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Abstract - The present work aims to analyze biomarkers and health status of the crab Ucides cordatus
to verify the stress levels of an estuarine mangrove region in the Brazilian Amazon. For this, males U.
cordatus were captured in two areas (P1 = industrial harbor region and P2 = region close to a fishing
pier) for further analysis of biometry, biomarkers and organ damage index (gills and hepatopancreas).
In addition, water samples were collected for the investigation of trace metals. The results showed
higher values of trace metals and histological lesions in P1, but it was observed that the organ damage
was similar between the areas. Lesions classified as irreversible were found in large numbers in P1,
compromising the functioning of the organ and the health of organisms residing in this region.
Therefore, crabs are under impacts showing biological responses and probably bioaccumulating

harmful substances, compromising the health of the species.
Keywords: Biomonitoring. Decapoda. Harbor region. Histopathology. Impacts. Trace metals.

Biomarcadores e estado de saude do caranguejo Ucides cordatus para avaliar o
impacto de contaminantes em uma regiao de mangue estuarino na Amazonia
brasileira

Resumo - O presente trabalho tem como objetivo analisar biomarcadores e estado de satde do
caranguejo Ucides cordatus para verificar os niveis de estresse de uma regido de mangue estuarino na
Amazoénia brasileira. Para isso, machos de U. cordatus foram capturados em duas areas (P1 = regido

portudria industrial e P2 = regiao préxima a um porto de pesca) para posterior analise de biometria,
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biomarcadores e indice de dano aos 6rgaos (branquias e hepatopancreas). Além disso, amostras de
agua foram coletadas para a investigagdo de metais-traco. Os resultados mostraram maiores valores
de metais traco e lesdes histoldgicas em P1, mas observou-se que o dano ao 6rgao foi semelhante
entre as areas. As lesdes classificadas como irreversiveis foram encontradas em grande numero em
P1, comprometendo o funcionamento do 6rgao e a satide dos organismos residentes nessa regiao.
Portanto, os caranguejos estao sob impactos apresentando respostas bioldgicas e provavelmente

bioacumulando substéncias nocivas, comprometendo a satde da espécie.

Palavras-chave: Biomonitoramento. Decapodo. Histopatologia. Impactos. Metais-trago. Regiao

Portuaria.

Biomarcadores y estado de salud del cangrejo Ucides cordatus para evaluar el impacto de
los contaminantes en una region de manglares estuarinos en la Amazonia brasileiia

Resumen - El presente trabajo tiene como objetivo analizar los biomarcadores y el estado de salud
del cangrejo Ucides cordatus para verificar los niveles de estrés de una regién de manglares estuarinos
en la Amazonia brasilefia. Para ello, se capturaron machos de U. cordatus en dos zonas (P1 = regién
portuaria industrial y P2 = regién cercana a un muelle pesquero) para su posterior andlisis de
biometria, biomarcadores e indice de dafio de érganos. Ademas, se recolectaron muestras de agua
para la investigacion de trazas de metales. Los resultados mostraron valores mas altos de metales
traza y lesiones histologicas en P1, pero se observé que el dafio organico fue similar entre las areas.
Lesiones clasificadas como irreversibles se encontraron en gran nimero en P1, comprometiendo el
funcionamiento del érgano y la salud de los organismos que residen en esta region. Por lo tanto, los
cangrejos estan bajo impactos mostrando respuestas bioldgicas y probablemente bioacumulando

sustancias nocivas, comprometiendo la salud de la especie.
Palabras clave: Biomonitoreo. Decapodo. Histopatologia. Impactos. Rastrea metales. Region portuaria.

Introduction

Mangroves are high-productivity ecosystems located between terrestrial and aquatic saline
environments (Liu et al. 2018). They have great socioeconomic importance, directly linked to the
human subsistence, besides a fundamental ecological role, since these ecosystems participate in the
protection of coastal zones and provide shelter and resources for migratory and resident species, in
addition to being carbon sinks (Walker et al. 2022).

Despite being an essential environment for many living beings, the global area of mangrove
forests has been significantly reduced, mainly by deforestation, with an estimated loss of one third of
the original area during the 20th century, and about 1,540.22 km2 area lost between 2000 and 2017
(Polidoro et al. 2014; Jakovac et al. 2020).

In the mangroves of the Brazilian Amazon, the main sources of deforestation and contamination
are aquaculture, domestic effluents and activities in the industrial and port sectors (Ferreira and Lacerda
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2016; Monteiro et al. 2016; Bernardino et al. 2021; Pinheiro-Sousa et al. 2021). On the northern coastal
of Brazil there is an important port complex, which includes the Ponta da Madeira terminal, the Port
of Itaqui and the Alumar terminal. In 2021, this complex handled approximately 228 million tons of
various products, such as iron ore, oil derivatives, fertilizers and soy (ANTAQ 2021; Gonzalez-Gorbefia
et al. 2015), positively impacting the economy.

On the other hand, the growth of enterprises in this region has increased the occurrence of
coastal water pollution, mangrove degradation and environmental accidents (Amaral and Alfredin
2010; EMAP 2022). And, as mangroves have a great capacity to retain contaminants in the sediment,
resulting from anthropogenic activities drained into tidal and river waters (Gopalakrishnan et al. 2020),
there is a risk for the entire food chain. In this same region, heavy metals available in the sediment
have already been found, especially Al, Fe, Mg, Zn, Cu and Pb (Pinheiro-Sousa et al. 2021), and thus
available to the biota such harmful elements.

Investigating the situation of the species that inhabit the mangrove through monitoring is
important to diagnose the quality of the environment and the health of organisms. Monitoring
becomes more effective when using native organisms, as they allow a realistic scenario of impacts
to the environment. In particular, the crab species Ucides cordatus (Crustacea, Decapoda; Linnaeus,
1763) (Common name: caranguejo-ugd) is widely distributed in the mangrove ecosystem and has
ecological importance, as it participates in the biogeochemical cycle, in the bioturbation of mangrove
soil, etc. (Nordhaus et al. 2006; Piilmanns et al. 2014) and economic, since the traditional community
survives by collecting and selling this animal. In addition to these characteristics, it is considered a key
species in monitoring studies and considered an excellent biomonitor species (dos Santos et al. 2019).

An easy method to assess environmental stress in organisms is through biomarkers, which
provide us with fast and effective responses at different levels of biological organization. In addition,
they subsidize information about the risk to the health of organisms and the prevention of impacts.
Histopathological biomarkers, for example, demonstrate the damage caused to biological tissues by
exposure to contaminants (such as heavy metals) which, depending on the substance and the time
of exposure, cause irreversible damage. Thus, in this study we aimed to investigate the health status
of the crab Ucides cordatus from harbor regions through analysis of biomarkers and environmental
analyses, to verify the stress levels in the estuarine environment of the Brazilian Amazon.

Material and Methods
Study area

The study area comprises Sao Marcos Bay (Maranhao, Brazil) — an estuarine region belonging
to the Brazilian Amazon, which houses part of the largest continuous band of mangroves under
legal protection in the world (ICMBio 2018). It is considered an important fishing site, where fishing
resources are still captured for the subsistence of riverside families (Ribeiro and Castro 2017) and
notably recognized for housing the Sao Luis Industrial and Port Complex, which was once considered
one of the largest in cargo handling in Latin America (Amaral and Alfredin, 2010).

The region is characterized by having little thermal variability during the year - from 30.3 to
32.5°C for maximum temperatures and 23.4 to 25°C for minimum temperatures (INMET 2021) and
therefore, the four seasons do not are well-defined, only two are observed: the rainy season, from
January to June and the dry season, from July to December (INMET 2021; Pinheiro 2015).
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Sampling locations

Two sites were selected along Sao Marcos Bay to collect biological and environmental samples: P1
and P2 (Figure 1). Site P1 (2°39°3.70”S; 44°21°20.40”W) is located between two ports in the industrial
region of the capital, where there is an intense flow of small and large vessels, as a result of port and
fishing activities; site P2 (2°24’55.85”S; 44° 4’56.55”W) is close to an important fishing and tourism
port in the region (approximately 1.5 km), subject to human interference (effluents, solid waste and
oil from boat engine, etc.), considered in this study as a site of moderate impact.

Figure 1. Sampling sites along Sdo Marcos Bay, northeast Brazil.

Sampling
Biological samples

In quarterly campaigns, 151 adult male specimens were captured from inside the burrows (SISBIO
registration n°76372-1), randomly in the mangroves of the collection sites, during the rainy and dry
seasons of 2021. The seasonal periods in the region are defined according to the series of historical
meteorological data provided by the National Institute of Meteorology - INMET.

Environmental samples

During the ebb tide, samples of estuarine water were collected at 5-10 cm depth in sterilized bottles
for analysis of important trace metals Aluminum, Cadmium, Lead, Copper, Chromium, Manganese,
Mercury, Nickel and Zinc, analyzed according to the Standard Methods for the Examination of Water
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and Wastewaters and the US EPA. The water samples were filtered, preserved in nitric acid and analyzed
by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES Optima 8300, Perkin Elmer).
At the time of water collection, the following physical-chemical parameters of the water along the
estuary were measured: dissolved oxygen (mg/L), temperature (°C), salinity (ppm) and pH, using an
AKSO multiparameter meter (model AK88).
The collection and recording of all environmental samples always took place in the morning,
during the ebb tide.

Analysis
Species biometric parameters

Biometric data for each crab (n = 151) were recorded, taking the following variables: wet weight
(WW) in grams, measured on a precision scale; cephalothorax width (CW) and cephalothorax length
(CL) in centimeters, measured with the aid of a digital caliper. In this research, only male crabs in
intermolt state were analyzed (de Oliveira et al. 2019).

Histology

Forty gills and forty hepatopancreas samples (n = 80) of U. cordatus were deposited in AFA fixative
solution (Alcohol Formalin Acetic acid) for 48h and subsequently dehydrated in a graded series of
ethanol, diaphanized in xylene and embedded in paraffin to form blocks; finally cut transversely to
5um thickness and staining with Hematoxylin and Eosin (HE) (Luna 1968). Two slides of each organ
were analyzed per crab.

A count of the total lesions in each organ was performed and later classified according to the
reaction pattern: circulatory, inflammatory, neoplastic, progressive and regressive (Bernet et al. 1999).
An organ damage index (Iorg.) adapted for crabs was also calculated (Jerome et al. 2017). The index
used can be calculated using the formula:

org Tt
“@” characterizes the intensity of the alteration (0 = absent, 1-2 = minimal occurrence, 3-4 =
moderate occurrence; 5-6 = severe occurrence); “w” is the importance factor, where the values tabulated
by Bernet et al. (1999) for each change it ranges from 1 to 3 (1 = reversible changes; 2 = moderate

changes, reversible if the stressor is neutralized and 3 = irreversible changes).

Statistical analysis

For each analysis, the results were tabulated and tested for data normality, using the Kolmogorov-
Smirnov test, accepting p>0.05 for normal data. The T test (p<0.05) was used in two stages: to compare
the abiotic water variables in relation to the seasons of the year, in each area; and to compare the
concentration of trace metals in water between areas. The Mann-Whitney test was used in the other
analyses (biometric data and organ damage indexes). The comparative chart of the abiotic variables was
constructed based on the mean and standard deviation. The median, 1st and 3rd quartiles, minimum
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and maximum values were used to build the table of biometric data of the species. The Statistica®
Desktop program (StatSoft, version 10.0) was used in all analyses.

Results and Discussion
Environmental analyzes
Abiotic variables

Abiotic variables of water showed expected conditions for this estuarine region, mainly in terms
of temperature, showing that there is little variation between locations; however, salinity showed a
statistical difference between the sites (p < 0.05), highlighting the P2 area, the site closest to the Atlantic
Ocean (Figure 2). These values presented are similar to research carried out in these regions (Sousa
et al. 2013; Ribeiro et al. 2020) and are in accordance with acceptable local limits (CONAMA 2005).

Figure 2. Result of the T test for the abiotic water data collected during the rainy and dry seasons at the
sampling sites, expressed as mean and standard deviation. Different letters indicate statistically significant
difference.

The parameters already mentioned, when outside the appropriate limits, can be harmful to the
biota: pH can contribute to the precipitation and potentiation of the effects of trace metals; dissolved
oxygen in low concentrations causes damage to aquatic organisms, such as hypoxia; high temperatures
directly interfere with the availability of oxygen in the water, mainly due to the increase in energy
expenditure; the change in salinity, in addition to increasing metabolic rates, negatively interferes
with the immune system of aquatic animals (Wang et al. 2018; Adeleke et al. 2021; Garcia-Rueda et
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al. 2021; Wang et al. 2022). However, as the values are within acceptable limits, the environment can
be considered appropriate for estuarine life, in relation to these parameters.

Trace metal analysis

The result of the analysis showed the presence of trace metals in the water at all collection sites,
with the highest values occurring in area P1, the industrial region (Table 1).

Table 1. Results of trace metal analysis in water at collection sites in Sdo Marcos Bay, Brazil.

Water (mg L") P1 P2 Reference Values® LQ
Aluminum 0.25 +0.01 <0.1 1.5mgL* Al 0.1
Cadmium <0.001 <0.001 0.04 mg L' Cd 0.001
Chrome 0.04 £0.02 0.03 £0.01 1.ImgL"'Cr 0.01
Copper * 0.2+0.01 0.09 £ 0.01 7.8 ug L' Cu 0.001
Lead <0.01 <0.01 0.21 mg L' Pb 0.01
Manganese * 42+0.16° 1.6 +0.12° 0.1 mg L' Mn 0.1
Mercury < 0.0002 < 0.0002 1.8 uyg L' Hg 0.0002
Nickel <0.005 <0.005 74 ug L' Ni 0.005
Zinc* 0.16 £ 0.01° 0.03 £0.01 0.12mgL" Zn 0.01

a Threshold of reference values by Brazilian legislation (CONAMA 2005). b Indicates values above the limits defined
by current federal legislation (CONAMA 2005). * Indicates significant statistical difference (p < 0.05). LQ: Limit of
quantification.

Metals such as copper, manganese, nickel and zinc are considered essential for plant and animal
species, provided they are in low concentrations (Rocha et al. 1985; Summer et al. 2019; Yang et al.
2021). However, the concentration of zinc and manganese in the water is above the established value
by current Brazilian legislation (limit: 0.12 mg.L-' Zn and 0.1 mg.L-' Mn), which can cause serious
impacts on the aquatic biota and on humans (Belitz et al. 2009). Studies indicate that zinc toxicity
can cause diseases such as anemia (linked to copper deficiency) and damage to the respiratory and
gastrointestinal tracts (Hussain et al. 2022). Manganese is linked to good development and health in
animals, but chronic exposure causes disturbances in energy metabolism, neurofunctional changes:
impairment of neuromotor and cognitive functions, among others (Bevan et al. 2017; Mattison et
al. 2017; Vasquez-Procopio et al. 2020). The other metals investigated in this research are within
acceptable local limits (CONAMA 2005).

Biometric data

Crab measurements differed statistically between areas during the rainy season, showing P1 crabs
with higher measurements and weights (p<0.05). However, the data for the dry season did not show a
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significant difference in any biometric variable (Table 2). Despite showing higher values in P1, these
data are lower than those recorded for reference regions in de Oliveira et al. (2019), but consistent
with the records for the harbor region of Sao Marcos Bay (de Oliveira et al. 2019; de Jesus et al. 2021),
showing that organisms are historically smaller in this area.

Table 2. Medians of the biometric variables of Ucides cordatus sampled at the sites P1 and P2 during the
rainy and dry season of 2021.

Rainy season Dry Season
P1 p2 P1 P2

WW(g) 135.3* 118.0 131.0 132

Q,-Q, 118.7 - 156.7 91.7 - 140.5 110.0 - 153.0 116.0 - 149.0
CW (cm) 6.8 6.0 6.6 6.7

Q,-Q, 6.0-7.0 5.0-7.0 6.4-7.1 6.1-7.0
CL (cm) 4.7* 4.06 4.8 4.9

Q,-Q, 4.0-5.0 4.03 - 4.09 46-5.0 46-5.2

WW: total weight; CW: cephalothorax width; CL: cephalothorax length, QI: first quartile; Q3: third quartile. n = 151. *
Indicates significant statistical difference (p < 0.05).

At site P1, an area under the influence of the port complex, the highest values for trace metals
were recorded in the water above and within the permitted limits, so the animals are exposed to these
and other substances in a complex mixture in the environment, bioaccumulating in their tissues
and causing adverse effects. Thus, organisms increase their metabolic rates to defend the body from
possible damage, and consequently the growth rate changes, becoming slower (Kavun and Podgurskaya
2009; Jinhui et al. 2019). In part, this may explain the reduced size and weight of the crabs in P1, as
the organisms are living in the presence of harmful substances, impairing their growth rate. For site
P2, far from the industrial and port sector, the biometric variables may be associated with anthropic
impacts, with emphasis on predatory fishing of this resource, since it is a region where one of the main
sources of income for communities is fishing. There are records of increased fishing effort, as well
as biometric variables in smaller numbers in crabs from the northern coast of Brazil, showing that
overfishing in the region has been occurring over the years (Legat and Legat 2009), with consequences
for the species. It is worth mentioning that the growth of U. cordatus is slow and they are continuously
harvested before their complete maturation period, impairing their reproductive cycle (de Lima et
al. 2018). Thus, the species does not have enough time to recover the population number, especially
in P2, which is a fishing region.

Histological biomarkers

The histological examination of the gills showed lesions in all crabs captured (Figure 3), but in
greater proportion in P1. The most recurrent alterations are included in the regressive reaction pattern
(processes that result in the reduction or functional loss of an organ) and are classified as irreversible
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(disturbances in the pilaster cells, collapsed lamellae and necrosis); the other alterations were classified
as easily reversible, with the end of the exposure (deformation of the marginal canal and detachment
of the cuticle). The reaction pattern was presented in the order: regressive > progressive for P1 and
P2. The presence of parasites was also recorded in the two collection sites. In the hepatopancreas, the
lesions are classified in the pattern of inflammatory reaction (processes belonging to several reaction
patterns, being difficult to attribute to a single reaction pattern) with moderate injury (hemocyte
infiltration) and regressive with reversible (abnormal lumen, damaged myoepithelial layer and
epithelium delamination) and irreversible (necrosis and B vacuolated). Two patterns of reactions
were found in this tissue, in the order regressive > inflammatory, for both areas (P1 and P2). As with
the gills, the highest proportion of lesions in the hepatopancreas was found for the crabs from the
P1 site (Figure 4).

Figure 3. Histological alterations found in the gills and hepatopancreas of Ucides cordatus, collected in
Sao Marcos Bay, BR. 3-A and 3-B: P2; 3-C and 3D: P1.AL: abnormal lumen; CL: collapsed lamellae; DMC:
deformation of the marginal channel; DML: damaged myoepithelial layer; NE: necrosis; VBC: vacuolated B
cells. HE. 5X.
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Figure 4. Frequency of lesions in Ucides cordatus collected during the 2021 seasonal periods at two
collection sites.
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The organ index showed no statistically significant differences for the gills. For the hepatopancreas
only the rainy season showed statistical difference between areas (p<0.05) (Figure 5). Itis estimated that
this difference in I, during the rainy season is because a greater volume of xenobiotics is leached into
the estuary in this season. The index reflects how severely the organ is affected by the histopathologies.
In this way, the values for the sites represent a high degree of organ damage, such as disturbance in the
pilaster cells and necrosis, irreversible damage. As a consequence, we have a high probability of total
loss in the functioning of the organ, compromising the health of the organism or even leading to death.

The gills are key organs for osmoregulation, respiration and ion exchange, and because it has
a high permeability, it tends to incorporate harmful substances into its tissues (Rainbow 2018).
The hepatopancreas (midgut gland) performs absorption, secretion and detoxification functions in
crustaceans, minimizing the effects of contaminants (Corréa et al. 2002; Kang et al. 2012). As in this
study trace metals were found in the water, crabs can easily absorb these components passively, being
potential bioaccumulators.

Certain metals are indisputably harmful to organisms and their effects are visible at different
biological levels, which have already been discussed in many studies (Chiodi Boudet et al. 2015;
Frias-Espericueta et al. 2022). In general, the damage depends on the concentration, exposure time
and its properties. Frequent exposure to zinc, for example, causes histological and molecular damage
(Gestin et al. 2022), which may explain a higher number of lesions in the regressive reaction pattern
in both organs. Manganese, which was found in high concentrations in water, is described as harmful
to the immune system of crustaceans, and these organisms are highly sensitive to this metal (Dey et
al. 2023). In the environment it is difficult to specify which contaminant causes major disturbances in
organisms, however some studies that have documented the presence of one or more metals bring some
type of tissue impairment. Examples include lamellar fusion and disorganization, abnormal tubules
and lumen, necrosis and impairment of the epithelial layer (Chiodi Boudet et al. 2015; Maisano et al.
2017; Rezaei Tavabe et al. 2019). Therefore, we can link the highest histological values to environmental
contamination, as well as other anthropic stressors for the organism.
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Figure 5. Index values for the gills (Ig) and hepatopancreas (Ih) of Ucides cordatus in P1 and P2. Different
letters indicate statistically significant difference.

Monitoring studies of estuaries impacted by human activities, employing aquatic invertebrates,
found significant responses using histological biomarkers (Maisano et al. 2017; Carvalho Neta et al.
2019; Joshy et al. 2022). Thus, the high values of biomarkers found in crabs from impacted sites in
Sao Marcos Bay confirm that it is an excellent methodology for assessing contamination in estuarine
environments.

Conclusion

Changes in biometry and histological damage seen in the gills and hepatopancreas of U. cordatus
show that these organisms are under anthropic impacts, regardless of the seasonal period. As metals
are available in the environment, it is concluded that biological damage may be linked to the harmful
effects of these substances, which are in a complex mixture and can trigger antagonistic, additive or
synergistic effects.

The native species U. cordatus was able to confirm that the sites are impacted and with high levels
of stress for the organism, especially the P1 site. Thus, this methodology added to environmental
analyzes is efficient to evidence the environmental degradation of estuarine environments.
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