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Abstract: (1) Although suffers from intense pollution inputs, Guanabara Bay, the most socioeconomically
and environmentally important estuary in Rio de Janeiro, Brazil, is still home to a diverse fauna,
including several fish and crab species consumed by humans. The bay presents high sedimentation
rates and sediment contamination, further aggravated by dredging processes carried out in recent
years. In this context, this study aimed to verify the effect of the dredging process on total mercury
(THg) concentrations at Guanabara Bay through swimming crab assessments sampled before (2016),
during (2017), and after (2018) the dredging process, and mainly, if the detected concentrations
can be harmful to consumer health; (2) Methods: Swimming crab samplings were carried out
at the same time and sampling points in 2016, 2017 and 2018 and the total Hg was determined
using a Direct Mercury Analyzer (DMA-80, Milestone, Bergamo, Italy); (3) Results: Increased Hg
concentrations were observed during the dredging process, decreasing to lower values, close to the
initial concentrations, at the end of the process. Some of the investigated abiotic factors favor Hg
dynamics in the aquatic environment, while others were positively altered at some of the assessed
sampling areas at the end of the dredging process; (4) Conclusions: Although crab Hg levels were
below maximum permissible limits for human consumption, it is important to note that these animals
are significantly consumed around Guanabara Bay, which may lead to public health issues in the
long term.

Keywords: Guanabara Bay; mercury; bioindicator; abiotic variables; dredging

1. Introduction

Guanabara Bay (GB), a eutrophic estuary located in the state of Rio de Janeiro, southeastern Brazil,
displays significant economic, social and ecological importance, sustaining a significant diversity
of aquatic organisms, including fish, crustaceans, mollusks, cetaceans, polychaetes and algae. It is,
however, highly impacted by pollution originating from domestic and industrial sewage discharges,
which contains, among other, high levels of polycyclic aromatic hydrocarbons, pharmaceutical drugs
and metals, including mercury (Hg) [1,2]. Despite the existence of other potentially toxic metals at GB,
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mercury (Hg) is a contaminant of worldwide interest, due to its global importance, being one of the
only metals directly implicated in an excessive number of human deaths.

The main sources of mercury in sediment, water and living organisms are related. There are
natural atmospheric sources, related to the elementary mercury form that has a high capacity for
volatilization, such as emanations from atmospheric volcanoes, continental degassing and evasion of
Hg from the oceans. This form of the volatilized metal precipitates with rain and reaches the aquatic
environment. In addition, another natural source is weathering that favors the release of mercury that
is carried into the water. Hg inputs for GB are mainly due to anthropogenic activities, such as dumping
of alkali chloride plants, metallurgical residues, paint industry, burning fossil fuels and domestic
sewage [1-5]. The mercury, before it reaches the water, is usually in inorganic or elemental form.
The elemental form upon reaching water undergoes oxidative processes and combines with elements
such as chlorine, sulfur or oxygen, becoming inorganic mercury. The metal can then be adsorbed by
particulate matter in suspension and brought to the sediment by flocculation or sedimentation. Mercury
can be resuspended from the sediment, making it bioavailable for absorption by living organisms. It also
becomes available to be methylated by sulfate-reducing anaerobic bacteria, forming methylmercury
(MeHg), which is dispersed in water, having high bioavailability. The process of resuspension of
sediments occurs mainly in response to the movement of water, when, for example, a current or waves
exert a shear force on the sediment. However, dredging is also a process that promotes the resuspension
of sediments, which occurs during its mechanical removal [6-9]. As GB presents high sedimentation
rates (0.6 cm year™! to 4.5 cm year™!) [10], mostly as a result of the significant deforestation of the
drainage basin and river channeling, the local Rio de Janeiro authorities carried out a dredging
process from June 2016 to November 2017, near the Rio de Janeiro seaport. The dredged sediment
was removed from this area and released into the oceanic region adjacent to the bay. This aimed to
minimize problems associated with contaminant accumulation, increasing vessel access channel depth,
improving water circulation and coastal water renewal, promoting macrodrainage for the disposal of
surface waters, consequently improve water oxygenation and improving operating hydraulic work
conditions, and controlling critical hydrological events [11]. Thus, dredging may in fact worsen
Hg contamination by making this element bioavailable in its most toxic form. Both estuarine and
coastal environments, due to anthropogenic action, present accelerated methylation rates, due to
several variables, including anoxia, high levels of organic material and sulfate and favorable dynamics
between sediment and water, [6,12]. In addition, abiotic factors such as pH, temperature, dissolved
oxygen, among others, directly affect Hg bioavailability in the aquatic environment and consequently
its concentrations in animal tissues, requiring constant monitoring [5,13].

Hg displays the ability to biomagnify throughout the food chain from the lowest trophic level
organisms to humans, who are intoxicated mainly by the consumption of these contaminated
seafood [6,14-17]. The animals have as their source of contamination the metal dispersed in the
water, but mainly the one that is in the sediment and that is sometimes resuspended, being absorbed
through gills, and especially, through the dietary route, accumulating in different tissues, especially
hepatopancreas, the organ responsible for detoxifying metals [7,15,16]. It is a potent neurotoxin,
with the potential to affect different body systems, alter reproduction rates, increase mortality rates
and, finally, cause ecological imbalances [17,18].

The main fishing activities at GB is artisanal fishing [4]. In addition to fish, swimming crabs,
constitute a significant portion of artisanally captured, marketed and consumed protein sources in
the area, totaling about 126 t between 2005 and 2007 [19]. Thus, Hg contamination in dietary items
from GB consumed by humans should be regularly monitored, in order to assess public health risks to
the local human population. Swimming crabs are so named because they display a modified last pair
of legs that, instead of being pointed, are wide and flat, giving them swimming flexibility. They are
benthic organisms that live in close contact with potentially contaminated sediments and are, therefore,
considered important contamination bioindicators [4,6,14]. Studies around the world that evaluate the
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concentration of mercury in swimming crabs that inhabit estuaries indicate average values between
0.035 mg kg~! and 0.496 mg kg~! [5,6,20-26].

Based on the assumption that dredging objective to remove sediments that are known to be
contaminated by Hg, our aims in this work were: (1) to prove the hypothesis that contamination by
this metal would be reduced with dredging, by checking the total concentrations of Hg in swimming
crabs, determined before, during and after dredging; (2) to evaluate the abiotic data of the water
(pH, dissolved oxygen, temperature, salinity, depth, transparency) to correlate them with the findings
of total mercury in the investigated swimming crabs; and finally, (3) to verify if the Hg contamination
in swimming crabs found in the study can lead to potential risks to the consumer’s health.

2. Materials and Methods

2.1. Study Area

Guanabara Bay (22°24'-22°57" S, 42°33'-43°19” W) comprises a total area of 4081 km?, with an
estimated water volume of 1.87 billion m®. Five sampling points were assessed in the present study,
in order to contemplate the entire estuarine gradient: Urca Beach (P1), Flamengo Beach (P2), both
external bay points; the Rio de Janeiro seaport (P3), in the middle of the bay, and Engenho (P4)
and Paqueta Island (P5), both internal bay points (Figure 1).These points were chosen considering
vessel flow (Porto), effluent disposal (all points, specially Engenho and Paquetd), leisure areas and
tourist points (Urca beach, Flamengo and Paqueta) and local fishing activities (all points, specially
Urca and Porto).
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Figure 1. Guanabara Bay. Swimming crab sampling points: P1, Urca Beach; P2, Flamengo Beach; P3,
Seaport of Rio de Janeiro; P4, Engenho (Sao Gongalo); and P5, Paqueta Island.

Although dredging was only carried out at the port, the adjacent external and internal areas were
also assessed since, as an estuary, the water flow from rivers and the open sea promotes constant
water changes in the region. Thus, by evaluating the adjacent areas, potential dredging effects on
contamination in nearby areas were also investigated.

Paqueta Island is situated in the inner zone of the bay, at the northward limit of the main water
circulation channel, still under the influence of marine waters. However, water circulation is not as high
as in the southeastern portions of the bay due to decreased tidal current speeds. Therefore, this region
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displays low water renewal rates and is the target of several pollution sources [10,13,27]. Engenho is
located in the municipality of Sao Gongalo, considered as an interior bay region. Due to the significant
population and industrial growth, this area is impacted by both domestic and industrial sewage
discharges, aggravated by the low water renewal rates, due to its internal location [10]. Flamengo and
Urca Beach are considered external seaport points since they are located near the oceanic zone, mainly
Urca. Urca Beach is located very near the mouth of the bay, in the lower estuary region, suffering the
influence of both oceanic marine waters and organic matter from inside the bay [13,27,28]. The Rio de
Janeiro seaport is the major local domestic and international cargo tourist and people transportation
route by the sea. Thus, it is intensely contaminated and displays high sedimentation rates, which leads
to decreased local depths and vessel berthing problems [11,13].

2.2. Swimming Crab and Water Samplings

Swimming crab samples were collected in the third week of March in the years 2016, 2017 and
2018 at the selected sampling points. No swimming crabs were found at the Rio de Janeiro seaport
in 2017, which may have happened due to the dredging process, with the removal of the sediment
together with the animals. A total of 10 bottom trawls were carried out at each sampling site using a
single-port net (25 m net mouth and 6 m high, 25 mm mesh between adjacent nodes). Two trawls,
each with a standardized total duration of 20 min, were carried out at each of the collection sites.
The animals collected were kept on ice until arriving at the lab, where they were then frozen at —20 °C
until the moment of analysis biometrics (species identification, length and sexing) and quantification
of total mercury.

After collecting the animals, water samples from each point were collected at 1 m from the bottom
with the aid of a Van Dorn bottle, and abiotic parameters (pH, salinity (g L™!), temperature (°C) and
oxygen levels (mg L~!) were immediately determined in the field with the collected samples using a
multiparameter water quality meter (Multiparameter Probe HI9828, Hanna Instruments, Pévoa de
Varzim, Portugal). After checking the parameters on the Van Dorn bottle, the water was discarded.
Water transparency was assessed with the aid of a Secchi disk, while depth was obtained by using
a GPS.

2.3. Biometric Swimming Crab Processing

Swimming crabs were classified according to genus and species, based on phenotypic
characteristics described in the literature [29,30]. The collected species were identified as Callinectes
spidus, Achelous spinimanus and Achelous spinicarpus. Animals were sexed when possible. In 2016,
a total of 44 animals were collected, 25 in 2017 and 40 in 2018, totaling 109 animals. Regarding seXx,
a total of 25 females and 19 males were sampled in 2016, 16 females and 9 males in 2017, and 11 females
and 29 males in 2018. Total carapace lengths (mm) with caliper were determined, and only medium to
large animals (approximately 70-80 mm) were selected, corresponding to sizes destined for human
consumption. The animals had their carapace removed manually to collect the muscle tissue located
inside the carapace, for the total Hg determinations.

2.4. Mercury Analysis

2.4.1. Sample Analysis

Analyses were performed in triplicate. Before each sample weighing, the sample crucibles were
washed with soap and rinsed with distilled water, dried, and heated at 650 °C for 3 min in a DMA-80
Direct Mercury Analyzer (Milestone, Bergamo, Italy), to avoid contamination or interferences. Before
each sample analysis, blank values were verified to be always less than 0.001 Hg (ng) [31].

Total Hg in the swimming crabs was determined following the manufacturer’s recommendations.
Briefly, about 0.2700 g + 0.0030 g of each pooled muscle sample were inserted in a quartz tube and
dried under an oxygen stream at 160 °C for 1 min, 650 °C for 2 min, and 650 °C for another 1 min,
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at 4 atm. After drying, the Hg vapor was then desorbed using a gold amalgamation trap and Hg
was pre-concentrated from the flow of decomposition products. The detection system contains an
Hg-specific lamp, a low-pressure Hg vapor lamp, which emits light at a wavelength of 253.7 nm
and a silicon UV diode detector that was used to quantify Hg. This system comprises a dual cell
spectrophotometer that affords an extremely wide detection range. Peak height was used for signal
evaluation and the results were expressed as mg kg~! [31].

2.4.2. Calibration Curve

Standard Hg solutions were used to prepare a calibration curve from a 1000 mg L~ Hg stock
solution (Sigma-Aldrich, Sdo Paulo, Brazil), ranging from 0.5 to 1000 ng g~!, taking into account
sample weight and peak height. These solutions were used to build the ten-point calibration curve
(0-15ng g~1; y = 22.085 x x — 0.3217; > = 0.9992). In addition, confirmation tests for calibration curve
were carried out during each run.

2.4.3. Optimization of Analytical Conditions

Respecting the manufacturer recommendation conditions for Hg determination, analytical
parameter optimization was initially carried out. A set of experiments was performed to obtain
the analysis program for Hg determination in swimming crab muscle tissue. Optimization was
performed by applying three parameters: limit of quantification (LOQ), limit of detection (LOD) and
accuracy. The LOQ and LOD were determined as recommended by 2011/836/EU Regulation, and the
methodology validation was based on Torres et al. [32]. Method accuracy was verified by the analysis
of a standard reference material IAEA-476. All determinations were performed in duplicate.

2.4.4. Human Consumption Risks

Human consumption risks were calculated using the provisional tolerable weekly intake (PTWI)
values stipulated by WHO and NRC (0.004 mg and 0.0007 mg kg1, respectively), the average weight
of the population of the state of Rio de Janeiro (70 kg), an average weekly amount of consumed crab
(0.356 kg) based on literature data concerning weekly seafood consumption in the study area [19]
and the Hg concentrations detected herein. The calculation was performed as follows: the first
objective was to determine the weekly intake limit for a person with an average weight of 70 kg.
For this, we multiplied the value of the limits established by JECFA and the NRC, which had the
unit of measurement previously changed to mg kg™!, by the average weight of the population.
Then, we multiplied each of the average values of mercury in the internal areas of Guanabara Bay, in the
port and in the external areas by the average quantity of crabs consumed weekly (0.356 kg). The results
of this last calculation were compared with the limit values established in the first calculation.

2.5. Statistical Analyses

A principal component analysis (PCA) was applied to the abiotic data matrix of the five sampling
points, in order to evaluate temporal and spatial changes of the variables. Data were log-transformed
and comparisons between observed versus randomized eigenvalues (i.e., AVG-RND criterion) were
used to test the PCA significance and to retrieve the significant axes for analysis. The PCA analyses were
performed using the PC-ORD 6.0 statistics package (Wild blueberry media LLC, Corvallis, OR, USA).

Two constrained redundancy analyses (RDA) were carried out with the aim of verifying potential
relationships between abiotic factors, Hg concentration and animal lengths, first grouping the sampling
points as external and internal to the bay, and second, by considering the periods before, during and
after dredging. RDA analyses were performed using the CANOCO 4.5 package (Petr & Majka Smilauer,
Ithaca NY, USA).

A covariance analysis (ANCOVA), using the STATISTICA 11.0 program ((StatSoft Inc., Tulsa, OK, USA)
was also carried out, using log10 transformed animal length as the co-variable. The first aim was
to verify possible differences in Hg concentrations at the beginning and after sediment dredging at



Int. |. Environ. Res. Public Health 2020, 17, 4396 6 0of 17

P3 (Rio de Janeiro seaport). Subsequently, the ANCOVA was applied to verify potential differences
between the beginning, during and after the dredging in both the internal (Engenho and Paquetd) and
external sampling points (Urca and Flamengo). Statistical significance was accepted at p < 0.05.

3. Results

3.1. Abiotic Variables

The means and standard deviations of each of the assessed abiotic variables (depth, transparency,
pH, oxygen, salinity, and temperature) are displayed in Table 1.

Table 1. Abiotic variables of each sampling point, before, during and after Rio de Janeiro sediment dredging.

Period

Variable Area Before During After
Urca 9.00 + 1.41 7.50 +2.47 7.50 +2.47
Flamengo 11.00 + 4.24 10.60 + 0.84 10.60 + 0.84
Depth (m) Seaport 7.00 + 0.00 6.50 + 0.00 6.50 + 0.00
Engenho 10.75 £ 5.30 8.25+0.35 8.25 +0.35
Paqueta 15.00 + 2.82 16.50 + 6.36 16.50 + 6.36
Urca 1.25 +0.07 0.85 + 0.07 4.45+2.19
Flamengo 0.85+0.21 1.55 +0.07 4.25+0.35
Transparency (m) Seaport 0.90 + 0.14 1.05 +0.32 1.05 £+ 0.07
Engenho 0.85 + 0.07 0.30 + 0.14 0.80 + 0.00
Paqueta 1.00 + 0.00 0.58 +0.10 0.80 + 0.00
Urca 8.49 +0.03 8.30 + 0.08 8.51+0.21
Flamengo 8.75+0.01 8.16 + 0.12 8.48 +0.13
pH Seaport 8.58 + 0.06 8.01 +0.09 8.45+0.15
Engenho 8.49 + 0.03 7.95 + 0.50 8.36 +0.15
Paqueta 8.05 +0.27 7.98 + 0.06 8.67 +0.13
Urca 5.26 + 0.50 9.84 +0.29 5.99 + 0.50
Flamengo 5.74 + 0.25 8.41+0.17 6.80 +1.93
Oxygen (mg L) Seaport 424 +0.03 6.07 +0.24 436+0.73
Engenho 3.20 £ 0.97 4.64+0.22 4.05 £ 0.08
Paqueta 3.18 +0.12 8.54 +3.72 3.07 + 1.05
Urca 32.67 +0.59 31.72 £ 0.16 28.97 + 0.36
Flamengo 32.80 +0.10 32.54 +£0.35 29.79 £ 0.10
Salinity (g L) Seaport 31.17 + 0.55 31.86 + 0.25 28.38 +0.39
Engenho 31.72 +1.39 31.81 +£0.29 29.14 + 0.33
Paqueta 32.66 + 0.02 32.10 £ 0.41 28.60 + 0.84
Urca 23.76 + 0.55 25.32 + 0.007 24.96 +0.31
Flamengo 23.96 +0.23 25.18 + 0.14 24.77 + 0.06
Temperature (°C) Seaport 24.88 + 0.36 25.57 +0.10 24.25 + 0.46
Engenho 2391 +1.01 24.81 +0.10 23.50 + 0.24

Paqueta 23.00 £ 0.06 24.87 £0.13 2393 £ 1.11
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The first two PCA axes were retrieved for analysis (observed eigenvalues = 1.88 and
1.67 > randomized eigenvalues = 2.41 and 1.71 for axes 1 and 2, respectively), explaining 83.7%
of the total data variance (Figure 2). Axis 1 was responsible for explaining 64.1% of variation, and axis
2 for 19.6% However, a significant difference (p = 0.0014) was obtained only in axis 1, where depth was
negatively correlated to temperature and oxygen levels. Thus, the higher the oxygen concentration
and temperature, the lower the depth. Salinity was also negatively correlated to transparency and
pH. Thus, the higher the pH and transparency, the lower the salinity. However, temperature and
oxygen were positively correlated. Some variables could be distinguished in each of the three assessed
dredging periods. Depth can be highlighted at the beginning of the dredging, specifically at Engenho
and Paqueta. The other points, according to the PCA, did not vary as much as the abiotic factors,
since they remained grouped in the central region. During the dredging, the points were distributed
around salinity and temperature. In the post-dredging period, the transparency of the water in Urca
and Flamengo was evident, since the other points are located around the center. In the port of Rio de
Janeiro, no significant variations were observed before, during and after dredging.

o v
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A

1.0 ) ' ) ' 15

Figure 2. PCA carried out with the abiotic data, where axis 1 is horizontal and axis 2, vertical.
Label: white symbols: pre-dredging (2016); gray symbols: during dredging (2017); black symbols:
post-dredging (2018). A, Urca Beach; m, Flamengo Beach; o, Engenho; +, Seaport; ¥, Paqueta.

3.2. Swimming Crab THg Concentrations and Correlations to Abiotic Factors

Three species of swimming crabs commonly marketed in the Rio de Janeiro metropolitan area were
identified herein, all displaying similar habitats and feeding habits. Our previous study, which assessed
the influence of the season on Hg concentrations in swimming crabs in Guanabara Bay, found that the
difference between species, as well as sex, did not influence mercury concentrations [5]. Therefore,
no assessments concerning species or sex were carried out.

There were no statistically significant differences in the length of the animals during the periods
evaluated for the two external sampling points and two internal sampling points (p = 0.10) (Figure 3).
Thus, the data were grouped by external (Urca and Flamengo) and internal (Paqueta and Engenho)
locations. In the port of Rio de Janeiro, only the values of length and THg were obtained before and
after dredging, as no animals were found in 2017 in this sampling site, probably due to the impact
of dredging.
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Figure 3. (A) Length and (B) THg concentrations in swimming crabs before (2016), during (2017) and
after (2018) the dredging activities at the Rio de Janeiro seaport, external (Urca and Flamengo) and
internal (Engenho and Paqueta) swimming crab locations. Same letters in columns indicate statistically
significant differences between years.

We did not find a significant difference in the mercury concentrations of the animals, between
the external and internal points (p = 0.19), however we identified a significant difference (p = 0.05)
when we evaluated the temporal variation of THg—that is, between the periods before, during and
after dredging (Table 2). The previous concentrations were lower at both points, when compared to
the values during the dredging period, when we identified the increase in THg. In the post-dredging
period, we identified the reduction of the metal; when compared to the period during the dredging
(2017), however, the concentration values were still not lower than the initial values (2016).

Table 2. Mean values and standard deviation of THg (mg kg™!) w.w. in swimming crabs, collected in
the internal, Porto and external points of Guanabara bay, before, during and after dredging.

Collect Points THg before Dredging THg during Dredging  THg after Dredging
Internal Points (Engenho and Paqueta) 0.052 + 0.020 0.111 + 0.052 0.108 + 0.008
Seaport 0.098 +0.114 - 0.111 + 0.069
External Points (Urca and Flamengo) 0.097 + 0.004 0.155 + 0.06 0.110 £ 0.025

The RDA for mainly the periods (Figure 4) indicated that axis 1 is the most significant, explaining
approximately 95.8% of the data. The p and F values were, respectively, 0.0781 and 22.200 for this axis in
the Monte Carlo test. Depth was negatively correlated with oxygen and temperature, while salinity was
negatively correlated with pH and transparency. Hg concentrations were negatively related to depth,
where the deepest areas had less Hg, especially during the dredging period (2017), and were positively
correlated with oxygen and temperature, where higher oxygen and temperature values favor the
highest Hg content. It was possible to make some space-time correlations: first, we identified that the
greatest depths and salinities were observed before the dredging (2016), mainly in the internal sampling
points (Paqueta and Engenho). Higher pH and transparency were observed in the post-dredging
period (2018), as well as an increase in the length of the animals, mainly at external sampling points
(Urca and Flamengo).
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Figure 4. RDA performed using abiotic data (Depth, salinity, oxygen, transparency, pH, temperature),
Hg concentrations and length (CT) in swimming crabs, taking into account mainly period (before,
during and after the dredging) and secondarily the sample region, dividing in Seaport, external and
internal areas of the Guanabara bay. The circles represent the collection points. White circles represent
the collection points prior to dredging, gray during and black, after.

Hg consumption levels through swimming crab intake in the internal, port and external GB
sampling locations are displayed in Table 3.

Table 3. Human Hg intake per week in the internal, port and external sampling locations assessed
herein. Data are expressed as mg kg bw/week.

Location 2016 2017 2018
Internal areas 0.034 0.055 0.039
Port 0.035 - 0.040
External areas 0.018 0.039 0.038

The RDA referring to the collection point mainly (Figure 5) indicated that axis 1 is the most
significant, explaining about 95.7% of the data. The values of p and F were 0.1734 and 15.606,
respectively for this axis in the Monte Carlo test. The same behavior of the abiotic variable is seen in the
second RDA. Greater depths were observed mainly in Paqueta and Engenho, before dredging (2016).
During the dredging, the concentrations of oxygen, temperature and Hg in Engenho, Flamengo and
Urca were high, while the pH and the length of the animals increased after the dredging in the port of
Rio de Janeiro and Engenho. Transparency was higher after dredging in Flamengo, Urca and Paqueta.
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Figure 5. RDA performed using abiotic data (Depth, salinity, oxygen, transparency, pH, temperature),
Hg concentrations and lengths (CT) in swimming crab taking into account mainly sample points and
secondarily the period of dredging, dividing in before, during and after. Black symbols represent the
more internal (Paqueta) and external areas (Urca), while gray indicates the other sampling points,
A, Urca Beach; m, Flamengo Beach; e, Engenho; +, seaport; ¥, Paquetd.

4. Discussion

4.1. Abiotic Variables

The abiotic factors assessed did not vary significantly over the study period. When assessed by
zone, the innermost regions were similar to each other and differed from the outer regions, with the
port of Rio de Janeiro as the midpoint.

The port region of Rio de Janeiro was expected to have greater depth after dredging, as this
was one of the main objectives of dredging. This, however, was not observed. On the contrary,
the depth was not changed between the dredging period and after the process. We believe that the low
depth of the studied regions, mainly the port, can be attributed to high rates of sedimentation and
accumulation [10], which can overcome the sediment removal effect. According to Fistarol et al. [10],
the maximum depth in most of the bay is less than 10 m, while the central channel, which undergoes
greater oceanic movement of water, reaches depths of up to 58 m. For this reason, Paqueta has greater
depth, since the island is located in the inner part of the bay, at the northern limit of the central channel,
which is the main channel of water circulation, still under the influence of marine waters. This channel
extends from the oceanic entrance of the bay to Paqueta. However, two opposite situations occur
in this region: while the oceanic flow helps to remove nutrients and sediment, thereby enabling
greater depth and also maintaining high levels of dissolved oxygen [33], which was identified in our
study in 2017, its borderline position slows the speed of the tidal current that reaches the region [10].
Thus, this increase in oxygenation may be precisely related to an event that improved the water flow,
promoting better oxygenation in the region and removal of sediments (for example sea currents and
wind energy), boosting and improving the speed of the water flow of collection in 2017, which was
not repeated in 2018, in relation to oxygenation. In addition, the dredging itself can be influenced in
improving this factor, since all points showed an increase in oxygen concentration [11], even if subtle.

Regarding transparency, Urca and Flamengo exhibited more transparent waters than Paqueta and
Engenho after dredging. As transparency is influenced by the amount of dissolved organic matter,
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the regions closest to the mouth of Guanabara Bay tend to be more transparent due to the influence of
the tidal regime and the dilution of marine water. Chaves et al. [27] and Souza et al. [34] also reported
the same transparency gradient, with Urca being more transparent than Paqueta.

The dredging process had little influence on pH levels, due to the natural composition of
GB water [27,34] and according to Choppala et al. [35] who reported the same results during the
dredging process.

Salinity and temperature also did not vary significantly during the study period between the
sampling points, and the salinity values were in accordance with Fistarol et al. [10] for the region,
ranging from 13 to 36 g L~ [27,34]. No salinity gradient was observed, contrary to what was reported
by Seixas et al. [13], and the temperature values were also discrepant in relation to the expectation of
warmer internal waters compared to the external areas, which are influenced by the ocean [10].

The PCA analysis corroborated the results identified in the analysis of means. Particularly in
relation to the port region, the PCA indicates low variations over the study period. Inverse correlations
were observed between temperature and oxygen and depth, as deeper environments have lower
concentrations of temperature and oxygen, as expected [17]. However, Chaves et al. [27] reported that
temperature was negatively correlated with salinity, transparency, pH and oxygen.

The dredging process was expected to lead to several benefits, mainly in the port region of Rio
de Janeiro, although adjacent regions may also reflect changes identified in the port area, due to the
removal of sediment and organic matter. In addition, the process of macro-draining surface waters
would lead to improvements in access to ocean water to the bay, which would lead to a better supply
of oxygen, as previously mentioned, in addition to an increase in salinity and pH and a decrease in
temperature [10,11,27,34]. However, in the study none of these factors varied significantly as expected
when comparing the before and after dredging, only the increased transparency in Urca and Flamengo,
as we justified earlier.

4.2. Factors Affecting Hg Concentrations

The THg concentrations in animals residing in the port region of Rio de Janeiro before and after
the dredging process were not statistically significant. Swimming crabs were not captured during the
dredging period, which is probably directly related to the dredging process, since these animals are
benthic and remain in direct contact with the sediment. As dredging removes sediment, it is assumed
that this activity removes part of the local fauna and/or disperses the animals to adjacent areas.

Significant differences in relation to THg concentrations during the three dredging periods were
observed in the evaluation of animals present in the adjacent port points. The increase in concentration
during dredging is related to the increase in the bioavailability of Hg, being more absorbed by
animals due to the resuspension of sediments, caused mainly by its mechanical removal promoted by
dredging, as well as by events that normally happen as currents or waves that exert a shear force in the
sediment [9]. The resuspended Hg can be complexed with particulate material, such as organic matter
and other substances and settles at the bottom, so at that moment minimal concentrations are observed
and consequently the reduction in the bioavailability of the metal [9], which was observed in the post
dredging period (2018). Unfortunately, no additional monitoring was carried out in the following
months; therefore, it was not possible to verify whether there were changes in THg concentrations
or whether it remained stable. Based on the three-year balance, our hypothesis that dredging would
reduce the THg concentration in animals has not been confirmed. On the contrary, there was an increase
in THg concentrations comparing before and after dredging. Possibly two factors are responsible for
the increase in the concentration of mercury in animals: first, as mentioned earlier, the Guanabara bay
is the target of numerous polluting sources of mercury (for example, industrial and domestic sewage
disposal), in addition, the sedimentation rate is high [10], probably, even with the removal of part of
the contaminated sediment, the constant discharge of the metal in this estuary maintains the level of
contamination. The second issue is related to the bioavailability of the metal, due to the resuspension of
the sediment during the process. Consequently, with greater availability, more metal was absorbed by
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the animals’ breathing and feeding, accumulating in the tissues. This effect of bioaccumulation, higher
than the rate of excretion, means that the tendency is always to increase the levels of metal in living
organisms, especially in places where the source of contamination is constant, such as BG. If, in fact,
the dredging had an effect, in the post-dredging period we would observe at least concentrations equal
to those of the previous year or due to the period of one year, they would show downward trends.
What would be different, for example, if measurements were made in water. In this case, the difference
between the three evaluated moments would probably be evident.

Some expected correlations can be made with abiotic factors. The depth was correlated with
temperature and Hg according to the RDA. Environments of less depth tend to have a higher
temperature and the heat promotes the acceleration of animal metabolism, thus the respiration rate will
be higher and consequently the absorption via respiration of metals will increase [36], the opposite being
true. However, the oxygen ratio seems to diverge from what was expected, despite the three factors
(oxygen, depth and temperature) showing coherent relationships with each other, when confronted
with Hg concentrations, they presented a different behavior than expected. Studies show higher Hg
concentrations in more anoxic environments. This is because the lower concentration of dissolved
oxygen also stimulates the higher rate of respiration and consequently the uptake of Hg from water.
Also, according to Sadhu et al., [37] deep waters have higher decomposition rates and lower oxygen
content, factors that contribute to the production of methylmercury, since sulfate-reducing bacteria have
a predilection for anaerobic environments. Although we have not gauged this form of mercury, studies
indicate that almost 100% of the Hg that is captured and accumulated in the animal is in this form,
which has high bioavailability, in addition to being more absorbable and bioaccumulative [6,38-40].

In relation to the other factors not correlated in the RDA directly with Hg, but which also influence
its presence, bioavailability, methylation and absorption, the low transparency (except in Urca and
Flamengo) is related to the high content of dissolved organic matter, which it increases methylation,
as it provides more carbon for sulfate-reducing bacteria [41]. During dredging, when we see the
highest concentration of mercury in animals, all points have reduced transparency. This can happen
both because of the high content of organic matter due to pollution of the bay, and mainly because of
the re-suspension of the sediment, which promotes the reduction of transparency.

Lower salinity was observed mainly after dredging, a period when the concentration of mercury
remained high compared to the period prior to dredging (2016). It is expected that environments with
low salinity present high levels of Hg, this because there is less competition of sodium ions with the
metal, favoring its absorption by the animal, unlike the environment with higher salinity, where due to
this competition the absorption of metals is in disadvantage [36,42—44]. In addition, in relation to the
methylation process, it is reduced in brackish water. This may occur due to the bonding of the sulfide
present in salt water with inorganic Hg, making it less bioavailable for the methylation process [42].
The high salinity can also negatively interfere with the activity of sulfate-reducing bacteria due to the
increased sensitivity of some species to salinity, leading to a lower methylation rate [45]. Regarding
pH, a slightly alkaline pH was observed here, but acidic environments are more conducive to the
absorption of metals, since, with a lower pH, Hg becomes more bioavailable [41,46].

Comparing the external and internal points, although we did not identify any statistical difference
between collection points, it is possible to highlight that the internal region of the bay (Engenho and
Paquetd) showed the greatest difference between before and after. In 2016 the animals showed low
concentrations of mercury, while in 2018 they doubled that value. As previously mentioned, this
region has peculiar characteristics, especially Paqueta as previously mentioned. Both areas are heavily
impacted by local pollution [10], a fact evidenced by the low transparency in the regions, which may
justify the high contamination.

4.3. Risk to Consumption

Swimming crabs are in close contact with the contaminated sediment, which could favor Hg
bioaccumulation. However, they feed on other organisms belonging to the same trophic level, leading
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to low mercurial biomagnification [16]. These factors lead to variable Hg concentrations in these
animals, and the influence of abiotic factors may be high. The Hg concentrations observed here are
compatible with other studies that address the concentration of mercury in swimming crabs that
inhabit estuaries, such as Guanabara Bay, with our lowest value found being 0.052 and the highest
0.155 Hg mg kg~! w.w. Our previous study found concentrations between 0.103 and 0.100 Hg mg kg
w.w. in swimming crabs in 2015 and 2016 in the outer region (Urca) of the bay, a value similar to what
we found in the present study (0.097 to 0.110 Hg mg kg~! w.w.) [5]. Bordon et al. [26] concentrations
between 0.16 and 0.32 Hg mg kg™ d.w. (0.04 to 0.08 Hg mg kg~! w.w.) in the study of swimming crabs
in the Santos estuarine system, Sao Paulo, Brazil; Taylor and Calabrese [6] found in Narraganset Bay
(Rhode Island/ Massachusetts, USA) 0.208 to 0.226 Hg mg kg™ d.w. (0.052 to 0.0565 Hg mg kg~! w.w.);
Olivero-Verbel et al. [21] found in swimming crabs of Cartagena Bay values of 0.498 Hg mg kg~! d.w.
of mercury (0.124 Hg mg kg~! w.w.). Reichmuth et al. [24] found in its study in Mullica River-Great
Bay estuary the concentration of approximately 0.15 Hg mg kg~! d.w. (0.037 Hg mg kg™ w.w.) and
in Hackensack Meadowlands-Hudson-Raritan estuary the value of approximately 0.45 Hg mg kg™
d.w. (0.112 Hg mg kg_1 w.w.). Based on these studies, we see that our results are within the range
of values found elsewhere, but also in estuarine environments and with animals of the same species.
These results are probably related to the habitat of these animals, which in constant contact with the
sediment, are more prone to mercury contamination and bioaccumulation.

Although all Hg values in the assessed swimming crabs were below the stipulated limit of 1.0 mg
kg™! THg in seafood determined by the European Union and 0.5 mg kg~! [47] in crustaceans by the
Brazilian regulatory agency ANVISA [48]. However, Hg concentrations lower than stipulated limits
do not necessarily mean no risks [49], as limits exist mainly to guide decision-making, generating
alerts so early measures may be adopted to prevent negative human health effects. However, as Hg
bioaccumulates even when present in small doses, its effects will be observed in the long term, especially
if the consumption frequency of a contaminated food item is high [49]. Although the goal of this
study was to evaluate only THg concentrations, it is important to note that many studies point out
that most Hg content found in aquatic animals is in its organic form, MeHg, the most toxic for of this
element [6,38—40].

Thus, the maximum limits stipulated for human Hg intake per week should be taken into account.
The provisional tolerable weekly intake (PTWI) for THg is of 4 ug kg~' b.w./week according to
the JECEA/WHO [50], while the (US) National Research Council (NRC) has established an intake
limit of 0.7 pg kg~! b.w./week [51]. Weekly Hg levels were, thus, calculated based on the annual
average consumption of seafood reported for the metropolitan region of Rio de Janeiro of 18.5 kg [18],
or a weekly consumption of 0.356 kg. The results reported in Table 2 indicate that all swimming crab
THg consumption levels were within the stated guidelines for all sampling locations and periods.
However, it is clear that during dredging, THg values were increased at the internal and external
areas (no animals were found at the port in 2017, during the dredging periods), although no statistical
analyses could be carried out. In addition, Hg intake concentrations per week during the post-dredging
period were slightly increased compared to the pre-dredging period, seemingly corroborating Hg
resuspension and increased bioavailability, probably due to methylation by sulfate-reducing anaerobic
bacteria, forming MeHg [6-8]. Even though swimming crabs presented lower THg concentrations
than the stated guidelines, as they are significantly and constantly consumed around Guanabara Bay,
public health issues may arise in the long term, and continuous THg monitoring of these organisms is
indicated to carry out human and biota risk assessments. These results may also serve as basis for
environmental risk assessment in other areas undergoing current or future dredging activities, both in
Brazil and worldwide.

5. Conclusions

Our study identified that dredging did not have the expected effect either in the Porto region, which
despite not having been evaluated during the process, showed similar initial and final mercury values,
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as in the adjacent areas. In these adjacent areas, where we were able to investigate the concentration of
mercury during the dredging period, we observed an increase in Hg values. This indicates that the
process may have had repercussions in all the evaluated points of the bay and added to events not
related to dredging, but that may also promote the resuspension of the contaminated sediment or that
may favor water contamination or even greater metal absorption. Evaluating the panorama of the
contamination of the three studied periods, the THg values found in the study were increased during
the dredging apparently due to the resuspension of Hg present in the contaminated sediment and
increasing the bioavailability of the metal, and reduced in the following year, however to values still
higher than the initial ones. Additional assessments on these organisms would be needed to see if
concentrations continue to decline or remain stable, establishing long-term dredging effects. Possibly
the justification is the constant contamination of the bay, which can overcome the effects of processes
such as dredging, in addition to the effect of bioaccumulation of mercury in animal tissues. Regarding
the abiotic factors investigated in Guanabara Bay, the study pointed out that metal concentrations
in animals were directly positively related to temperature and oxygen content and negatively to
depth. Highlighting the temperature, which favors a higher respiratory rate and mercury uptake via
respiration. In addition, transparency is another factor that can be highlighted despite not having a
direct correlation with Hg. We have identified low transparency in most of the bay, probably due to
the mobilization of sediments by dredging, but also being an indication of the large amount of organic
matter dispersed in the water as a result of the contamination of this estuary.

Although THg levels are below the maximum permitted limits for mercury in crustaceans and
the weekly intake calculations also point to the absence of health risk, it is important to note that
these animals are consumed continuously and significantly in Guanabara Bay, and that the metal
bioaccumulates in tissues throughout life, which can lead to long-term public health problems.

Author Contributions: Investigation, P.d.A.R.; writing—original draft preparation, P.d.A.R.; conceptualization,
Pd.AR,, RGF and C.A.C.-].; formal analysis, R.G.F.,, RA.H.-D. and C.A.C.-].; writing—review and editing,
R.G.F. and R.A.H.-D.; supervision, R.G.E; project administration, C.A.C.-J. and L.N.d.S.; and funding acquisition,
C.A.C.-]. All authors have read and agreed to the published version of the manuscript.

Funding: The authors are thankful for the financial support provided by the Coordenacao de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES)—finance code 001 for the first and second author’s scholarship.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1.  Baptista Neto, J.A.; Barreto, C.F; Vilela, C.G.; Fonseca, E.M.; Melo, G.V,; Barth, O.M. Environmental change
in Guanabara Bay, SE Brazil, based in microfauna, pollen and geochemical proxies in sedimentary cores.
Ocean Coast. Manag. 2016, 143, 4-15. [CrossRef]

2. Kehrig, H.A,; Malm, O.; Palermo, EFA.; Seixas, T.G.; Baéta, A.P; Moreira, I. Bioconcentracao e
biomagnificacao de metilmerctrio na baia de Guanabara, Rio de Janeiro. Quimica Nova 2011, 34, 377-384.
[CrossRef]

3. Barletta, M.; Lima, A.R.A.; Costa, M.E. Distribution, sources and consequences of nutrients, persistent organic
pollutants, metals and microplastics in South American estuaries. Sci. Total Environ. 2019, 651, 1199-1218.
[CrossRef] [PubMed]

4. Soares-Gomes, A.; Da Gama, B.A.P,; Baptista Neto, J.A.; Freire, D.G.; Cordeiro, R.C.; Machado, W,;
Bernardes, M.C.; Coutinho, R.; Thompson, F.; Pereira, R.C. An environmental overview of Guanabara Bay,
Rio de Janeiro. Reg. Stud. Mar. Sci. 2016, 8, 319-330. [CrossRef]

5. Rodrigues, P.A.; Ferrari, R.G.; Hauser-Davis, R.A.; Santos, L.N.; Conte-Junior, C.A. Seasonal influences on
swimming crab mercury levels in an eutrophic estuary located in southeastern Brazil. Environ. Sci. Pollut. Res.
2019, 27, 3473-3482. [CrossRef]


http://dx.doi.org/10.1016/j.ocecoaman.2016.04.010
http://dx.doi.org/10.1590/S0100-40422011000300003
http://dx.doi.org/10.1016/j.scitotenv.2018.09.276
http://www.ncbi.nlm.nih.gov/pubmed/30360252
http://dx.doi.org/10.1016/j.rsma.2016.01.009
http://dx.doi.org/10.1007/s11356-019-07052-3

Int. |. Environ. Res. Public Health 2020, 17, 4396 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Taylor, D.L.; Calabrese, N.M. Mercury content of blue crabs (Callinectes sapidus) from southern New England
coastal habitats: Contamination in an emergent fishery and risks to human consumers. Mar. Pollut. Bull.
2018, 126, 166-178. [CrossRef]

Ruus, A.; Hjermann, D.O.; Beylich, B.; Schoyen, M.; Oxnevad, S.; Green, N.W. Mercury concentration trend as
a possible result of changes in cod population demography. Mar. Environ. Res. 2017, 130, 85-92. [CrossRef]
Roman, H.A.; Walsh, T.L.; Coull, B.A.; Dewailly, E.; Guallar, E.; Hattis, D.; Marien, K.; Schwartz, J.;
Stern, A.H.; Virtanen, ].K.; et al. Evaluation of the Cardiovascular Effects of Methylmercury Exposures:
Current Evidence Supports Development of a Dose—Response Function for Regulatory Benefits Analysis.
Environ. Health Perspect. 2011, 119, 607-614. [CrossRef]

Owens, E.; Effer, SW.,; Bookman, R.; Driscoll, C.T.; Matthews, D.A.; Effier, A.].P. Resuspension of
Mercury-Contaminated Sediments from an In-Lake Industrial Waste Deposit. J. Environ. Eng. 2009, 135,
526-534. [CrossRef]

Fistarol, G.O.; Coutinho, EH.; Moreira, A.P.B.; Venas, T.; Canovas, A.; Paula, S.EM., Jr.; Coutinho, R.;
Moura, R.L.; Valentin, ].L.; Thompson, FL.; et al. Environmental and Sanitary Conditions of Guanabara Bay,
Rio de Janeiro. Front. Microbiol. 2015, 6, 1232. [CrossRef]

Silveira, A.E.F.; Nascimento, ].R.; Sabadini-Santos, E.; Bidone, E.D. Screening-level risk assessment applied
to dredging of polluted sediments from Guanabara Bay, Rio de Janeiro, Brazil. Mar. Pollut. Bull. 2017, 118,
368-375. [CrossRef]

Chen, M.M.; Lopez, L.; Bhavsar, S.P.; Sharma, S. What’s hot about mercury? Examining the influence of
climate on mercury levels in Ontario top predator fishes. Environ. Res. 2018, 162, 63-73. [PubMed]

Seixas, L.B.; Santos, L.N.; Santos, A.EG.N. Fluctuating asymmetry: A tool for impact assessment on fish
populations in a tropical polluted bay, Brazil. Ecol. Indicat. 2016, 71, 522-532. [CrossRef]

Andrade, L.S.; Frameschi, L.F.; Costa, R.C.; Castilho, A.L.; Fransozo, A. The assemblage composition and
structure of swimming crabs (Portunoidea) in continental shelf waters of southeastern Brazil. Cont. Shelf Res.
2014, 94, 8-16. [CrossRef]

Arcagni, M.; Juncos, R.; Rizzo, A.; Pavlin, M.; Fajon, V.; Arribére, M.A.; Horvat, M.; Ribeiro Guevara, S.
Species- and habitat-specific bioaccumulation of total mercury and methylmercury in the food web of a deep
oligotrophic lake. Sci. Total Environ. 2018, 612, 1311-1319. [CrossRef]

Bisi, T.L.; Lepoint, G.; Azevedo, A.D.E; Dorneles, P.R.; Flach, L.; Das, K.; Malm, O.; Lailson-brito, J. Trophic
relationships and mercury biomagnification in Brazilian tropical coastal food webs. Ecol. Indic. 2012, 18,
291-302. [CrossRef]

Van Hees, K.E.; Ebert, D.A. An evaluation of mercury offloading in two Central California elasmobranchs.
Sci. Total Environ. 2017, 590, 154-162. [CrossRef]

Rasinger, ].D.; Lundebye, A K.; Penglase, S.J.; Ellingsen, S.; Amlund, H. Methylmercury Induced Neurotoxicity
and the Influence of Selenium in the Brains of Adult Zebrafish (Danio rerio). Int. J. Mol. Sci. 2017, 18, 725.
[CrossRef]

Barroso, R.M.; Wiefels, A.C. O Mercado Pesqueiro da Regiao Metropolitana do Rio de Janeiro. 2010. Available
online: http://www2.produce.gob.pe/RepositorioAPS/3/jer/DGA-PUBLICACIONES/Mercado-de-Pescado-
en-Rio-de-Janeiro.pdf (accessed on 14 December 2019).

Geng, T.O.; Yulmaz, F. Metal Accumulations in Water, Sediment, Crab (Callinectes sapidus) and Two Fish
Species (Mugil cephalus and Anguilla anguilla) from the Koycegiz Lagoon System-Turkey: An Index Analysis
Approach. Bull. Environ. Contam. Toxicol. 2017, 99, 173-181. [CrossRef]

Olivero-Verbel, J.; Johnson-Restrepo, B.; Baldiris-Avila, R.; GuetteFernandez, ].; Magallanes-Carreazo, E.;
Venegas-Ramirez, L.; Kunihiko, N. Human and crab exposure to mercury in the Caribbean coastal shoreline
of Colombia: Impact from an abandoned chlor-alkali plant. Environ. Int. 2008, 34, 476-482. [CrossRef]
Moura, V.L.; Lacerda, L.D. Contrasting Mercury Bioavailability in the Marine and Fluvial Dominated Areas
of the Jaguaribe River Basin, Ceara, Brazil. Bull. Environ. Contam. Toxicol. 2018, 101, 49-54. [CrossRef]
[PubMed]

Taylor, D.L.; Linehan, J.C.; Murray, D.W,; Prell, W.L. Indicators of sediment and biotic mercury contamination
in a southern New England estuary. Mar. Pollut. Bull. 2012, 64, 807-819. [CrossRef]

Reichmuth, J.M.; Weis, P.; Weis, J.S. Bioaccumulation and depuration of metals in blue crabs (Callinectes
sapidus Rathbun) from a contaminated and clean estuary. Environ. Pollut. 2010, 158, 361-368. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.marpolbul.2017.10.089
http://dx.doi.org/10.1016/j.marenvres.2017.07.018
http://dx.doi.org/10.1289/ehp.1003012
http://dx.doi.org/10.1061/(ASCE)0733-9372(2009)135:7(526)
http://dx.doi.org/10.3389/fmicb.2015.01232
http://dx.doi.org/10.1016/j.marpolbul.2017.03.016
http://www.ncbi.nlm.nih.gov/pubmed/29287181
http://dx.doi.org/10.1016/j.ecolind.2016.07.024
http://dx.doi.org/10.1016/j.csr.2014.12.005
http://dx.doi.org/10.1016/j.scitotenv.2017.08.260
http://dx.doi.org/10.1016/j.ecolind.2011.11.015
http://dx.doi.org/10.1016/j.scitotenv.2017.02.191
http://dx.doi.org/10.3390/ijms18040725
http://www2.produce.gob.pe/RepositorioAPS/3/jer/DGA-PUBLICACIONES/Mercado-de-Pescado-en-Rio-de-Janeiro.pdf
http://www2.produce.gob.pe/RepositorioAPS/3/jer/DGA-PUBLICACIONES/Mercado-de-Pescado-en-Rio-de-Janeiro.pdf
http://dx.doi.org/10.1007/s00128-017-2121-7
http://dx.doi.org/10.1016/j.envint.2007.10.009
http://dx.doi.org/10.1007/s00128-018-2368-7
http://www.ncbi.nlm.nih.gov/pubmed/29845483
http://dx.doi.org/10.1016/j.marpolbul.2012.01.013
http://dx.doi.org/10.1016/j.envpol.2009.09.009
http://www.ncbi.nlm.nih.gov/pubmed/19783083

Int. |. Environ. Res. Public Health 2020, 17, 4396 16 of 17

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bordon, .C.A.C.; Sarkis, J.E.S.; Toma’s, A.R.; Scalco, A.; Lima, M.; Hortellani, M.A.; Andrade, N.P. Assessment
of metal concentrations in muscles of the blue crab, Callinectes danae S, from the Santos Estuarine System.
Bull. Environ. Contam. Toxicol. 2012, 89, 484-488. [CrossRef] [PubMed]

Bordon, I.C.A.C.; Sarkis, ].E.S.; Andrade, N.P.,; Hortellani, M.A.; Favaro, D.I.T.; Kakazu, M.H.; Cotrim, M.E.B.;
Lavradas, R.T.; Moreira, I; Saint'Pierre, T.D.; et al. An environmental forensic approach for tropical estuaries
based on metal bioaccumulation in tissues of Callinectes danae. Ecotoxicology 2016, 25, 91-104. [CrossRef]
[PubMed]

Chaves, M.C.N.R; Franco, A.C.S; Seixas, L.B.; Cruz, L.R.C.; Santos, L.N. Testing the ecocline concept for
fish assemblages along the marine-estuarine gradient in a highly-eutrophic estuary (Guanabara Bay, Brazil).
Estuar. Coast. Shelf Sci. 2018, 12, 118-126. [CrossRef]

Barreto, N.R.; Brotto, D.V.S.; Giordano, R.G.; Bertoncini, A.A.; Santos, L.N. The rocky reef fishes of Vermelha
Beach, a marine estuarine transitional zone at Guanabara Bay, Brazil. Latin Am. . Aquat. Res. 2017, 45, 33-40.
[CrossRef]

Crab Database, Taxon Tree of Crabs. 2016. Available online: https://www.crabdatabase.info/en/crabs
(accessed on 12 December 2019).

Food and Agriculture Organization of the United Nations. FAO FishFinder. Species Fact Sheets. 2018. Available
online: http://www.fao.org/fishery/species/2632/en (accessed on 12 December 2019).

Guimaraes, C.EM.; Marsico, E.T.; Monteiro, M.L.G.; Lemos, M.; Mano, S.B.; Conte Junior, C.A. The chemical
quality of frozen Vietnamese Pangasius hypophthalmus fillets. Food Sci. Nutr. 2016, 4, 389-408. [CrossRef]
Torres, D.P.; Martins-Teixeira, M.B.; Silva, E.F; Queiroz, HM. Method development for the control
determination of mercury in seafood by solid-sampling thermal decomposition amalgamation atomic
absorption spectrometry (TDA AAS). Food Addit. Contam. Part A 2012, 29, 625-632. [CrossRef]

Fries, A.; Coimbra, J.P.; Nemazie, D.A.; Summers, RM.; Azevedo, ]J.P.S.; Filoso, S.; Newton, M.; Gelli, G.;
Oliveira, R.C.N.; Pessoa, M.A.R,; et al. Guanabara Bay ecosystem health report card: Science, management,
and governance implications. Reg. Stud. Mar. Sci. 2019, 25, 100474. [CrossRef]

Souza,].S.; Santos, L.N.; Santos, A.F.G.N. Habitat features not water variables explain most of fish assemblages
use of sandy beaches in a Brazilian eutrophic bay. Estuar. Coast. Shelf Sci. 2018, 7, 100-109. [CrossRef]
Choppala, G.; Moon, E.; Bush, R.; Bolan, N.; Carroll, N. Dissolution and redistribution of trace elements
and nutrients during dredging of iron monosulfide enriched sediments. Chemosphere 2018, 201, 380-387.
[CrossRef] [PubMed]

Manullang, C.Y.; Hutabarat, J.; Widowati, I. Bioaccumulation of cadmium(Cd) by white shrimp
Penaeus merguiensis at diferents salinity in Kedungmalang estuary, Jepara (Central Java). Mar. Res. Indones.
2014, 39, 31-37. [CrossRef]

Sadhu, A K; Kim, ].P; Furrell, H.; Bostock, B. Methyl mercury concentrations in edible fish and shellfish from
Dunedin, and other regions around the South Island, New Zealand. Mar. Pollut. Bull. 2015, 101, 386-390.
[CrossRef]

Mallory, M.L.; O’Driscoll, N.J.; Klapstein, S.; Varela, ].L.; Ceapa, C.; Stokesbury, M.]. Methylmercury in
tissues of Atlantic sturgeon (Acipenser oxyrhynchus) from the Saint John River, New Brunswick, Canada.
Mar. Pollut. Bull. 2018, 126, 250-254. [CrossRef]

Souza-Araujo, J.; Giarrizzo, T.; Lima, M.O.; Souza, M.B. Mercury and methyl mercury in fishes from Bacaja
River (Brazilian Amazon): Evidence for bioaccumulation and biomagnification. J. Fish Biol. 2016, 89, 249-263.
[CrossRef] [PubMed]

Viera, T.C.; Rodrigyes, A.P.C.; Amaral, PM.G.; Oliveira, D.F.C.; Gongalves, R.A; Silva, C.R.; Vasques, R.O.;
Malm, O,; Silva-Filho, E.V.; Godoy, ].M.O.; et al. Evaluation of the bioaccumulation kinetics of toxic metals in
fish (A. brasiliensis) and its application on monitoring of coastal ecosystems. Mar. Pollut. Bull. 2020, 151,
110830. [CrossRef]

Dong, W.; Liu, J.; Wei, L.; Jingfeng, Y.; Chernick, M.; Hinton, D.E. Developmental toxicity from exposure
to various forms of mercury compounds in medaka fish (Oryzias latipes) embryos. Peer J. 2016, 4, e2282.
[CrossRef]

Reinhart, B.L.; Kidd, K.A.; Curry, R.A.; O’driscoll, N.J.; Pavey, S.A. Mercury bioaccumulation in aquatic biota
along a salinity gradient in the Saint John River estuary. |. Environ. Sci. 2018, 68, 41-54. [CrossRef]


http://dx.doi.org/10.1007/s00128-012-0721-9
http://www.ncbi.nlm.nih.gov/pubmed/22782356
http://dx.doi.org/10.1007/s10646-015-1570-1
http://www.ncbi.nlm.nih.gov/pubmed/26475048
http://dx.doi.org/10.1016/j.ecss.2018.02.004
http://dx.doi.org/10.3856/vol45-issue1-fulltext-4
https://www.crabdatabase.info/en/crabs
http://www.fao.org/fishery/species/2632/en
http://dx.doi.org/10.1002/fsn3.302
http://dx.doi.org/10.1080/19440049.2011.642310
http://dx.doi.org/10.1016/j.rsma.2018.100474
http://dx.doi.org/10.1016/j.ecss.2018.02.002
http://dx.doi.org/10.1016/j.chemosphere.2018.01.164
http://www.ncbi.nlm.nih.gov/pubmed/29525666
http://dx.doi.org/10.14203/mri.v39i1.84
http://dx.doi.org/10.1016/j.marpolbul.2015.10.013
http://dx.doi.org/10.1016/j.marpolbul.2017.11.024
http://dx.doi.org/10.1111/jfb.13027
http://www.ncbi.nlm.nih.gov/pubmed/27241551
http://dx.doi.org/10.1016/j.marpolbul.2019.110830
http://dx.doi.org/10.7717/peerj.2282
http://dx.doi.org/10.1016/j.jes.2018.02.024

Int. |. Environ. Res. Public Health 2020, 17, 4396 17 of 17

43.

44.

45.

46.

47.

48.

49.

50.

51.

Karar, S.; Hazra, S.; Das, S. Assessment of the heavy metal accumulation in the Blue Swimmer Crab
(Portunuspelagicus), northern Bay of Bengal: Role of salinity. Mar. Pollut. Bull. 2019, 143, 101-108.
[CrossRef]

Lee, J.A.; Marsden, I.D.; Glover, C.N. The influence of salinity on copper accumulation and its toxic effects
in estuarine animals with differing osmoregulatory strategies. Aquat. Toxicol. 2010, 99, 65-72. [CrossRef]
[PubMed]

Boyd, E.S.; Yu, R.Q.; Barkay, T.; Hamilton, T.L.; Baxter, B.K.; Naftaz, D.L.; Marvin-Dipasquale, M. Effect of
salinity on mercury methylating benthic microbesand their activities in Great Salt Lake, Utah. Sci. Total Environ.
2017, 581, 495-506. [CrossRef] [PubMed]

Russell, A.; MacFarlane, G.R.; Nowak, B.; Moltschaniwskyj, N.A.; Taylor, M.D. Lethal and Sub-Lethal Effects
of Aluminium on a Juvenile Penaeid Shrimp. Thalass. Int. ]. Mar. Sci. 2019, 35, 359-368. [CrossRef]
European Union (EU). Commission Regulation (EC) No 1881/2006; Official Journal of the European Union:
Brussels, Belgium, 19 December 2006.

ANVISA, Ministério da Satude, Agéncia Nacional de Vigilancia SanitElria. RDC n 42 de 29 de agosto de
2013. Dispoe sobre o Regulamento Técnico MERCOSUL sobre Limites Mdximos de Contaminantes Inorgdnicos em
Alimentos; Didrio Oficial [da] Republica Federativa do Brasil: Brasilia, Brazil, 29 August 2013.
Raknuzzaman, M.; Ahmed, M.K; Islam, M.S.; Habibullahalmamun; Tokumura, M.; Sekine, M.; Masunaga, S.
Trace metal contamination in commercial fish and crustaceans collected from coastal area of Bangladesh and
health risk assessment. Environ. Sci. Pollut. Res. 2016, 23, 17298-17310. [CrossRef]

JECFA/WHO. Evaluation of Certain Contaminants in Food: Seventy-Second Report of the Joint FAO/WHO
Expert Committee on Food Additives. 2011. Available online: https://apps.who.int/food-additives-
contaminants-jecfa-database/chemical.aspx?chemID=1806 (accessed on 12 December 2019).

National Research Council. Toxicology Effects of Methylmercury; National Academy Press: Washington, DC,
USA, 2000.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.marpolbul.2019.04.033
http://dx.doi.org/10.1016/j.aquatox.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20434226
http://dx.doi.org/10.1016/j.scitotenv.2016.12.157
http://www.ncbi.nlm.nih.gov/pubmed/28057343
http://dx.doi.org/10.1007/s41208-019-00152-4
http://dx.doi.org/10.1007/s11356-016-6918-4
https://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?chemID=1806
https://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?chemID=1806
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Swimming Crab and Water Samplings 
	Biometric Swimming Crab Processing 
	Mercury Analysis 
	Sample Analysis 
	Calibration Curve 
	Optimization of Analytical Conditions 
	Human Consumption Risks 

	Statistical Analyses 

	Results 
	Abiotic Variables 
	Swimming Crab THg Concentrations and Correlations to Abiotic Factors 

	Discussion 
	Abiotic Variables 
	Factors Affecting Hg Concentrations 
	Risk to Consumption 

	Conclusions 
	References

