and in Guanabara bay, in Rio de Janeiro (∑PCBs: 
17.83–184.16 ng g−1, Souza et al., 2008).

4.3 � Toxic Compounds in Ucides cordatus

4.3.1 � Trace Elements

The observed results evidenced clear variations in the 
concentrations of all elements among sites, with dif-
ferent behaviors among metals in terms of their expo-
sure-concentration ratios. Cu and Cr in biota were 
mainly associated with contents in reactive fractions, 
with no direct association with total contents in soil, 
consistently with the observations made by previous 
studies (Szolnoki and Farsang, 2013; Araújo-Júnior 
et al., 2016).

The highest Cu values were found during the dry 
season, possibly related to changes in geochemical 
conditions and bioavailability because of seasonal-
ity (Lessa et  al., 2001, 2009; Berrêdo et  al., 2016). 
Lower precipitations lead to lower soil water satura-
tion, promoting air diffusion into the soil and sulfide 
oxidization (Otero et  al., 2010); likewise, reproduc-
tive activity of U. cordatus during the dry season 
promotes soil bioturbation and, consequently, higher 
levels of aeration of the edaphic system, with a cumu-
lative effect on redox conditions (Araújo-Júnior et al., 
2016; Motta et  al., 2023). Cr contents in gill tissue, 
mainly detected in IM and PG, similarly to observa-
tions made for Cu, also reflected the contents in the 
reactive fraction and confirm the higher mobility and 
bioavailability associated with these geochemical 
fractions (Espinosa et al., 2011; Coringa et al., 2016).

Unlike for Cu, no association was observed 
between the concentrations of Zn, Pb, and Ni in crabs 
and their contents in soils (total concentrations/reac-
tive fraction), consistently with the pattern observed 
in other studies (Otero et  al., 2000; Fakayode and 
Onianwa, 2002). This suggests that the concentra-
tions of these elements in tissues of U. cordatus result 

Table 8   Ratios between PAH contents in soils (mean, stand-
ard deviation, minimum, and maximum value) for the identi-
fication of possible sources in mangroves in Baía de Todos os 
Santos. (1) Anthracene/Anthracene+Phenanthrene; (2) Benz(a)
anthracene/Benz(a)anthracene + Chrysene; (3) (Yunker et al., 
2002; Almeida et al., 2018)

Site ANT/(ANT+PHE)1,3 
<0.10: petrogenic
>0.10: pyrogenic

B(a)A/B(a)
A+ChR2,3 
0.2-0.35: 
mixed source 
<0.2: petro-
genic
>0.35: com-
bustion by 
vehicles

IM 0.04±0.01
(0.03–0.05)

0.19±0.01
(0.18–0.20)

CP 0.26±0.21
(0.04–0.57)

0.32±0.10
(0.20–0.46)

PT 0.21±0.24
(0.03–0.57)

0.35±0.07
(0.30–0.45)

PG 0.27±0.31
0.03–0.74

0.28±0.09
(0.20–0.42)
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from the complex interaction between exposure and 
the mechanisms involved in bioaccumulation kinetics 
associated with metal regulation, in the case of Zn, 
and with detoxification and elimination mechanisms 
in the case of elements that do not play any biological 
role (Rainbow, et al., 2009; Duarte et al., 2019).

Zn and Cu were the elements with the highest 
concentrations in tissues of U. cordatus, which can 
be explained by the role played by these elements in 
the metabolism of crustaceans (Amiard et  al., 1987; 
Rainbow, 2002). These metals showed differences in 
concentration among tissues, with Zn mainly found 
in muscle tissue, consistently with observations 
made by previous studies on the same species in Bra-
zil (Almeida et al., 2014; Bosco-Santos et al., 2017; 
Silva et al., 2018), while Cu was present in gills and 
hepatopancreas in those mangroves with the highest 
accumulation rates (PT and IM), unlike the obser-
vations in PG and CP, where contents were mainly 
present in gill tissue. The results found in this study 
are consistent with those from previous works, which 
have also demonstrated a tendency towards high Cu 
accumulation both in gills and in hepatopancreas in 
environments highly exposed to metals. Firat et  al. 
(2008), in Iskenderun Bay, an area with an intense 
agricultural and industrial activity, found high Cu 
concentrations in gills (827.0 ± 92.6 μg g−1) and 
hepatopancreas (935.1 ± 50.5 μg g−1) of the crab 
Charybdis longicolis, showing a distribution pattern 
and concentrations similar to those found in IM and 
PT in this study. In low-exposure environments, such 
as CP and PG, Cu contents were found mainly in gill 
tissue, similarly to observations in previous studies on 
U. cordatus in Brazil (Almeida et  al., 2014; Ramos 
and Leite, 2022) and on other crab species in other 
regions of the world (Portunus pelagicus and Portu‑
nus sanguinolentus, Kumar et al., 2019).

Non-essential elements also showed differences 
in their distribution among tissues, with Pb and Cr 
mainly present in gills and Ni in hepatopancreas. 
Unlike Zn and Cu, non-essential elements are not 
regulated by organisms and are instead accumulated 
and stored in detoxified forms, associated with met-
allothioneins, or excreted with the carapace during 
molting or by other pathways, such as through the 
gills, guts, or antennal glands (Rainbow, 2002; Mars-
den and Rainbow, 2004; Rainbow, 2006). The pres-
ence of Ni preferentially in hepatopancreas is consist-
ent with the results observed in crabs (Guerardi et al., 

2002; Almeida et al., 2014) and is associated with the 
detoxifying role of this organ, particularly taking into 
account that this metal lacks any physiological role 
(non-essential). As in the case of hepatopancreas, the 
high concentrations found in gills are explained by 
the higher metabolic activity of this organ, constitut-
ing a permeable surface that promotes metal absorp-
tion and generally reflecting the concentrations of 
bioavailable soluble metals in the environment (Rain-
bow, 2007; Çogun et al., 2017).

Metal contents found in U. cordatus in the studied 
mangrove forests were different from those observed 
in other mangroves in Brazil and worldwide. The 
results for Cu observed in IM and PT were higher 
than those found in U. cordatus in Brazil to date 
for all tissues (Table  9) (Harris and Santos, 2000; 
Almeida et  al., 2014; Silva et  al., 2018; Ramos and 
Leite, 2022), while values in CP and PG were close 
to those found in other regions of Brazil, both in mus-
cle (Almeida et al., 2014; Bosco-Santos et al., 2017; 
Silva et al., 2018) and in gills (Silva et al., 2018).

Concentrations in hepatopancreas in IM and PT 
were similar to the values found in the blue crab Cal‑
linectes danae in a polluted mangrove forest in São 
Paulo (Harris and Santos, 2000); likewise, contents in 
IM were close to those found in crab Charybdis lon‑
gicolis in a metal-enriched bay in Turkey (Firat et al., 
2008). Zn contents in hepatopancreas were higher 
than those observed in previous studies (Almeida 
et al., 2014; Ramos and Leite, 2022), unlike contents 
in muscle and gills, whose values were close to pre-
vious data for this species. As for non-essential ele-
ments, values of Cr and Pb (in gills) and of Ni (in 
gills and hepatopancreas) were also higher than previ-
ously obtained results for U. cordatus.

Cu contents found in hepatopancreas, a tissue that 
is also consumed by humans, exceeded the limit set 
by the World Health Organization (WHO, 1989), 
which establishes a maximum concentration of 30 
μg g−1 (wet weight), corresponding to approximately 
150 μg g−1 dry weight of Cu (Annabi et  al., 2018). 
Despite being an essential metal, when Cu is present 
in excess in organisms, it poses a health risk since 
it can lead to oxidative damage, which can progress 
to a series of neurodegenerative diseases, including 
Alzheimer’s disease and arteriosclerosis (Gaetke and 
Chow, 2003; Brewer, 2010). Moreover, crustaceans 
highly exposed to Cu can show ionic and osmoregu-
latory imbalances, respiratory disorders, oxidative 
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stress, and lethal damage (Bianchini et  al., 2004; 
Grossell et al., 2007; Martins et al., 2011).

4.4 � Organic Pollutants (PAHs and PCBs)

Values above the quality limits for PAHs in crabs 
were found only in CP for ∑[B(a)P, B(a)A, B(b)F, 
ChR], with [B(a)P] contents below the maximum per-
missible limit in all sites. Values found for ∑16PAHs 
in hepatopancreas in this study (82.3–204 ng g −1; 
mean, 142±35.4 ng g−1) were lower than those 
observed for U. cordatus in Guanabara bay, in Rio de 

Janeiro (∑16PAHs = 2290±773 ng g−1; Nudi et al., 
2007) and for Callinectes sp. (∑10PAHs=600±66.8 
ng g−1) in estuarine systems in Maranhão (Righi 
et al., 2022), as well as lower than the results found 
for mollusks in the BTS (∑16PAHs = 459 ng g−1; 
Eça et al., 2021).

PCB contents also showed spatial differences in U. 
cordatus tissues, with the highest values in hepato-
pancreas and muscle found in the mangrove forest 
in PT (0.60–2.46 ng g−1), showing no clear associa-
tion with contents in soils, which were highest in IM 
and PG. Santos et al. (2020) also found higher PCB 

Table 9   Mean±SD content of trace elements (μg g−1 dry weight) in Ucides cordatus in Baía de Todos os Santos compared with 
results from previous studies on decapod crustaceans in Brazil and worldwide

1. This study; 2. Ramos and Leite (2022); 3. Silva et al. (2018); 4. Almeida et al. (2014); 5. Harris and Santos (2000); 6. Firat et al. 
(2008); 7. Annabi et al. (2018). 8. Bosco-Santos et al. (2017)

Species Cu Zn Cr Ni Pb Site

Hepatopancreas
  Ucides cordatus 601 ± 397 194 ± 90.4 <10.0 4.3 ± 1.4 <10.0 IM–Bahia1

444 ± 279 303 ± 144 <10.0 10.0 ± 5.1 <10.0 PT–Bahia1

68.0 ± 40.7 212 ± 101 <10.0 4.4 ± 1.5 <10.0 CP–Bahia1

75.4 ± 33.6 225 ±109 <10.0 5.5 ± 1.1 <10.0 PG–Bahia1

4.6 ± 0.8 – – – 0.9 ± 0.1 Espírito Santo2

25.5 ± 5.3 102 ± 46.8 1.4 ± 0.6 2.1 ± 1.2 0.8 ± 0.1 Rio de Janeiro4

  Callinectes danae 476 ± 234 – – – – São Paulo5

  Charybdis longicolis 935 ± 50.5 698 ± 118 802 ± 125 – – Turkey
Gills
  Ucides cordatus 912 ± 428 134 ± 24.7 6.8 ± 1.3 3.2 ± 0.3 5.8 ± 0.6 IM

340 ± 84.8 113 ± 22.4 <10.0 2.7 5.9 ± 0.6 PT
137 ± 31.5 86.8 ± 19.5 6.2 ± 0.7 <5.0 <10.0 CP
141 ± 30.9 109 ± 66.9 6.6 ± 1.1 <5.0 <10.0 PG
53.3 ± 5.3 – – – 0.2 ± 0.0 Espírito Santo2

142 ± 15.0 92.0 ± 8.5 4.9 ± 0.4 – 2.3 ± 1.4 Amazon3

79.2 ± 116 51.1 ± 56.3 2.0 ± 1.2 0.8 ± 0.9 1.1 ± 1.3 Rio de Janeiro4

  Charybdis longicolis 827 ± 92.6 805 ± 103 677 ± 97.7 – – Turkey
  Portunus segnis 585 ± 165 36.5 ± 8.1 – – 0.1 ± 0.1 Tunisia
Muscle
  Ucides cordatus 77.5 ± 13.9 329 ± 26.5 <10.0 <5.0 <10.0 IM

81.9 ± 17.4 345 ± 23.7 <10.0 <5.0 <10.0 PT
44.4 ± 10.1 323 ± 27.1 <10.0 <5.0 <10.0 CP
47.9 ± 11.7 314 ± 28.3 <10.0 <5.0 <10.0 PG
14.9 ± 3.4 – – – 0.2 ± 0.0 Espírito Santo2

35.0 ± 4.8 316 ± 17.0 2.3 ± 0.5 – 1.0 ± 0.9 Amazon3

38.4 ± 25.8 414.1± 173.9 0.9 ± 0.0 0.1 ± 0.0 0.7 ± 0.1 Rio de Janeiro4

52.8 ± 9.9 328 ± 24.8 0.1 ± 0.1 0.3 ± 0.2 1.3 ± 0.5 São Paulo8

  Charybdis longicolis 77.6 ± 12.0 32.5 ± 7.0 76.6 ± 16.8 – – Turkey
  Portunus segnis 207 ± 71.9 590 ± 197 0.4 ± 0.2 Tunisia
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values in mollusks, both in oysters (Crassotrea rhiz‑
ophorae) and in mussels (Mytella guyanensis), in 
the Subaé estuary (9.36–50.1 ng g−1), which could 
be related to its proximity to the industrial areas 
located in the northern and northeastern BTS (Hatje 
et al., 2009; Rocha et al., 2012). Values found in U. 
cordatus were lower than those recorded by Santos 
et al. (2020), which is related to the greater capacity 
of mollusks to bioaccumulate these compounds into 
their tissues due to their filter-feeding behavior (Gold-
berg et al., 1978). Likewise, compared with previous 
studies on crabs, the values observed for U. corda‑
tus were lower than those found in polluted areas in 
Guanabara bay (Chasmagnathus granulata, ∑PCBs 
570.6 ng g−1, Souza et al., 2008) and in China (Scylla 
serrata, ∑PCBs 32.1–118 ng g−1, Sun et al., 2015), 
but were close to contents found in Cancer irroratus 
in Canada (0.12–4.5 ng g−1, Walker et al., 2013).

PCB153 (2,2′,4,4′,5,5′-hexachlorobiphenyl) and 
PCB138 (2,2′,3,4′,5,5′-hexachlorobiphenyl) were the 
ones with the highest concentrations in U. corda‑
tus, a common pattern in biological samples (Santos 
et  al., 2020, Sun et  al., 2015; Madgett et  al., 2022) 
that can be explained by the high persistence of these 
congeners due to their chemical structure, with chlo-
rine located in meta/para positions close to the phe-
nyl rings, and to the higher number of chlorine atoms 
in the molecule. The higher chemical complexity 
of these compounds makes them more difficult to 
metabolize and eliminate (Meadows, 1998; Penteado 
and Vaz, 2001), which slows down their excretion 
process compared with other compounds with fewer 
chlorine atoms, such as PCB28 (2,4,4′-trichlorobiphe-
nyl), which showed low values in U. cordatus.

4.5 � Genetic and Enzymatic Biomarkers in Ucides 
cordatus

Many authors (Duarte et  al., 2014, 2016; Banci 
et al., 2017; Santos et al., 2019; Jesus et al., 2021) 
have revealed biological alterations in U. corda‑
tus in response to exposure to heavy metals pre-
sent in the environment. These responses include 
alterations in CAT and GST enzyme activity. In our 
study, the patterns shown by enzymatic biomarker 
responses differed among the studied mangrove 
sites, with higher GST and CAT activities in crabs 
from Ilha de Maré (IM). The highest GST activity 
(492 ±17.5 μmol min mg protein−1) was observed 

in animals collected in IM, contrasting with ani-
mals from the RESEX (279 ±59.5 μmol min mg 
protein−1). While the RESEX is considered to be a 
conservation area, the GST activity in animals col-
lected at this site was many times higher than val-
ues found for U. cordatus individuals collected in 
areas with heavy metal pollution (Carvalho-Neta 
et al., 2019; Santos et al., 2019; Jesus et al., 2021). 
Biochemical biomarker responses in decapod crus-
taceans may vary according to the species, size, 
pollutant concentration, and exposure time (Frías-
Espericueta et al., 2022). Again according to Frías-
Espericueta et  al. (2022), the presence of metals 
in the environment can lead to different effects on 
enzymatic systems, either increasing or decreasing 
enzyme activity due to the generation of reactive 
oxygen species (ROS). Thus, it is difficult to gen-
eralize about the results of said responses (Truchet 
et  al., 2023). According to Carvalho-Neta et  al. 
(2019), higher GST activities could be related to 
heavy metal pollution. Jerome et  al. (2017) stated 
that metals such as Zn ad Cu strongly influence 
physiological responses in aquatic animals and in 
their tissues. Therefore, this suggests that crabs 
from Ilha de Maré could be vulnerable to xenobiotic 
compounds in this region, a hypothesis that could 
be confirmed by determining metal concentrations 
in soils and animals collected at this site.

Catalase activity also varied according to the 
collection site. The highest enzyme activity was 
observed in animals collected in Ilha de Maré (47.9 
± 9.7 nmol min mg protein−1), a value that was four 
times those found in animals from the RESEX (11.5 
± 1.4 nmol min mg protein−1). The results of this 
study are consistent with findings by Carvalho Neta 
et  al. (2019) and Oliveira et  al. (2019), who also 
reported high catalase activity values in U. cordatus 
in areas adjacent to port facilities. Jesus et al. (2021) 
also observed higher CAT activity levels in hepato-
pancreas of U. cordatus individuals collected in port 
areas. Catalase, being an antioxidant enzyme, shows 
increased activity in environments with higher lev-
els of chemical pollution (Jebali et al., 2007; Pereira 
et al., 2009). Thus, the higher activity of this enzyme 
observed in animals from IM could be related to the 
presence of and exposure to xenobiotic compounds. 
As in the case of GST, CAT values found in animals 
collected in IM were higher than those observed in 
U. cordatus from Baía de São Marcos, in northeast 
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Brazil (Jesus et al., 2021) and from the northern coast 
of Brazil.

Similar to the observations made for enzymatic 
biomarkers, the highest micronucleated cell fre-
quencies were recorded in crabs from this site 
(4.0±1.0‰), exceeding the levels observed by 
Duarte et  al. (2016) in Ucides cordatus from well-
preserved mangrove forests in São Paulo (Juréia, 
0.7±688 1.0‰; Cananéia, 0.4±0.6‰) and similar 
to values found in crabs from more impacted areas 
(Cubatão, 5.2±1.9‰; Bertioga, 5.0±1.3‰; Iguape, 
3.8±2.5‰).

Duarte et  al. (2016) established reference values 
for micronucleated cell frequencies in U. cordatus 
from impacted and non-impacted mangrove forests, 
indicating the conservation status of different man-
grove sites in São Paulo state. These authors con-
cluded that uçá crabs in non-impacted areas showed 
genotoxicity levels lower than 3 micronuclei (MN)‰, 
while levels in crabs from moderately impacted areas 
were between 3 and 5 MN‰ and those from highly 
impacted areas showed frequencies higher than 5 
MN‰.

Micronuclei are important markers of the health 
status of aquatic organisms, and their increase is asso-
ciated with higher levels of exposure to pollutants 
(Nudi et al., 2010). Duarte et al. (2017) evaluated the 
association of heavy metals (such as lead) in uçá crab 
tissues with genotoxic response, measured in terms of 
micronucleated blood cells, and observed a signifi-
cant correlation between both parameters. Therefore, 
the presence of higher levels of pollutants (mainly of 
trace elements such as Cu) in IM, together with the 
pattern observed for enzymes, suggest a greater expo-
sure to pollutants in this mangrove forest, with geno-
toxicity occurring in resident crabs.

5 � Conclusions

Mangrove soils showed spatial heterogeneity in terms 
of their composition and physicochemical properties, 
which influenced toxic metal contents and geochemi-
cal partition of elements. In this sense, it is worth not-
ing the high levels of metal enrichment in soils of the 
Ilha de Maré site, particularly of Cu, which showed 
greater bioavailability during the dry season.

On the other hand, spatial variations in the con-
tents of potentially toxic Cu and Cr observed in crab 

populations were consistent with spatial variations 
of metals in soils. Moreover, Cu concentrations 
observed in U. cordatus exceeded the limits set by 
the World Health Organization. Cu and Cr concen-
trations in Ucides cordatus were mainly associated 
with contents of reactive fractions rather than with 
total contents in soil, showing an increase in tissue 
accumulation in response to increased bioavailabil-
ity. Meanwhile, for Zn, Pb, and Ni, no clear rela-
tionships were established between contents in soil 
(both total concentrations and contents in reactive 
fractions) and in tissues, suggesting that concentra-
tions of these elements in tissues not only reflect 
exposure, but also result from the interaction of fac-
tors related both to environmental concentrations 
and to bioaccumulation kinetics (metal accumula-
tion, distribution among tissues, regulation, and 
detoxification).

The studied mangrove sites showed PAH contents 
in soils and in crabs that were below the thresh-
olds for environmental quality, except for [ACY] in 
CP and PT and [DhA] in CP, which exceeded the 
TEL. Likewise, values above the quality limit were 
observed in muscle tissue in CP, suggesting that this 
region of the BTS is enriched in these compounds, 
posing potential risks to human health.

Crabs from Ilha de Mare showed a different pat-
tern in their biomarker responses, with evidence 
of oxidative stress and genotoxicity, results that 
show sublethal damages in populations of U. cor‑
datus as a response to enrichment of pollutants in 
this mangrove, mainly of trace elements. The high 
contents detected in biota pose a risk not only to 
crab populations, but also for humans, taking into 
account the consumption of these crustaceans and 
the consequent transfer of these elements via the 
trophic chain. This warrants the need to assess the 
consumption of these crustaceans and the ecotoxi-
cological risks in this area.
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