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RESUMO

As concentragdes de metais para as diferentes espécies da biota e para o homem podem tornar-se
altamente toxicas com os processos de bioacumulacdao e biomagnificacdo. O biomonitoramento ¢é
utilizado para avaliacdo da qualidade ambiental, através do uso de organismos vivos. Diversas
espécies de bivalves sdo utilizadas em programas de biomonitoramento, sendo que no Brasil, ostras
do género Crassostrea e mexilhdes como Perna perna e Mytilus edulis sdo empregados com maior
frequéncia. Bivalves sdo organismos filtradores e possuem a capacidade de acumular em seus tecidos
substancias e microrganismos presentes na dgua. Desta forma, foi biomonitorada a polui¢ao de metais
pesados dentro do estuario do Potengi (costa nordeste do Brasil) através do tecido mole de
Crassostrea rhizophorae. Os metais Cd, Cr, Cu, Ni, Pb e Zn apresentaram concentragdes distintas
entre o sitio posicionado na entrada do estudrio e o sitio localizado Skm a montante da foz. Também,
os resultados foram indicativos de impacto ambiental negativo de origem antropogénica (capitulo 1).
A partir destes resultados, ostras nativas foram transplantadas entre os dois sitios para a observagao
temporal da concentracdo destes metais nestes bivalves. Na entrada do estuario as condigdes fisico-
quimicas e hidrodindmica exerceram maior influéncia na distribui¢do dos metais e indice de condicao
das ostras. Mais a montante, proximo do terminal portuario, o percentual de finos, a chuva, o esgoto
(pH e salinidade) e a matéria organica, foram determinantes na bioconcentracdo de metais. Os
resultados do estudo temporal mostraram a eficacia do biomonitor na determina¢ao da origem da
fonte poluidora e na influéncia sazonal sobre a biocinética destes metais (capitulo 2). Paralelamente
ao estudo do Potengi, foi implementado um experimento com metodologia similar. Os bivalves foram
transplantados de uma regido oceanica, Arraial do Cabo (AC/RJ) para um ambiente estuarino
comprometido por altas concentracdes de metais pesados, a Baia de Guanabara (BG/RJ). Foi
integrado a este biomonitoramento, um estudo das razdes isotopicas (6'°C e §'°N). Os resultados
demonstraram que ambos o0s sitios possuiam concentragdes altas para determinados metais (i.e., Cd,
Cr, Cu, Fe, Mn, Ni, Pb e Zn) porém, ndo foi encontrada correlacdo substancial entre metais e a
assinatura isotopica dos bivalves. Por outro lado, a razdo e fracionamento isotopico nas ostras,
elucidou aspectos importantes para o biomonitoramento. A fonte predominante de carbono na
alimenta¢do dos bivalves de AC teve origem na matéria organica presente no sedimento do local,
possivelmente como um efeito bottom up de reciclagem da MOP por bactérias apos o periodo de alta
produtividade da zona euf6tica (ressurgéncia). Na BG os resultados foram distintos, onde os valores
encontrados foram mais compativeis com MO continental e processos de tratamentos de efluentes de
esgoto (capitulo 3). A influéncia dos fatores ambientais teve relevancia sobre a bioacumulaciao dos
metais em bivalves em todos os experimentos acima descritos. Dentre eles, destaca-se o pH, pois
interfere diretamente na biodisponibilizagdo dos metais para o ecossistema. Assim, foi proposto um
modelo didatico de atividade pratica para a compreensdo da dindmica do sistema carbonato através
da introducdo de CO; em amostras de 4gua marinha, suscitando também a reflexao sobre a capacidade
de suporte deste compartimento diante do aumento das emissdes atmosféricas de CO,. A alta
complexidade dos processos ambientais em suas interfaces ecologicas, econdomicas e sociais tornam
ainda mais urgente o desafio de considerar o papel das multiplas areas de conhecimento nas praticas
de ensino sobre mudangas globais (capitulo 4).

Palavras chave: poluicio, biogeoquimica; isdtopos estaveis; acidificacio marinha; bioacumulacio.
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ABSTRACT

Metal concentrations for different species of biota and for man can become highly toxic with
bioaccumulation and biomagnification processes. Biomonitoring is used to assess environmental
quality through the use of living organisms. When it comes to the aquatic environment, bivalve
mollusks are the most used for this purpose. Mollusks are filter organisms and have the ability to
accumulate substances and microorganisms present in water in their tissues. Several species of
bivalves are used in biomonitoring programs, and in Brazil, oysters of the genus Crassostrea and
mussels such as Perna perna and Mytilus edulis are used more frequently. Thus, it was biomonitored,
in the soft tissue of Crassostrea rhizophorae, the pollution of heavy metals within the Potengi estuary
(northeast coast of Brazil). The metals Cd, Cr, Cu, Ni, Pb and Zn presented distinct concentrations
between the site positioned at the entrance of the estuary and the site Skm upstream of the mouth, as
well as were indicative of negative environmental impact of anthropogenic origin (chapter 1). From
these results, native mollusks were transplanted between these two sites to observe the behavior of
these metals in oysters over the course of six months. At the entrance of the estuary, physicochemical
and hydrodynamic conditions exerted greater influence on the distribution of metals and oyster
condition index. More upstream, near the port terminal, the percentage of fines, rain, sewage (pH and
salinity) and organic matter were determinant in the bioconcentration of metals. The results of this
temporal study showed the efficacy of the biomonitor in determining the origin of the polluting source
and seasonal influence on the biokinetics of these metals (chapter 2). Parallel to the Potengi study, a
similar methodology experiment was implemented in which bivalves were transplanted from an
oceanic region, Arraial do Cabo (AC/RJ) to an estuarine environment compromised by high
concentrations of heavy metals, Guanabara Bay (GB/RJ). Also, the isotopic ratios d13C and 315N
were integrated into this biomonitoring. The results showed that both sites had high concentrations
for certain metals (i.e., Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) however, no substantial correlation was
found between metals and the isotopic signature of the bivalves. On the other hand, the mixture model
and isotopic fractionation in oysters, clarified important aspects for biomonitoring. The predominant
source of carbon in the feeding of AC bivalves originated in organic matter present in the site
sediment, possibly as a bottom up effect of recycled MOP by bacteria after the period of high
productivity of the euphotic zone (upwelling). The mixture model in GB obtained different results,
where the values found were compatible with a community of organisms formed inside the cages of
the experiment and secondarily, with the signature of a highly polluted river that flows in the vicinity
of this site (chapter 3). The influence of environmental factors had relevance on the bioaccumulation
of metals in bivalves in all the experiments described above. Among them, the pH stands out, since
it directly interferes with the bioavailability of metals to the ecosystem. In this sense, a didactic model
of practical activity was proposed to understand the dynamics of the carbonate system through the
introduction of CO2 in marine water samples, also raising a reflection on the support capacity of this
compartment in view of the increasing atmospheric emissions of CO2. The high complexity of
environmental processes in their ecological, economic and social interfaces makes it even more
urgent to consider the role of multiple areas of knowledge in teaching practices on global change
(chapter 4).

Keywords: pollution, biogeochemistry; stable isotopes; marine acidification; bioaccumulation.
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INTRODUCAO GERAL

Abordagens metodoldgicas que determinem com rapidez o impacto de substancias poluentes
sobre a biota marinha e seu risco potencial a saide humana sdo extremamente necessarias no contexto
geral de protecdo dos ecossistemas marinhos e das atividades socioecondmicas. Para acdo correta de
medidas ambientais corretivas, a metodologia utilizada no diagndstico ambiental precisa ser
confiavel, reproduzivel e de facil implementacdo (Pereira et al. 2002; Rainbow 2006).

Biomonitores tém sido utilizados com sucesso na determinagdo de variacdes geograficas e
temporais da biodisponibilidade de metais pesados em sistemas marinhos, com a vantagem de
oferecer informagoes integradas, sobre as cargas totais de poluentes de relevancia ecotoxicoldgica.

As principais vantagens dos biomonitores em relagdo ao uso de sedimentos para estudos de
monitoramento, recaem sobre a simplicidade das analises e a clareza das informagdes. A andlise da
composi¢ao do tecido mole dos bivalves pode ser utilizada como ferramenta de medicao direta da
fracdo biodisponivel de um poluente no ecossistema nao levando em conta os poluentes inertes e ou
adsorvidos no sedimento(Dennis A. Apeti, W. Edward Johnson and Lauenstein 2012). Para tal, ¢
necessario que a variabilidade das concentra¢des de metais acumulados nos tecidos seja estimada em
cada local de monitoramento (Kimbrough et al. 2008a).

As ostras Crassostrea rhizophorae respondem tanto as fases dissolvida como a particulada
de metais. Desta forma, para se obter um quadro completo da biodisponibilidade dos metais pesados
no sistema marinho ¢ aconselhavel a utiliza¢ao de diferentes biomonitores. Entretanto, ndo ¢ valido
comparar concentragdes de metais acumuladas em biomonitores interespecificamente (Silva et al.
2006).

O mexilhdo Perna perna é amplamente distribuido nas regides tropicais e subtropicais sendo
comumente utilizado como sentinela ambiental em monitoramentos de aguas costeiras, gragas aos
padrdes de captagdo e bioacumulagdo das principais classes de poluentes (Beyer et al. 2017).

Ostras e mexilhdes possuem uma capacidade semelhante de bioacumular contaminantes
organicos, mas para os metais, ha diferengas claras nas habilidades de bioacumula¢do. Enquanto as
ostras possuem maior afinidade com zinco, cobre e prata os mexilhdes sdo capazes de acumular
chumbo e cromo em maiores quantidades (Kimbrough et al. 2008b).

O indice de condigdo (CI) € um indice ecofisioldgico, ¢ usado para estimar o estado geral de
satide dos moluscos bivalves. Apesar de algumas variagdes, o indice € calculado com a férmula em
Galtsoff (1964), ou seja, a propor¢ao do peso da carne seca para o volume da cavidade interna da
casca. O CI pode ser afetado por multiplos fatores abioticos e atividades fisiologicas (Mercado-silva
2005; Rebelo et al. 2005).

Atualmente diversos protocolos sdo empregados em estudos de qualidade ambiental,

variando de acordo com os objetivos a serem atingidos. Existe um esfor¢o no sentido de padronizar



a metodologia de biomonitoramento (Bricker et al. 2014; Farrington et al. 2016; Kulkarni et al. 2018;
Chan and Wang 2018). Entretanto, nossa proposta foi agregar ao protocolo padrao (estudo geografico
de moluscos bivalves nativos), outros parametros ao biomonitoramento, como o estudo temporal de
organismos transplantados, a assinatura isotopica do ambiente e dos biomonitores e os aspectos
atmosféricos e fisico-quimicos. O emprego de multiplas abordagens objetiva esclarecer o papel das
variagdes ambientais na dindmica dos moluscos bivalves submetidos ao estresse por metais.

Os oceanos sdao um dos principais coletores de CO> antropogénico acarretando implicagdes
fisiologicas que, somadas aos contaminantes, determinarao as respostas de organismos bentdnicos ao
aumento da pCO» (Kump 2002). Devido a importancia e atualidade desta tematica em suas interfaces
ecoldgicas, econdmicas e sociais, torna-se urgente considerar o papel das multiplas areas de
conhecimento nas praticas de ensino das mudancgas globais, propondo um protocolo de facil acesso a

ser utilizado no ensino publico.
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OBJETIVO GERAL

Estudar os efeitos das condi¢des ambientais na cinética de metais em moluscos bivalves.

OBJETIVOS ESPECIFICOS

1. Biomonitorar as concentragdes de metais pesados através de ostras Crassostrea rhizophorae,
comparando a dispersdo espacial dos poluentes dentro de um estuario antropogenicamente

impactado (capitulo 1).

2. Avaliar as alteragdes na bioconcentragcdo de metais pesados em tecido mole de ostras
Crassostrea rhizophorae transplantadas entre sitios, elucidando o comportamento do acumulo

e depuracdo de poluentes dentro de um ambiente estuarino (capitulo 2).

3. Realizar biomonitoramento utilizando as multiplas técnicas abordadas nos objetivos
anteriores e investigar o fluxo da matéria organica dentro de dois ambientes marinhos distintos

através das assinaturas isotopicas de C e N (capitulo 3).

4. Desenvolver uma pratica didatica sobre o funcionamento do sistema carbonato no contexto

da acidificag¢do dos oceanos e das mudangas globais (capitulo 4).



Capitulo 1 Spatial Variability of Heavy Metals in Native Oysters From an Anthropogenically
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This brief research compares the bioconcentration of heavy metals (Cd, Cr, Cu, Pb, Ni,
and Zn) in the soft tissues of native oysters Crassostrea rhizophorae (Guilding, 1828)
from two areas in the Potengi estuary, northeastern coast of Brazil. The purpose was to
test the hypotheses of relevant differences in bioaccumulation while the environmental
conditions change upstream. The downstream station showed higher concentrations
for cadmium and nickel, and the upstream one revealed increased values for body
weight, condition index, chromium, lead, and zinc (o < 0.05). The copper variation
between sites was negligible, but as for zinc and chromium, the metal content observed
was above guidance levels. Results revealed two aspects that were mainly influencing
the bioavailability and bioaccumulation of metals in oysters. First, the predominance
of marine or riverine characteristics of each site, and second, the relative proximity to
the point of introduction of the pollutant even though stations were not quite far apart.
C. rhizophorae accumulated heavy metals in significant concentrations, endorsing its
efficiency as a biomonitor.

Keywords: estuarine ecosystem, metal pollution, bioavailability, bioaccumulation, benthic organisms

INTRODUCTION

Heavy metals have been considered potentially toxic elements by a considerable part of the
literature (Mendoza-Carranza et al., 2016; Griboff et al., 2018; Kulkarni et al., 2018). They
are natural constituents of the earth’s crust, occurring in several compartments, such as the
atmosphere, water bodies, sediments, and the biosphere (Garrett, 2000). Throughout modern
history, industrialization and urbanization have generated a considerable risk of contamination
of estuaries and coastal ecosystems (Farrington et al., 2016) as a result of the disposal of
industrial production.

Mangrove ecosystems are transitional areas between marine and continental environments
located in the intertidal zone (Odum, 2004) and, therefore, characterized by significant fluctuations
of salinity, temperature, and conditions of oxidation (Lewis et al, 2011). The vegetation,
with its euryhaline characteristic, plays great importance in the maintenance of other species
offering shelter, refuge, and food sources for both marine organisms and riverine communities
(Usman et al., 2013).
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Organic matter levels are naturally higher in these
environments compared to other marine ecosystems due to
their high carbon productivity (Lacerda et al., 1988), generating
a conducive environment for the accumulation of industrial
pollutants, such as heavy metals and polycyclic aromatic
hydrocarbons (PAH). Usually, the low hydrodynamic level
allows a high concentration of fine grain-size sediments, which
favors the retention of organic matter and co-precipitated
elements (Hedges and Keil, 1999), among them the heavy metals
(e.g., Sabadini-Santos et al., 2014). These pollutants are one of the
leading causes of negative impacts on the environment, causing
significant damage to the quality of ecosystems (Defew et al,
2005; Tolhurst et al., 2006).

During the last decades, different strategies of biomonitoring
have been developed to monitor the presence of pollutants and
evaluate negative impacts on marine and estuarine environments
(Goldberg, 1975; Choi et al., 2010; Farrington et al., 2016). The
bivalve mollusks are an essential tool, displaying a cosmopolitan
distribution and ability to tolerate high concentrations of
contaminants without significant metabolic damage. They feed
basically from particulate organic matter (POM) and plankton
through branchial filtration, purifying the dirt found in waters
(Pereira et al., 2002; Rainbow, 2006). Within the Bivalvia class,
the genus Crassostrea has been used regularly in environmental
studies (Kanhai et al., 2014; Rainbow et al., 2015; Gain et al.,
2017; Aguirre-Rubi et al., 2018; Shi et al., 2019; Senez-Mello
et al,, 2020b). The specie Crassostrea rhizophorae, found on
littoral rocks and the prop roots of mangrove trees along
the Potengi estuary, is popularly known as mangrove oysters
or cupped oysters (Aguirre-Rubi et al, 2018) and is widely
used by the local population as an important food source
(Silva et al., 2001).

This study analyzes the bioavailability of heavy metals
in the Potengi estuary, using the species C. rhizophorae as
a biomonitoring tool and taking as a basis of comparison
guidelines for human consumption established by Brazilian
legislation (Decreto No°® 55. 871, 1965; Portaria No°
685, 1998). It investigates the influence of environmental
factors on the metabolism of C. rhizophorae concerning the
accumulation of these metals, using for this purpose two
different points of collection.

STUDY SITE

The Potengi river is located on the northeast coast of Brazil
(Rio Grande do Norte). It extends for 109.36 miles along a
densely populated and industrialized area (IBGE, 2007), reaching
the Atlantic Ocean at the city of Natal, which has about
774,205 inhabitants (IBGE, 2007), a very active shipyard, and
approximately 1,500 industries (Nicodemo et al., 2010).

The prevailing climate is hot and humid with an average
annual temperature of 26.8°C and two well-defined seasons with
adry summer from October to December and a rainy winter from
April to June (Souza and Ramos Silva, 2011). The tidal regime
is semidiurnal, and the maximum amplitude can reach 2.83 m
during the spring tide (Frazao, 2003; de Souza et al., 2010).

The water column does not present vertical stratification
of temperature. Still, this parameter can be influenced by
atmospheric temperature and the magnitude of the tides, which
can reach 20 km west of Natal, and stronger currents are observed
during the rainy season (Frazao and Vital, 2007).

Two sampling sites (Figure 1), Naval Base (NB: 5°47'19.6”S;
35°13/20.6"W) and Quartel (Qt: 5°45'32.3"S; 35°12/05.5"W),
were chosen based on previous studies (Silva et al, 2001,
2006). These studies monitored the Potengi estuary along
30 km upstream, testing the response of different biomonitors,
showing that NB and Qt have distinct patterns in the
bioaccumulation of metals.

Upstream, oysters from NB were collected from the docking
pier. According to some authors (Frazdo, 2003; Dantas, 2009),
this site is impacted by pollutants associated with port
activities, tanneries, and untreated sewage, both domestic and
industrial, that are mainly introduced through the Baldo Channel
(Figure 1). Among pollutants, these authors highlight the high
load of organic matter, Cr, Ni, Pb, and Zn.

Downstream, oysters were sampled at Qt. On this site, most
pollutants arrive through Gamboa do Jaguaribe (Santos, 2018),
a channel levee with hydrodynamics dependent on the tide
(Figure 1). There, the pollutants of primary concern are Cu, Zn,
and Cr compounds derived mainly from the shrimp feed and
Cu compounds contained in fungicides and algicides used in the
treatment of cultivation tanks (Silva et al., 2001; Cunha, 2010).

MATERIALS AND METHODS

The sampling campaign was held on July 19, 2007, whereas
the methodology for collecting oysters was based on the size
criterion, that is, individuals with a body size similar to the
average size of that population were selected (Roberts et al,
1986). In each of the sampling sites, 15 native oysters belonging
to the species C. rhizophorae were collected to quantify the
concentrations of Cd, Cr, Cu, Ni, Pb, and Zn in their soft tissues.
The material was properly identified and preserved in an ice-
cooled container to be transported to the laboratory.

Aliquots for analysis were prepared according to Silva et al.
(2001), which uses the total soft tissue (meat) of the oyster
after having passed through a dehydration process in a stove at
approximately 80°C. The dehydration period is determined by
the time required until the sample reaches a constant weight,
named here as “dry weight” (Dw).

Biometric data, as the weight of the soft tissue (before and
after dehydration), and shell’s measurement (length, width, and
height) were recorded for later calculation of the specimens
condition index (CI) accordingly to Mercado-Silva (2005) and
Rebelo et al. (2005). Results are expressed in (g/ cm?).

CI = (soft tissue d.w./shell volume) x 100

The metal analyses were performed by using inductively coupled
plasma optical emission spectrometry (ICP-OES, Thermo iCAP,
Series 6300); for further details, see Silva et al. (2001). The
analytical quality was tested periodically through the use of
standard reference material (NIST 2976 - Mollusk tissue;
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FIGURE 1 | Oyster sampling site locations at Potengi. NB, Naval Base (Brazilian Navy pier); Qt, Quartel (Y-Beach, 17th Army Artillery Group). Map created with
Google Earth Pro 7.3.2 software (Image catalog ID: 1010010004319001) and CorelDraw X8.
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National Institute of Standards and Technology, 2017) as well
as procedural blanks (N = 4) performed to identify possible
contamination. The percentage of analyte recovery ranged
from 75 to 115% for all metals (Supplementary Table S1).
All analyses were carried out at the Nucleo de Estudos em
Petroleo e Gas Natural - NEPGN, Universidade Federal do Rio
Grande do Norte.

Statistical analyses were performed using the Statistica v.13
program (TIBCO, 2017). The assumptions for using parametric
analysis were satisfied after outliers’ exclusion (£3 x standard
deviation) and logarithmic transformation of values (logl0).
Normality was verified by the Kolmogorov-Smirnov/Lilliefors
and homoscedasticity using the Brown and Forsythe tests.
Comparisons between the content of metals in the soft tissue
of C. rhizophorae from NB and Qt were performed by Student’s
t-test. The dependence of the metal concentrations on the weight
of the oysters’ soft tissue (size effect) was tested to minimize the
influence of oyster sizes on the statistical results (Whitton et al.,
1994; Rainbow, 2006). The test was done through a simple linear
regression (Mo and Neilson, 1993; Dragun et al., 2006; Mubiana
et al., 2006; Rainbow, 2006):

log,,y = log,,a+ blog,,x

here, y = metal concentration; a = intercept; b = slope of the linear
function, and x = dry weight of the sample.

When regressions indicated a significant dependence,
Student’s t-test was performed using weighted averages.
Statistical results were reported at a 95% confidence level and
considered significant when p < 0.05.

Granulometric and oceanographic information were obtained
from Frazdo (2003), Frazao and Vital (2007) and the content
of metals in the sediments from Correa (2008). The water’s
physicochemical parameters were obtained from Costa (2008).
All data presented were obtained in the winter period of 2007
as follows: sediment June 19, oysters July 19, and water August
21. As the water column has dynamic characteristics, these data
were not used in the statistical analysis. However, they serve as a
basis for environmental characterization. On the other hand, the
metal content in sediments is a more persistent feature, and so
the variability in the 1-month window does not interfere in the
results. For more details, see Supplementary Tables S2, S3.

The principal component analysis (PCA) was employed to
aid the interpretation of the results. It was done through a
variance-covariance matrix between heavy metals in oysters, CI,
and metals in the sediments. PCA was carried out using PAST
v3.0 statistical software (Hammer, 2013).
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RESULTS

Analysis of the water column demonstrated that, at Qt, the
salinity, turbidity, pH, and dissolved oxygen (DO) were higher
than those measured at NB although the water temperature,
biochemical oxygen demand (BOD), and total organic carbon
(TOC) were higher on the NB (Supplementary Table S2).
These results are in line with the local estuarine dynamics in
which tidal intrusion acts more intensely near the mouth of the
estuary and gradually decreases upstream (Frazio, 2003). With
the exception of the BOD, all other parameters cited above were
within the standards for water quality proposed by the Brazilian
legislation for saltwater (salinity > 30%) where recreational and

TABLE 1 | Descriptive statistics and Student’s t-test.

Quartel Naval base
Variables N Mean C.L.+£95% SE N Mean C.L.+95% SE
D.w.* 12 0.1 0.10-0.13 0.01 12 025 0.20-0.29 0.02
Shell 12 318 298339 009 12 4.08 364453 020
Cl* 12 380 3.06-4.54 034 12 6.04 508-6.99 043
Cd* 12 073 064-0.81 004 12 019 0.17-0.21 0.01
Cr* 12 064 041-088 0.11 12 078 0.63-092 0.07
Cu 12 76.0 67.9-84.2 3.70 12 739 50.3-97.4 10.7
Ni* 12 1.85 1.56-2.15 014 12 1.12 1.01-1.24  0.05
Pb* 5 031 0.27-0.36 0.02 12 035 0.31-0.39 0.02
zZn* 121289 1147-1431 645 12 1721 1344-2099 171

D.w., soft tissue dry weight (g); Shell, longer shaft length (cm); Cl, condition index
(g/cm3); Metals concentration, pg g*’ of dry weight, N, sample size; Mean,
pairwise means; C.L., £95% confidence limits (interval) for the mean; SE, standard
error of the means. *Significative difference (p < 0.05) between sites through
Student’s t-test.

fishing activities take place (CONAMA, 2012). In both sites, the
ammoniacal nitrogen (NHj3) was above the limit proposed by the
same resolution, whereas nitrates had a high concentration in NB.
No nitrites were detected (Supplementary Table S2).

The descriptive statistics of the biometric data showed higher
weight values (0.25 £ 0.07 g) and CI (6.04 = 1.5) for the oysters
from NB when compared to those from Qt (0.11 = 0.03 g and
3.80 £ 1.16, respectively), Table 1. Regarding the length of the
shells, NB oysters showed higher means. However, there were no
statistical differences (p > 0.05), indicating the efficiency of the
sampling methodology (equivalence of the size of individuals for
those populations). Further information can be consulted in the
supplementary material (Supplementary Table S$4).

Among metals, cadmium was the only metal showing a
relevant size effect with a negative regression slope (b = —0.43;
a=—0.99, r=5.76, and p = 0.0055). In this case, the oysters’ dry
weight was adjusted to an average value of 0.182 g before applying
the Student’s ¢-test.

The student’s t-test confirmed a significant difference among
samples of the two stations for the concentrations of Cd, Cr, Ni,
Pb, and Zn. In the upstream station (NB), the metals Cr, Pb,
and Zn showed higher concentrations with respective averages
of 0.78, 0.35, and 1721.0 ug g~ ', and in the downstream
station (Qt), these values were 0.64, 0.31, and 1289 pg g_l
(Table 1). Niand Cd showed higher concentrations in Qt samples
(1.85 and 0.73 jug g~ '), and in NB, the values were 1.12 and
0.19 pg g~ 1, respectively.

DISCUSSION

The size effect observed in this study for Cd may be attributed to
different factors (Whitton et al., 1994): (1) smaller organisms have
a greater absorption area per gram of body weight relative to the

TABLE 2 | Metals concentrations in Crassostrea sp.: Means and ranges obtained in the literature and this study.

Specie Local Cd Cr Cu Ni Pb Zn References

LMP? Brazil 1.0 0.1 30 5.0 2.0 50 Decreto No° 55. 871, 1965
C. gigas Knysna ZA 3.7 X 52 1.6 X 396 Watling and Watling, 1976
C. gigas South Korea 2.7 X 30.8 X X 543 Hwang et al., 1984

C. corteziensis Mazatlan 0.4 X 53.8 2.8 X 1068 Gonzélez-Farias, 1988

C. commercialis Australia 0.8 1.0 160 1.0 0.1 1440 Hardiman and Pearson, 1995
C. rhizophorae Venezuela 1.5-4 1.1-1.8 27-83 1.9-17 2.5-3 330-876 Alfonso et al., 2013

C. rhizophorae Trinidad 0.6-1.1 1.1-1.7 24-69 0.6-31 0.6-5 690-3696 Kanhai et al., 2014

C. brasiliana Sepetiba, RJ 3.3 2.7 9.3 X 5.2 3203 Lima et al., 1986

C. rhizophorae T. Santos, SP 0.02-14 0.02-1.5 28-602 X 1.3-10 846-2976 de Souza et al., 2011

C. rhizophorae Macau, RN 2.5-5 X 21-281 0.9-5.7 X 233-1400 Ramos Silva et al., 2003

C. rhizophorae Curimatau, RN 0.7-2.1 X 7.6-34 0.6-2.6 X 854-2800 Ramos Silva et al., 2003

C. rhizophorae Potengi, RN? 1.9 3.9 161 2.32 71 3104 Silva et al., 2001

C. rhizophorae Potengi, RN® 1.4 0.9 56 1.2 2.3 1550 Silva et al., 2001

C. rhizophorae Potengi, RN? 2.1 - 26.3 1.59 - 997 Silva et al., 2006

C. rhizophorae Potengi, RN® 1.3 - 25.2 2.1 - 967 Silva et al., 2006

C. rhizophorae Quartel 0.73 0.64 76.0 1.85 0.31 1289 This study

C. rhizophorae Naval base 0.19 0.78 73.9 1.12 0.35 1721 This study

All metals were reported in ug g~ dry weight. ' Maximum Limit Permitted for human consumption (Brazilian legislation). °Collected near to NB. °Collected near to Qt.
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FIGURE 2 | Principal component analysis. (A) PC 1 x 2 and (B) PC 1 x 3; Metaloy:, metal concentration in oysters’ tissue; Metal, concentration in the sediment;

dots and squares: samples from Quartel (QT) and Naval Base (NB), respectively.

bigger ones; (2) younger individuals have more active metabolism

seasonal variations

and spawning)

interfering in the

and, thus, higher filtration rates; and (3) there is a dilution effect

in which concentrations seem to be lower as the oysters grow.
The condition index (CI) can be affected by a balance

between multiple abiotic and physiological factors (e.g.,

organism’s development (Borchardt et al, 1988; Mubiana
et al., 2006; Benali et al., 2017). According to Rebelo et al.
(2005), specimens showing higher CI have better quality
and productivity.

Frontiers in Marine Science | www.frontiersin.org

June 2020 | Volume 7 | Article 412


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Senez-Mello et al.

11

Metals’ Variation in Estuarine Oysters

Cd, Ni, and Pb were within the values allowed for human
consumption by Brazilian legislation (LMP - Table 2). Also,
when compared with oysters (Crassostrea sp.) from other studies,
these metals showed lower concentrations.

Although Cr was not high concerning the literature, its
concentration exceeded six times the maximum limit permitted
for human consumption (LMP, Table 2). According to Nordberg
et al. (2007), Cr may be responsible for the formation of reactive
oxygen species that can cause damage (oxidative stress) to
tissues and DNA (deoxyribonucleic acid), making this element
potentially carcinogenic to humans.

Cu and Zn showed increased values when compared to
oysters from the Potengi (Silva et al, 2001), and estuaries
from elsewhere in the world (Alfonso et al., 2013; Kanhai
et al., 2014). Cu exceeded the maximum limit permitted
for human consumption by more than two times, and
Zn exceeded it by about 30 times. Although oysters are
known to contain large amounts of these metals, the
values presented in this study were compatible with those
of estuaries reported as highly polluted (Hardiman and
Pearson, 1995; Ramos Silva et al, 2003; de Souza et al,
2011; Alfonso et al., 2013; Kanhai et al, 2014). Elevated
concentrations of Zn and Cu in aquatic environments are
generally associated with the disposal of untreated domestic
sewage (Baptista Neto et al., 2000).

Heavy metals act directly at the cellular level; however,
environmental factors may favor the bioaccumulation. As a
general trend, metal is rapidly divided between the sediment and
the aqueous phase, depending on the pH of the water, the salts
dissolved in it, and the presence of organic complexing agents
(Breysse, 2019). When there is a reduction in pH, the natural
process of leaching and the availability of most metals can be
intensified (Nordberg et al., 2009).

The principal component analyses (Figures 2A,B) displayed
the relationship between the concentrations of metals in the
oysters and the concentration in the sediments from the two sites.
The sum of the first three components explained 93.86% of the
total variability presented by the data (Supplementary Table S5).
The first component (PC1) was responsible for 74.6% of the
variability explanation. The PC1 represented the bioavailability
of the metals contained in the sediment for incorporation into
the biota. The cases were divided into two distinct groups
corresponding to the sites (ellipses, Figures 2A,B). Positively
loaded on the first axis, the bioconcentration of Cd and Ni
were the vectors of the most significant weight influencing the
distribution of Qt samples. With a negative load, the CI and
the metals in the sediments (Cu, Ni, Pb, and Cr, in order of
importance) were the variables of most significant influence
in the distribution of NB samples, showing that, despite the
high sediment contamination, the oysters there are healthier
than in Qt. This result was compatible with the grain size of
sediments at the two sites (Supplementary Table S3). Frazao
(2003), Frazao and Vital (2007) described a higher content of fine
grain-size sediments at NB as a result of lower hydrodynamics.
The fine grain-size sediments coupled with the higher organic
carbon content and more alkaline pH of domestic sewage from
the Baldo Canal (Medeiros, 2009; Santos, 2018) allowed ideal

conditions for the co-precipitation of metals adsorbed from
organic matter in flakes.

The second component (Figure 2A) was responsible for 10.4%
of the variability explanation. PC2 demonstrated a covariance
between Cr, Cu, and Zn in oysters despite the sampling sites.
This covariance can be explained by the similarity in the chemical
properties of these metals, which have a high capacity to form
organic compounds being incorporated more easily by the oysters
(Nordberg et al., 2007). In particular, these three metals above
showed to be contaminants of major concern in the Potengi, way
above the limits allowed for human consumption (Table 2).

Finally, the third component (PC3, Figure 2B) underlined
the nature of Cu and Zn as essential nutrients, which
are tolerated in higher amounts by the oysters. Meanwhile,
Cr and Cd probably contributed to a toxic effect even if
presented in lower quantities. The concentration of metals in
biological solutions play a crucial role in determining their
toxicity because they compete for the same binding sites in
organic macromolecules (e.g., metallothionein and glutathione),
preventing essential nutrients from being metabolized (Roesijadi,
1992, 1996; Nordberg et al., 2007).

CONCLUSION

The study showed that the analysis of heavy metals in
biomonitoring, especially using the oyster C. rhizophorae, is
more effective when carrying out an integrated analysis of
environmental parameters—in particular, because the metals in
the sediments or water column are not always bioavailable. In
the case of a more complex and dynamic system as the estuary,
monitoring only one compartment may not portray the toxicity
and bioavailability of the pollutants.

The bioconcentration of cadmium was the primary variable
for dividing the samples into two well-defined groups. The
probable explanation is that when cadmium plasmatic
concentrations rise, it competes against essential metals,
such as Zn and Cu for binding sites, resulting in smaller CI values
as those found at Qt.

The content of Zn and Cu in oysters was more than twice
above the background values reported for mollusks in estuaries.
These data are worrisome because bivalves constitute the basis
of the food chain, usually occupying the second or third trophic
niche. In this case, the oysters are susceptible to initiate an effect
of bioaccumulation and biomagnification on the ecosystem.
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Heavy metals bioconcentration in
Crassostrea rhizophorae: A site-to-
site transplant experiment at the
Potengi estuary, Rio Grande do
Norte, Brazil

T. M. Senez-Mello'*, M. A. C. Crapez?, C. A. Ramos e Silval?, E.T. Silva® & E. M. Fonseca?

In this study, we analyzed the bioconcentration of Cd, Cr, Cu, Pb, Ni, and Zn in the soft tissue of
transplanted oysters in two sites in the Potengi estuary for six months. Native oysters collected before
and after the transplantation experiment provided the background for statistical analyses. Cd, Cr, and
Ni showed a strong inverse correlation with oyster weight in both sites. Transplantation upstream

of the estuary presented increasing concentrations of Zn, Cu, and Pb and condition index (Cl) and
decreasing trends for Cd and Ni, whereas Cr oscillated significantly. In the downstream transplantation,
Cu, Pb, and Zn and the Cl tended to decrease, whereas for Ni, Cd, and Cr, the concentrations increased.
Spatiotemporal principal component analysis correlated these results mainly with proximity to the
polluting source, seasonality, and previous exposure to heavy metals. These results helped interpret
the responses provided by these biomonitors to environmental changes, whether they are natural or
anthropogenic.

Industrialization and urbanization are primary sources of heavy-metal contamination in estuaries and coastal
ecosystems of tropical and subtropical countries (e.g., Brazil)%. Deforestation of estuarine margins also impairs
the ability of the environment to withstand heavy-metal pollution, as mangrove forests are an important agent
in the process of cycling organic matter and nutrients, acting as a “filter” by retaining and detoxifying harmful
elements and substances®=. It is a fact that metal pollution in aquatic systems will significantly increase in the
future owing to the popularity of new technologies, such as nanotechnology, and the improper disposal of the
so-called e-waste®.

Metals widely available in estuarine environments tend to be trapped in sediments and incorporated into the
local food chain. Thus, the presence of heavy metals in sediments can induce toxic effects in living organisms
when they exceed certain concentration limits®. These limits, according to Farrington et al.?, are dependent on the
half-life of the metal itself (or the metallic compound) and its nature (whether essential or nonessential) and on
the tolerance of the organism to the environment it is exposed to. Once discarded in an estuarine system, heavy
metals can undergo various processes, such as dissolution, precipitation, adsorption, and complexation (with
organic and inorganic dissolved ligands and particulate matter), and become deposited in bottom sediments’.
These processes can create a potential source of pollution and adversely affect the environmental quality®®.

Certain marine organisms, such as barnacles and bivalve mollusks, can metabolically accumulate large
amounts of these metals in their tissues, having efficient strategies to tolerate toxicity and reduce damage in such
a way that they can be employed in multipurpose environmental monitoring and several levels of environmental
degradation, thus signifying the extent of pollution present in the adjacent water column'®!!.

Bioaccumulation of heavy metals in oysters takes place through two fundamental mechanisms. The first
mechanism arises from the formation of complexes between the heavy-metal ions and the functional groups
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Figure 1. Site locations at Potengi. BN, Naval Base (Brazilian Navy pier); Qt, Quartel (Y-Beach, 17th Army
Artillery Group). Map created by Senez-Mello, T.M., based on image captured with Google Earth Pro 7.3.2
software (Image catalog ID: 1010010004319001). Vectorized and edited by the author using CorelDraw (X8)
software.

of some enzymes that can block important metabolic processes performed by them. The second mechanism
involves altering the structure of bivalve cell membranes when combined with some heavy metal. This combina-
tion may interfere with the transport of ions, such as Na*, K*, and Ca™, and substances essential for maintaining
vital processes'?.

The Potengi estuary region is extremely impacted by pollution'*~'* and serves here as a study site to evaluate
the bioconcentration of heavy metals (Cd, Cr, Cu, Pb, Ni, and Zn) in Crassostrea rhizophorae oysters. In this
study, heavy metals were accessed through the total body load of approximately 300 soft tissue samples of oysters
collected after transplantation between two estuarine sites, which already showed significant physicochemical
differences'®%.

Generally, biomonitoring studies are performed using organisms collected at their original location. This
methodology is indicated to detect pollutant levels from the surrounding environment>*!. However, the aim of
this study is to simulate a major environmental modification (through exchange between sites) to understand
how biomonitors react to it. Thus, the results obtained contribute both to the understanding of the mechanisms
involved in the kinetics of heavy-metal uptake by C. rhizophorae oysters and to the creation of a knowledge base,
enabling the use of this method in places where the sampling of native oysters is not possible, or in situations of
true environmental changes.

Materials and Methods
Sampling site. The Potengi estuary (Fig. 1), is inserted in the context of anthropogenically impacted areas,
where heavy metals appear as one of the most important pollutants. Located in the northeast of Brazil, the main
river, also called Potengi, runs approximately 180 km through industrialized areas, such as Natal, where its estu-
ary is located?2. Natal has about 774,205% inhabitants, a very active port area, an oil terminal, and approximately
1,500 industries*. Almost 60% of domestic sewage is discharged untreated into the Potengi River and other
smaller estuary contributors. However, Silva et al.?> pointed out that the estuary was already contaminated by the
end of 1997, showing high concentrations of Mn, Fe, Cu, Ni, Pb, Zn, Cd, and Cr in the soft tissue of Crassostrea sp.

The first site, near the mouth of the estuary, was named Quartel (Qt; 5°45'30.6864"S, 35°12'5.475”"W). There
have been many studies reporting that the main introduction of pollutants in this site is done through Gamboa
do Jaguaribe (Fig. 1), a channel levee with hydrodynamics dependent on the tide of the Potengi estuary. There,
the original mangrove vegetation was removed for the installation of several shrimp farm fields and the riverside
community. The pollutants that have been reported to be of major concern are Cu, Zn, and Cr compounds from
the shrimp food diet and Cu compounds contained in fungicides and algicides used in the treatment of cultiva-
tion tanks®.

The other site, located upstream, was named Base Naval (BN; 5°47/20.4792"S, 35°13/21.2556"W). The intro-
duction of pollutants in this place is due to the discharge of raw sewage made through Baldo’s channel (Fig. 1),
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Metal Certified SRM Measured SRM
Cd 0.82+0.16 0.56 +0.08

Cr 0.50+£0.16 0.58£0.30

Cu 4.02+0.33 3.39+1.00

Ni 0.93+£0.12 0.85+£0.22

Pb 1.19£0.18 0.79£0.19
Zn 117.04+13.0 118.7+18.46

Table 1. Analytical quality. Certified and measured values for the SRM NIST 2976 (mean + s.e.m., ug.g ! of
d.w.).

resulting from immunization, domestic sewage, and the Industrial District of Natal (DIN). Both sites have heavy
vessel traffic; however, the shipyard terminal is located at BN'>%>.

Experimental design. The experiment consisted of analyzing the biometrics and the heavy-metal content
in the soft tissue of C. rhizophorae oysters reciprocally transplanted between two potentially contaminated envi-
ronments located at the right margin of the Potengi estuary?»*-? (Fig. 1).

The two sites are approximately 5 km apart from each other and were chosen on the basis of a previous exper-
iment that yielded relevant results when comparing the morphology and metal concentrations (Cd, Cr, Cu, Ni,
Pb, and Zn) among their native oysters (N = 20)*. These results were then used to create a background scenario
for the transplantation experiment. These initial native oysters are referred to herein as Nt0 (native oysters col-
lected before transplantation). In addition, another native group (N = 30) were collected by the end of the exper-
iment and are referred to as NtF (native oysters collected after the end of the experiment).

The biomonitor species was chosen according to the criteria recommended by Rainbow’!, such as the endemic
presence of the organism and its relevance as an economic and food source for the local population.

The experimental plan was designed to answer the following hypotheses:

« Significant differences in metal concentrations and biometrics between native oysters and transplanted
oysters.

« Significant differences in metal concentrations and biometrics achieved by transplanted oysters versus native
ones collected at the same site by the end of the experiment.

 Principal factors influencing such variations. The following variables were considered: sampling site, oyster
conditions before transplantation, impact of the transplant itself, and seasonality in synergy with the physic-
ochemical characteristics of each site.

Field methodology. The transplantation process consisted of transferring 150 native oysters from Qt to BN
and vice versa. For this, the already existent epifauna was carefully removed and oysters were housed in bag-like
cages made of polyvinyl mesh, containing about 30 individual each. Every 15 days, 15 oysters were picked from
the cages at each site and taken for biometric and metal analyses. The experiment lasted six months, totaling
11 transplantation campaigns (T1-T11), as well as an additional sampling of native oysters before and after the
experiment. Sampling was performed according to Roberts and Elliott** through the criterion of size equivalence
of individuals in the same population.

Laboratorial analysis. Immediately after each collection, oysters were identified and preserved on ice for
transport to the laboratory. Aliquots for metal analysis were prepared according to Silva*, who used the total soft
tissue (meat) of the oyster after undergoing an oven dehydration process at approximately 80° C until a constant
weight was obtained, referred to in this study as “dry weight” (d.w.). Determination of metal concentration was
performed using inductively coupled plasma-optical emission spectrometry (ICP-OES)* as described by the
authors above. Additionally, the biometrics of each individual were recorded for subsequent calculation of the
condition index (CI): CI = (soft tissue d.w./shell volume) x 100***. The results are expressed in units of g/cm® and
are directly proportional to oyster health.

Analytical quality was periodically tested using Standard Reference Material (SRM-NIST 2976 mollusk tis-
sue), as well as procedural blanks to identify possible contamination. Table 1 presents the SRM certified values
and the SRM measured values throughout this study. The recovery percentage of all analytes ranged from 80%
to 110%. All analyses were conducted at the Center of Studies in Oil and Natural Gas, Federal University of Rio
Grande do Norte, during the year 2007/2008.

Atmospheric and tidal data were provided by the Hydrographic Center of the Brazilian Navy through the
Data Exchange Sector recorded at the buoy station “Trapiche CPRN” (05°46.7’S, 35°12.5'W) over the year 2007
(Supplementary Fig. S1).

Statistical analysis. All statistical analyses were performed using Statistica software (v.13). The assumptions
for the parametric analysis (normality and homoscedasticity) were met after the exclusion of the outliers (£3*
standard deviation) and data normalization (log,,). Metal concentrations from native oysters were compared
using Student’s ¢-test™.
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Temporal analyses for biometrics and heavy metals found for C. rhizophorae samples at the two sites were
performed using analysis of variance (ANOVA). All results were reported at a 95% confidence level (CL) and were
considered significant when p < 0.05.

The dependence of the metal concentrations on the oyster d.w. (size effect) was tested in order to correct the
influence of this parameter?”!. This test was performed via double-log regression®-*-3:

log,,» = log,a + blog, x, where, y is the metal (ug. g~'), x is the dry weight (g), a is the intercept, and b is
the regression coeflicient.

In cases in which the covariance showed significant values (p < 0.05), the statistical method used was the
analysis of covariance (ANCOVA), which considered the x-values equal for all samples (x = log, , mean d.w. of
the population), from which the metal concentrations were calculated. Tukey’s honestly significant difference
(HSD) post hoc test (for samples of different sizes) was applied to identify the highest contrasts within
campaigns.

Finally, spatiotemporal principal component analysis (st-PCA)** was performed to illustrate the main cor-
relations between the parameters and heavy metals. In this way, the following steps were followed: (a) previous
analysis of data through descriptive statistics (Supplementary Table S2), (b) data health check to remove outliers
and variable redundancy, (c) log-normalization of the dataset, (d) correlation matrix selection, (e) retention of
factors with higher eigenvalues, and (f) considering heavy metals as active variables in case distributions while
electing environmental ones as supplementary.

Results and Discussion

Water and sediments. The physicochemical parameters and concentrations of heavy metals from water
columns and sediments, as well as granulometry, were compiled in Table 2. For more details, these data can be
accessed through the Institutional Repository of the Federal University of Rio Grande do Norte!”*°. Analysis of
the water column demonstrated that, at Qt, the salinity, turbidity, pH, and dissolved oxygen (DO) were higher
compared to the upstream site (BN). The temperature, biochemical oxygen demand (BOD), and total organic
carbon (TOC) were higher on the uppermost site (BN) than downstream. These results are in line with the local
estuarine dynamics in which tidal intrusion acts more intensely near the mouth of the estuary and gradually
decreases upstream*!. With the exception of the BOD, all other parameters cited above were within the standards
for water quality proposed by the Brazilian legislation for saltwater (salinity > 30%o), where recreational and
fishing activities take place*?. In both sites, the ammoniacal nitrogen (NH;) was above the limit proposed by
CONAMA* resolution, whereas nitrates had a high concentration in BN. No nitrites were detected.

Regarding metals in water, Cd and Ni presented similar values for both sites, which were above the reference
limit. Cr presented values below the detection level. Cu, Pb, and Zn were detected in larger quantities in BN and
were all above the water quality reference limit (Table 2).

Evaluations based on heavy metals in water have some limitations. In addition to tiny concentrations, often
close to detection limits, the amounts can vary rapidly with seasonal changes, time of day, and freshwater run-
off 77, Acidity and organic matter are known to be important factors in determining the fate of heavy metals in
aquatic systems.

Sediment analysis classified Qt as having silty-sand granulometry, whereas at BN (with a higher percentage of
fines), granulometry was classified as sandy-silt** (Table 2). BN was the site that presented higher concentrations
for all metals; with the exception of Cd and Zn, the values were above the threshold effect level (TEL) for marine
sediments, as proposed by Canadian Council of the Environment (CCME)*, indicating the possible emergence
of ecotoxicological effects in the biota location. Metals can be transferred from sediment to water due to an
increase of the salinity, changes in sediment redox status, pH decrease, and the presence of organic complexing
compounds. The first three processes release “free-metal” in the form of mixed complexes with small inorganic
ions and water®.

Native oysters. Comparing native oysters from Qt and BN, significant differences were revealed between
these two sites. The following results refer to mean values. The concentrations of heavy metals are shown in pg/g
of oysters’ soft tissue d.w. Among the biometric data, the d.w. and the CI were higher for BN oysters (d.w.=0.24,
CI=6.11) than for Qt oysters (d.w.=0.12, CI=3.79). However, the lengths of the shells exhibited no signifi-
cant difference (Qt=3.13, BN =4.0) (see Table 2 for the standard deviations). These results show that the sam-
pling methodology that was performed according to the equivalence criterion of the average population size
(see Section 2) was efficient in minimizing the possible unwanted influences of other parameters related to the
development and reproductive stage of mollusk in metal accumulation. It is interesting to note that even when
“standardizing” samples through the size of the shells, it was possible to find significant differences for d.w. and
CI, endorsing the importance of this index as an integrated measure of the general health of oysters, as already
demonstrated by several authors*. Among the metals, the highest means of Cd and Ni were found for Qt native
oysters (Cd=0.71, Ni=1.85) when compared to BN (Cd =0.18, Ni=1.12). For Cr, Cu, and Zn, the highest
means were obtained for BN native oysters (Cr=0.67, Cu=288.92, and Zn =1,995) when compared to the native
oysters of Qt (Cr=0.54, Cu=79.03, and Zn =1,296). However, Cu was twice above the upper limit for human
consumption.

Transplanted oysters. Sizeeffect. According to the regressions made between metals and soft tissue d.w.
(Fig. 2), both sites showed similar results, presenting size effects for Cd, Cr, and Ni but not for Cu, Pb, and Zn.
Cases in which the covariance hypothesis was accepted are presented below, justifying the use of ANCOVA.

For Cd and Cr, a stronger correlation with d.w. can be observed at the uppermost site (BN), whereas for Ni,
this occurred at the lower site (Qt). All correlations were inversely proportional; thus, the smaller the oyster, the
higher the metal concentration. Some authors have already reported the size effects for these metals**~*8. Rainbow
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Reference
Medium Unit Variable Qt BN Values
%o Salinity 325 31 >30
NTU Turbidity 55 4.0 —
°C Temperature 26.5 27.05 —
Total pH 7.7 7.6 6.5-8.5
DO 8.3 7.1 >5
BOD 3.25 3.75 <5.0
TOC 20.50 41.50 <5.0
NH; 0.64 0.42 <0.4
Water® NO;~ 0.19 0.31 <0.4 CONAMA*
NO, ND ND <0.07
mg. L' | Nyw 0.495 0.765 —
Cd 0.006 0.006 <0.005
Cr ND ND <0.05
Cu ND 0.03 <0.005
Ni 0.05 0.05 <0.025
Pb 0.015 0.03 <0.01
Zn 0.035 0.155 <0.09
m Depth 4.70 7.8 —
% Granulometry’? | Silty sand Sandy silt —
Cd 0.050 0.083 0.7
Sediment” o a L9 23 TEL CCME*
Cu 12.13 47.27 18.7
mg.kg™!
Ni 17.05 41.15 15.9
Pb 14.67 32.21 30.2
Zn 55.0 101.0 124
g dow.* 0.1240.04 0.2440.07 —
cm Shell 3.13+0.32 4.040.79 —
(g/em®) | CI* 3.79+1.19 6.1141.47 —
Cd* 0.71£0.15 0.18£0.03 1.34-2.12 Min—max
C. rhizophorae Cr* 0.54+0.26 0.67+0.20 0.9-3.9 (oysters from
Potengi)®»?
pg.g! Cu 79.03+£11.05 | 88.92+£29.32 | 25.2-161
d.w. Ni* 1.85+0.50 1.1240.20 1.2-2.32
Pb* 0.27£0.05 0.3440.07 2.3-7.1
Zn* 1,296 £244.7 | 1,995+357.1 | 967-3,104

Table 2. Sites characterization and reference values. Water column, sediments, and native oysters from the
sampling sites (Qt and BN). Heavy metals and biometrics from the oysters are presented as the mean + 1
standard deviation from the mean. “Significantly different according to Student’s t-test when p < 0.05.

and Moore* showed recurrent cases in which smaller organisms presented higher metal concentrations when
compared to larger individuals of the same species. These authors attributed this effect to the fact that smaller
organisms have a greater absorption area per gram of body weight relative to the bigger ones.

Another factor pointed out by Rainbow?” as a probable explanation is the age of the individual, as younger
ones have more active metabolism and, thus, higher filtration rates. Yet, the literature points to a dilution effect in
which concentrations seem to be lower as the oysters grow as being relevant. For this, we should assume that the
bioaccumulation rates cease or decrease over time, which was not the case here as we have shown.

More studies on the size effect are needed in this field, and we recommend testing whenever possible in a way
to elucidate this covariation. For now, it is not clear why in certain cases the size effect is not observed; therefore,
it is recommended to verify whether or not this effect matters, making the interpretation of data more reliable.

Condition Index. Upward transplantation (Qt to BN) showed significant differences from native oysters right
before 45 days of relocation (T2, blue; Fig. 3). Thereafter, it continued in a positive trend, denoting stability in the
development of the oysters. There were only two exceptions in this trend: the 1st and the 6th campaigns (T1 and
T6), both presenting values similar to those of the initial and final native oysters (Nt0 and NtF). The highest CI
was reported at T9 (Fig. 3, blue).

Transplantation made in the downstream (Qt) direction presented CI values successively lower in comparison
to Nt0, and values became significantly different at T4, reaching the minimum for this experiment. Thereafter, CI
tends to increase again until it reaches values similar to those of native oysters. From T4 onward, a trend can be
noticed for both sites, where variations occur in the same direction.
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Figure 2. Size effect results. Linear regression between log,, d.w. (g) and log,, metal concentration (ug/g).
Upper graphs: Cd, Cr, and Ni from transplanted oysters at Qt. Lower graphs: Cd, Cr, and Ni from transplanted
oysters at BN.
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Figure 3. Condition Index. Letters are placed at the means, and the vertical bars denote 95% CL. Significant
differences are estimated by a priori ANOVA. Samples sharing the same letters are not significantly different.
The symbol *shows samples with significant differences from Nt0 (native oysters before transplantation)
according to Tukey’s HSD post hoc test.

Comparing these two groups, there was an opposite tendency well stated by the intersection of the two lines
(T1-to-T2 interval, Fig. 3). At the end of the analysis, oysters at Qt showed a worsening CI during the initial 75
days (T4) followed by an improvement. Despite the subsequent oscillations, at the end of the experiment, oysters
transplanted to BN had a higher CI compared to the initial and final native oysters.

Typically, oysters accumulate glycogen before winter and use these reserves for gametogenesis in the next
season®’. A sudden drop in CI caused by spawning was reported in a study in Todos os Santos Bay (NE, Brazil),
where authors pointed out that in tropical environments, spawning is not a seasonal event*’. However, it can
still be considered a key factor that causes differences in oyster conditions throughout the year. For the oys-
ter Crassostrea rhizophorae, gametogenesis is a continuous process, homogeneous within the population, with
spawning occurring in partial discharges during the entire year, with peaks every 3 months®! explaining the
smaller variation and similar trends found in Potengi. However, between T1 and T6, IC varied considerably
within sites, demonstrating the likely predominance of other factors rather then spawning.
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Figure 4. ANCOVA and ANOVA. Letters are placed at the means, and the vertical bars denote 95% CL.
Significant difference were estimated by a priori ANCOVA for (A) Cd, (B) Cr, and (C) Ni at covariate means
(Qt: log,, d.w.=—0.7597, BN: log,, d.w. = —0.6791). For the other metals, that is, (D) Cu, (E) Pb, and (F)
Zn, differences were estimated by ANOVA. Samples sharing the same letters are not significantly different,
and the asterisks show the ones with a significant difference when compared to Nt0O (native oysters before
transplantation) by Tukey’s HSD post hoc test.

Heavy metals. Cd: Native oysters from Qt, when transplanted to BN presented a rapid and sharp decline with
significantly lower values at T2 (Fig. 4A, blue). After that, the differences were not significant, but the concentra-
tions continued to decrease until the end of the experiment (T11), at which point the lowest value throughout the
entire experiment was found. While transplantation from BN to Qt, the results were more homogeneous. There
was a maximum peak concentration at T8 followed by decrease and then another smaller but significant peak
(T11), at which the concentrations were above those found for Nt0 (Fig. 4A, red).

Although both sites had concentrations above the recommended limit for water, the sediment was within
the proposed quality standard (3.1), showing that the bioavailability of Cd observed through the Qt’s Nt0 had
an influence of factors other than just the proximity with the source, since among the transplanted oysters none
reached similar concentration.

Cr: One month after transplanting oysters to BN, the Cr values increased significantly, reaching the highest
concentration throughout the experiment (Fig. 4B, blue). However, after another 15 days (T2), this group revealed
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reduced values and remained significantly higher until the end of the experiment (the only exception was T7). At
the end, the final value (T11) was equivalent to that found for NtF from BN and Qt.

Opysters transferred to Qt showed no significant difference until T10 sampling. After that, there was a signif-
icant increase, when the last sample (T11) presented similar values to NtF from Qt and BN and a significantly
higher value compared to Nt0 (Fig. 4B, red). Both transplantations increased the concentration of Cr after T9,
which coincided with the dry season period.

Cr concentrations in the water of both sites were below the detection limit while in sediments, the values were
considered high, where BN presented approximately twice the concentration from Qt. Reflecting the concentra-
tions found in sediment, oysters transplanted for BN showed increased concentrations, but still within the range
already reported for oysters in this estuary?%.

Ni: All oysters transplanted to BN showed significantly lower concentrations compared to Nt0 (Fig. 4C, blue).
One month after transplantation (T2), Ni was reduced by almost a half, followed by nonsignificant variations
until the end of the experiment.

At Qt transplantation, Ni initially (T1) decreased to a lower value compared to Nt0; however, from the follow-
ing collection (T2), the values increased again, showing no more significant differences when compared to native
oysters (Fig. 4C, red). At the end of the experiment, the Ni values were equivalent to those of both native oysters
(Nt0 and NtF).

As shown (Table 2), both sediment and water concentrations were above the values that regulate environmen-
tal quality while, Ni from transplanted oysters remained consistent with those already reported for the Potengi.
Bioconcentrations were below expectations if compared with the levels in the environment, however, it is known
that oysters have a greater affinity for zinc, copper and silver than other metals®>. When comparing these two
transplants through graphics, it was noted that oysters presented a similar accumulation behavior between Ni
and Cd.

Cu: Oysters transplanted to BN showed no significant differences when compared to Nt0. However, T7 col-
lection presented significantly higher values compared to T1, and T8 was significantly higher than the rest of the
experiment, except for T2 and T10 (Fig. 4D, blue). Cu found in NtF oysters was similar to Nt0, T7, T8, and T10
and higher than the rest. Compared to T11, NtF had almost twice the concentration.

At the downstream site (Qt), Cu depurated throughout the transplant and reached at T10 values significantly
lower than those at NT0 and compatible with NtF (Fig. 4D, red). Overviewing the graph (Fig. 4D), it is possible to
see an opposite tendency between the two transplants.

In Qt Cu was not foi detected in water and presented value below the threshold effect limit in the sediment. In
BN, both compartments presented values above the recommended. Transplanted oysters reflected well the levels
of contamination of the environment, bioaccumulating Cu in BN and lowering bioconcentrations of this metal
in Qt. Since this metal is considered essential, metabolic variations need to be considered in conjunction with
environmental ones®.

Pb: Both experiments showed increasing values until T2, but then the oysters transferred to Qt started to dep-
urate, whereas at BN the values continued increasing (Fig. 4E). At T4, the oysters at BN reached the maximum Pb
concentration for the whole experiment; from this sampling onward, Pb depurated, reaching a value similar to
that found at Nt0 and NtF (Fig. 4E, blue).

Opysters transplanted to Qt (Fig. 4E, red) showed an oscillating and nonsignificant variation, with concen-
trations increasing and decreasing over similar time intervals. From T9 onward, Pb showed values significantly
lower than those of Nt0 and similar to those of NtE.

On both sites the lead content in water were above to the recommended concentration, and only in BN the
sediment was considered contaminated. Comparing to the previous studies oysters had considerably lower val-
ues, showing an improvement in environmental quality with regard to this metal.

The process of absorption of Pb from environmental sources depends on its bioavailability as well as physical
and chemical status, in addition to factors related to the intoxicated organism, such as the age, physiological sta-
tus, nutritional condition, and genetic factors®.

Pb presents affinity for sulthydryl groups (HS), amino radicals (NH,), radical hydroxide (OH), and also phos-
phoric acid (H;PO;), forming complexes with endogenous compounds that interfere with cellular functions. The
latter is a commonly used reagent in the soft drink industry present around Potengi, where cases of untreated
tailings have already been reported by the media®-°.

Zn: Oysters transplanted to BN did not present values different from those of Nt0. However, when the samples
were compared to T1, the increase was significant, with T5, T8, and T10 (Fig. 4F, blue) showing increased values.

After transplanting oysters to Qt, Zn showed a tendency to decline throughout the experiment; however, the
variances around the averages do not allow affirming that these differences within samples are statistically sig-
nificant, whereas sample T10 was significantly smaller than T1, T4, and T6 (Fig. 4F, red) and equivalent to NtE

In both transplants, Zn showed no significant differences when compared to Nt0; however, the differences
were substantial when compared to the final native samples (NtF). In addition, the latest samples from both
experiments (T10 and T11) had very similar values (Fig. 4F).

st-PCA. The metals deposited in the aquatic environment can come from the atmosphere or from soil leaching
or direct dumping of contaminants. As a general trend, metal is rapidly divided between the sediment and the
aqueous phase, depending on the pH of the water, the salts dissolved in it, and the presence of organic complexing
agents®®. When there is a reduction in pH, the natural process of leaching and the availability of most metals can
be intensified®.

In this way, the importance of environmental elements, such as rain, wind, tide, evaporation, insolation, and
atmospheric temperature, was evidenced by st-PCA, which retained only those of greatest influence to aid in the

SCIENTIFIC REPORTS |

(2020) 10:246 | https://doi.org/10.1038/s41598-019-57152-w

23


https://doi.org/10.1038/s41598-019-57152-w

www.nature.com/scientificreports/

Pc2 (18.73%) Pc 3 (12.85%)
0 0

-4 2 4 -4 2 4
10 @], 10 i ®)
Ccd 4 : 4
0.5 05 Ti® :
. 2 . : 2
z T8 H
Te L] T11 : Cr
Tl = o © : NF
. . <
Wmd’\ L /’T.w,,. cr ) Rainf‘Tg =
0.0 b e T4e7 0 00 F e Wind, 0%
u %)
Cuvpr T3e <
2@ Ts® Tide Zn £
Nite < 2 2
-0.5 -2 205 -
NtFe
Rainf
1.0 4 10 4
-1.0 -0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0

Figure 5. Qtst-PCA. (A) Principal components 1 X 2 and (B) principal components 1 x 3 of the transplant
experiments. Metals represent the average concentrations found in oysters for each sampling time. Wind,
precipitation, and tide were calculated from the average of two weeks prior to each sampling campaign.

interpretation of variances found by ANOVA/ANCOVA. Next, biplot graphs showed the temporal transition
between the characteristics found between initial native oysters, transplanted oysters, and final native oysters.

The first three st-PCA components for Qt transplantation (Fig. 5A,B) cumulatively explained 87.8% of the
variance. The first component (Fig. 5A, 56.21%), showed three groups of oysters with distinct characteristics.
The first group on the negative side of this axis was composed of the first five samples (T1, T2, T3, T4, and T5)
and the Nt0. The most important metals presented for these oysters were Cu, Pb, and Zn (in order of impor-
tance), whereas the main environmental variables influencing metal uptake were the wind and the rain. This axis
describes the initial state of native oysters from BN, where there is intense port activity and direct impact from
rain and wind, mainly because the samples were collected during the winter, when the highest precipitation rates
were recorded. The opposite side of this axis represents the oysters in the final stage of the experiment (T9, T10,
T11, and NtF). The main metals contained in these oysters are Cr and Nij, related to which are the drought period
and consequently the greater influence of tides entering the estuary. Yet, it is possible to observe a third group (T6,
T7, and T8) plotted in the intermediate portion of the graph composed of transient characteristics between the
initial and final samples. The ANOVA that was presented here earlier indicated that the oysters transplanted to Qt
exhibited an initial drop in the CI and that the most impacted group was precisely this intermediate group, which
possibly exhibited a great energy loss to adapt to the new physicochemical conditions of this highly dynamic
environment.

In the second component (18.73%, Fig. 5A), Cd appears to be the most relevant factor underlining the ecotox-
icological effect through the weight loss of the intermediate samples, in which the oysters begin to depurate Zn
(an essential metal) while accumulating Cd, hence exceeding the value found for the native oysters there (NtF) at
the end of the experiment. It is likely that the previous exposure to Zn induced the largest accumulation of Cd, as
the main detoxification mechanism for both metals is the same, that is, induced metallothionein production by
increased plasma concentrations of these pollutants®.

The third component (12.85%, Fig. 5B) shows that the first sample after transplantation had the lowest Ni
concentration throughout the entire experiment, but then this metal began to accumulate again until the last
two samples (T10 and T11), assuming values similar to those of NtF. The same is true for transplantation in the
opposite direction, with the lowest concentration of Ni at T1. The main factor influencing this behavior is unclear
and can be attributed to an external condition as it was similar for both transplants. Further studies are needed to
understand this initial clearance at both sites.

For the other transplant experiment, PCA (Fig. 6A,B) explained 86.6% of the overall variances. The first com-
ponent (37.10%, Fig. 6A) showed higher values of Cd and Ni for native oysters from Qt and a tendency to depu-
rate this metal once they are transplanted to BN. The only samples with a significant correlation with rainfall were
Nt0 and the first three ones (T1, T2, and T3), because they were collected during the winter; as they are native
oysters, the values of Cd and Ni were probably reached during the last dry season. Positively loaded on the first
component (Fig. 6A), Zn and Cu are the most important variables presenting increasing values over time (T5,
T7, T8, T10, and NtF) and characterizing the changes suffered by the transplanted oysters, which also detoxified
Cd and Ni. Similar to the downstream transplant, there is a transition group in the middle part of this axis. In
this case, PCA demonstrated the importance of proximity to the source of pollution, overriding the influence of
seasonality. ANOVA was fundamental to understand that the significance of the rain factor, in this case, was due
to the sampling rate. Actually, variance analysis showed that Cd is negatively correlated with rain and tends to
increase during the dry season®, perhaps as an effect of the saline wedge advancing upstream in the BN direction.
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Figure 6. BN st-PCA. (A) Principal components 1 x 2 and (B) principal components 1 x 3 of the transplant
experiments. Metals represent the average concentrations found in oysters for each sampling time. Wind,
precipitation, and tide were calculated from the average of two weeks prior to each sampling campaign.

The second component (Pc2 29.62%, Fig. 6A) showed a positive correlation between the intensity of wind and
the Pb and Cr content in oysters. As wind is an important feature of the Brazilian northeastern coast throughout
the year, a more careful analysis taking into consideration the concentrations present in the water column should
be made. However, it is not difficult to assume that wind is partly responsible for introducing air pollutants from
industrial districts into the water column. Negatively loaded on the second component, Cu and Zn are present in
the final native oysters in higher quantities (almost twice) compared to the transplanted ones. The preexposure
of Qt oysters to Cd seems to be a determining factor in Cu and Zn accumulation after being transplanted to BN.
A similar behavior was observed by Liu and Wang®’. The evidence for this is that, in these oysters, although the
concentrations of these two metals increase over time, the values presented at the end of the experiment represent
approximately half of those found in the final native oysters. This may be because the half-life of Cd is known to
be longer* than that of Zn and Cu and because these metals compete for the same binding site in detoxifying
proteins such as metallothionines and glutathiones®®**. Transplanted oysters require longer exposure times to
exhibit concentrations similar to those of oysters not exposed to this contaminant.

Finally, the third axis (19.9%, Fig. 6B) presents a more detailed view of these two metals, in which, despite
showing increases relative to native Qt samples, Pb increased in freshly transplanted samples, whereas the
increase of Cr was more intense at the T6 sampling. This axis also shows that the sudden increase in Pb is related
to the rainy season, which, through runoff, introduces this pollutant in greater quantities into the estuary.

Importantly, as the salinity within a tidal estuary can be quite variable, the data used in the PCA refer to a
biweekly average of tidal range and accumulated precipitation. These two factors, in addition to directly influenc-
ing the introduction of pollutants and estuarine currents, when interpreted together, may indicate a shift of the
saline wedge in both directions within Potengi. The results shown here are consistent with previous studies!®2>%,
showing that although tides can reach great distances within this estuary, the highest salinity is restricted to the
first portion preceding BN.

The literature emphasizes the abiotic importance through local hydrodynamics, the chemical form of pol-
lutants, the presence of other substrates competing for binding sites, and the physicochemical composition of
the adjacent medium?”¢2, whereas the biotic ones include the life-cycle stage, gender, specific genetics, and
physiological conditions®*-¢. In this study, we found that the variations appear predominantly as a combined
effect of the biomonitors’ proximity to the source of pollution, seasonal and hydrodynamic variation, and prior
exposure of the biomonitor to metal-contaminated environments. These results are consistent with other pub-
lished studies"¢7-%°.

Conclusions

By comparing the CIs of the upstream and downstream transplanted oysters, it can be deduced that transplanta-
tion alone does not have a detrimental impact on bivalves. This is primarily determined by the conditions found
in the transplantation site.

The wide-ranging rate of variation in metal bioaccumulation shown in this study has been attributed to the
synergy between biotic and abiotic factors”’. Previous studies on molecular analysis of oysters®”****7! showed how
the metal content impacts their metabolism and, therefore, the CI. Here the oysters’ d.w. and CI served as a biotic
indicator of their general health status due to metal accumulation.

The higher amounts of Zn, Cu, and Pb from native BN oysters, as well as from those transplanted at the end
of the experiment, showed that these heavy metals are pollutants of great concern in this region and are directly
related to the winter period owing to the urban runoff of stormwater to the aquatic environment.
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For metals like Pb, Cr, Cd, and Ni, oysters appeared to respond faster to changes induced by transplantation;
therefore, the last transplanted samples presented concentrations similar to those of the final native ones. The
same was not true for Zn and Cu, and it is possible that, in such cases, longer-term exposure is needed until the
oysters acquire similar values to those that have never been transplanted.

Yet, in BN, transplantation showed that although the oysters accumulated Zn and Cu throughout the exper-
iment, the values reached by the final sampling (T11) were significantly lower than those from native oysters.
Thus, based on the important influence of rain on the explanation of variances, it can be deduced that the expo-
sure period was not sufficient for transplanted oysters to reach values similar to those of the native ones, as the
latter had already accumulated these metals during the previous winter. As these two metals (considered to be
essential) are directly linked to the oysters’ reproductive cycle, caution is advised when interpreting results show-
ing reduced concentrations for Cuand Zn.

Here, different statistical approaches revealed that, despite their distinct analytical power, the results were
complementary. While ANOVA presented detailed results for metal concentrations one by one, spatiotemporal
PCA allowed a “macro” overview of the environmental variations acting over transplanted oysters.
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Resumo

Isotopos estaveis de carbono e nitrogénio sdo frequentemente usados para investigar a origem € o
fluxo de matéria organica através dos niveis troficos que formam a teia alimentar. Estes isotopos tém
sido utilizados como um proxy de matéria organica, porque eles sdo elementos abundantes em
diversos reservatorios como a biosfera e oceano. Portanto, isétopos de nitrogénio estaveis e a relacao
C:N sao confidveis para rastrear a matéria organica aldctone, indicativa de ambientes poluidos. Os
bivalves foram transplantados de uma regido oceanica, Arraial do Cabo (AC/RJ) para um ambiente
estuarino comprometido por altas concentragdes de metais pesados, a Baia de Guanabara (BG/RJ).
Foi integrado a este biomonitoramento, um estudo das razdes isotdpicas (6'3C e 6'°N). Os resultados
demonstraram que ambos o0s sitios possuiam concentragdes altas para determinados metais (i.e., Cd,
Cr, Cu, Fe, Mn, Ni, Pb e Zn) porém, ndo foi encontrada correlacdo substancial entre metais e a
assinatura isotopica dos bivalves. Por outro lado, o fracionamento isotdpico elucidou aspectos
importantes para o biomonitoramento. A fonte predominante de matéria organica na alimentagao dos
bivalves de AC teve origem na matéria organica presente no sedimento local, possivelmente como
efeito bottom up de reciclagem da matéria organica por bactérias, apds o periodo de alta produtividade
(ressurgéncia) na zona eufética. Na Baia de Guanabara a assinatura isotopica dos moluscos foi
compativel com fonte continental.

Palavras-chave: is6topos estaveis; ecologia costeira; poluicao; ressurgéncia; moluscos bivalves.



30

Introducao

Isotopos estaveis de Carbono e de Nitrogé€nio tém sido utilizados com sucesso em estudos de ecologia
costeira, em especial visando tracar a origem e o fluxo da matéria organica (M.O.) através dos niveis
tréficos que compdem uma teia alimentar. Também, isdtopos estaveis de Nitrogénio e a razdo C:N
sdo importantes rastreadores de matéria organica aldctone, indicativa de ambientes poluidos (de
Carvalho and Carvalho 2008).

A ocorréncia natural dos elementos pesados (mais raros) em propor¢do ao seu isotopo leve (mais
abundante) ¢ de 1% aproximadamente. Quando a M.O. passa por processos fisicos, quimicos e
bioldgicos, essa propor¢ao pode ser alterada e a nova razao assumida pode servir como um rastreador
de origem e processos sofridos. As razdes *C/'2C e "'N/!N sdo frequentemente utilizadas como
“proxy” da matéria organica por serem elementos abundantes nos diversos compartimentos do
planeta e formarem importantes ciclos biogeoquimicos.

A utilizacdo de abordagens metodologicas que determinem com rapidez o impacto de substancias
poluentes sobre a biota marinha e seu potencial risco a saide humana ¢ extremamente necessaria no
contexto geral de prote¢do dos ecossistemas marginais marinhos e das atividades socioecondmicas
relacionadas. Ainda, a implementacdo de medidas ambientais corretivas requer que a metodologia
utilizada seja confiavel, reprodutivel e de facil implementagao (Pereira 2008).

Moluscos bivalves tém sido utilizados em biomonitoramentos para estabelecer variagdes geograficas
e/ou temporais em relacdo a biodisponibilidade de poluentes em sistemas marinhos, oferecendo a
vantagem de informagdes integradas de relevancia ecotoxicoldgica. A andlise da composi¢dao do
tecido mole dos bivalves pode ser utilizada como ferramenta de medi¢do direta da fragdo
biodisponivel de um poluente no ecossistema nao levando em conta os inertes e/ou adsorvidos no
sedimento (Dennis A. Apeti, W. Edward Johnson, Kimani L. Kimbrough and Lauenstein 2012).

O objetivo foi realizar o biomonitoramento de metais através de bivalves e a possivel origem da
matéria organica dentro de dois ambientes marinhos distintos através das assinaturas isotopicas de C

e N.

Materiais e métodos

LOCAIS DE ESTUDO
A Baia de Guanabara, localizada na costa sudeste do Rio de Janeiro possui 384km?2, em sua maior
parte o ambiente ¢ sabidamente eutrofizado, recebendo esgoto ndo tratado de aproximadamente 10
milhdes de pessoas que vivem em 15 municipios localizados em sua bacia (Kjerfve et al. 1996). A
emissao total de esgoto doméstico na Baia de Guanabara ¢ em torno de 22.4 m3. s-1, o que exige uma
demanda bioquimica de oxigénio equivalente a 453ton/ dia-1 (Pereira et al. 2007). Em sua extensao,

existem 2 portos, 32 estaleiros além de terminais marinhos de 6leo e de acordo, h4d uma introdugao
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diaria de metais toxicos estimada em 4.8kg/dia-1. Outra importante interferéncia antrépica se da
através das aguas de escoamento de chuva aumentando a concentragdo de metais pesados
introduzidos através do “runoff” (Pereira et al. 2007; Fonseca et al. 2013).

Por outro lado, a regido de Arraial do Cabo ¢ uma area de protecdo ambiental e ponto turistico do
estado. Diferentemente da Baia de Guanabara, o impacto mais importante nesta regido ¢ provocado
pela ressurgéncia, porém, o turismo, a pesca e a emissao de esgoto também exercem pressao neste
ecossistema (Coelho-Souza et al. 2012, 2013). O fenomeno da ressurgéncia pode ser resumido como
um fluxo ascendente de uma corrente de d4gua mais fria e rica em nutrientes exercendo um distirbio
na dindmica do ecossistema e um aumento na heterogeneidade do ambiente (Cerda and Castro 2014).
Nesta regido, o fendmeno ocorre de forma mais intensa durante a primavera e o verdo basicamente

em func¢do da predominancia dos ventos de noroeste (Coelho-Souza et al. 2013)
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Figure 3-1 Localizagdo dos sitios onde as sacolas "bag-like cages" foram fixadas. Station AC - Arraial do Cabo (balsa
fixa, proximo a praia do Forno), ponto #2 Porto do Rio (Pier de Libras, Caju.)

BIOMONITOR
A espécie C. rhizophorae ¢ adaptada a ambiente estuarino de turbidez elevada. Essas ostras

apresentam a concha com duas valvas irregulares e asperas, de cor normalmente cinzenta e altura
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maxima de 10 a 12cm. Se alimentam de particulas de zooplancton e de fitoplancton disponiveis em
suspensdo ao seu entorno. A temperatura de conforto de C. rhizophorae esta na faixa de 22 a 29 °C,
mas podem tolerar areas com temperatura de até 34 °C. Seu crescimento ideal se da em 25 de
salinidade, podendo viver em uma faixa de 10 a 35 (Ruppert and Barnes 1996).

O mexilhdo Perna perna é amplamente distribuido nas regides tropicais e subtropicais sendo
comumente utilizado como sentinela ambiental em monitoramentos de adguas costeiras, gragas aos
padrdes de captagdo e bioacumulagdo das principais classes de poluentes (Beyer et al. 2017).

Ostras e mexilhdes possuem uma capacidade semelhante de bioacumular contaminantes organicos,
mas para os metais, ha diferencas claras nas habilidades de bioacumulagdo. Enquanto as ostras
possuem maior afinidade com zinco, cobre e prata os mexilhdes sdo capazes de acumular chumbo e

cromo em maiores quantidades (Kimbrough et al. 2008).

TRATAMENTO DAS AMOSTRAS

O experimento teve caracter temporal com inicio no dia 07 de abril de 2016 em Arraial do Cabo
proximo a Praia do Forno (22°58'3.20"S; 42° 0'25.57"0). Todos os bivalves utilizados neste estudo
foram adquiridos em uma fazenda de maricultura localizada no ponto acima mencionado. O cultivo
de mariscos nesta regido ¢ uma atividade tradicional mantida pela populagao local de forma artesanal
e de pequeno porte. Assim como a pesca, a producdo ¢ voltada para atender principalmente os
restaurantes locais e os proprios moradores que possuem economia voltada para o turismo. Durante
todo o experimento, apenas duas balsas estavam operando no local. Foram coletadas na fazenda de
maricultura 10 ostras (Crassostrea rhizophorae) e 15 litros de dgua da coluna adjacente aos bivalves
para analise de material filtrado. O tecido mole dos moluscos foi extraido com auxilio de espatula,
colocado em frascos de polietileno e congelados por 48h em freezer comum. Apds o congelamento,
as amostras foram liofilizadas no Laboratorio de sedimentologia do Instituto de Geofisica (UFF). Este
processo utiliza alta pressdo e temperaturas proximas de -40°C para converter o material do estado
solido para o gasoso sem passar pelo estado liquido. O resultado ¢ um material seco, de granulometria
muito fina e que preserva ao maximo as caracteristicas quimicas da amostra. A 4gua foi filtrada a
vacuo através de membranas de fibra de vidro (GF/F; porosidade nominal de 0.7um). O filtrado foi
seco em estufa com temperatura constante de aproximadamente 60°C durante 72 horas. O material
desidratado foi encaminhado para o laboratorio "LSIETE" (Laboratory of Stable Estope Ecology of
Tropical Ecosystem - Department of Biology, University of Miami) para analise isotopica de 8'3C e
81N,

Ainda em Arraial do Cabo, preparou-se quatro sacolas contendo 50 individuos em cada uma. As

sacolas foram confeccionadas com uma malha de PVC de 8.0 mm e dimensdes de 60 x 60 cm (largura
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x altura). As 4 sacolas (gaiolas) contendo ao todo 200 bivalves foram transportadas para serem fixadas
no Porto do Rio (sitio GB - 22°52'17.45"S; 43°12'4.11"0), figura 1, onde permaneceram submersos
No dia 19 de julho de 2016 (1 més apds fundeamento das gaiolas) foi realizada a primeira coleta da
BG de maneira semelhante a descrita para a amostragem inicial em Arraial do Cabo. A mesma
quantidade de agua foi coletada e passou pelo processo de filtragem para a confeccdo de mais 10
amostras de matéria organica particulada (POM). O material foi igualmente encaminhado para a
analise de isotopos estaveis no LSETE. Uma cota de 100 ostras foi mantida como controle em Arraial

do Cabo.

ANALISE DE METAIS PESADOS

Imediatamente apds cada coleta, as amostras foram identificadas e preservadas no gelo para
transporte para o laboratdrio. A biometria de cada individuo foi registrada para o calculo subsequente
do indice de condi¢do, onde, C.I. = (peso seco de tecido mole /volume de concha) * 100 (Mercado-
silva 2005; Rebelo et al. 2005). Os resultados sdo expressos em (g/ cm?) e sdo diretamente
proporcionais a saude das ostras.

As aliquotas para analise de metais foram preparados de acordo com Silva (Sternberg et al. 2013),
que utiliza o tecido mole total (carne) da ostra apds passar por um processo de desidratagdo de forno
a aproximadamente 80° C até que um peso constante seja obtido, referido neste estudo como "peso
seco" (d.w.).

A determinacdo das concentracdes realizadas em um ICP-MS (Thermo X-Series 2). A qualidade
analitica foi testada periodicamente através do material de referéncia certificado NRCC DORM-2
Dogfish Muscle (National Research Council Canada, Ottawa, Ontério), bem como os espagos em
branco processuais para identificar possiveis contaminagdes. A porcentagem de recuperacdo para
todos os metais pesados usava entre 80-110%, conforme recomendado pelo Programade Relogio de

Mexilhdo da NOOA(Bricker et al. 2014).

Table 3—1 Qualidade analitica para as concentragoes de metais medidas no tecido mole das ostras. Analito, valor
certificado para o padrao (DORM-2 Dogfish Muscle), valor medido no padrdo e percentual de recuperagdo do analito

(ug/g).

Metal certificado medido recuperacio %

Cd 0.043 0.036 83.7
Cu 2.34 2.01 86.1
Cr 34.7 28.17 81.2
Pb 0.065 0.052 80.3
Fe 142.0 144.8 102.0

Zn 25.6 21.17 82.7
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ANALISE DE ISOTOPOS ESTAVEIS

Para a analise isotopica, cada amostra foi previamente homogeneizada de forma manual. Em seguida,
foi realizada uma subamostragem para entdo ser novamente homogeneizada em um mixer automatico
(Retsch MM200). Destas amostras, cerca de 1,2 mg foi colocado dentro de capsulas de aluminio (tin
caps) e inseridas em um analisador elementar automatizado (Eurovector, Milan, Italy), por sua vez,
acoplado a um espectrometro de massa (Isoprime Stable Isotope Mass Spectrometer - Elementar,
Hanau, Germany). As amostras passam por um processo de pirolise para serem convertidas em gases.
O gés de interesse ¢ ionizado e se transforma em um feixe de ions positivos. O feixe ¢ induzido a
passar por um tubo de vdcuo com um campo magnético sofrendo um processo de deflexdo em fungao
da diferenca entre a massa de seus ions e um sensor do espectrometro de massa (sensor de Faraday)
¢ capaz de ler a intensidade dos diferentes feixes formados determinando a razdo entre o is6topo
pesado e o leve.

As medicdes sdo relativas a um padrao preparado no laboratdrio e calibrado de acordo com um padrao
de referéncia internacional, no caso do carbono é o PDB (Pee-Dee Belemite, 3C/'?C = 0.011237) ¢
do nitrogénio é o ar (N2, ’N/¥N=0.003677). A razdo isotopica & expressa por:

ONE = (Ramoxtrz/Rpadrd(fl ) *10)3 (%0 )

Onde: N = is6topo pesado do elemento E; R = razdo entre a abundancia do elemento pesado pela
abundancia do elemento leve (13C/12C, 15N/14N). A precisao da metodologia descrita ¢ de £ 0.1%eo.
As possiveis misturas isotdpicas foram investigadas usando como base assinaturas encontradas para
sedimento, coluna d'agua, invertebrados e comunidade bentonica existentes na literatura para os

mesmos locais deste estudo (Carreira et al. 2002; Corbisier et al. 2014).

ANALISE ESTATISTICA
As andlises estatisticas foram realizadas no programa Statistica v.13 (TIBCO Software Inc., 2017).
Todas as suposicOes para andlise paramétrica foram atendidas apés a exclusdo de outliers e
logaritmizagdo dos dados. A normalidade foi verificada usando o teste Kolmogorov-
Smirnov/Lilliefort e QQ-plot (p > 0,05). A homocedasticidade foi verificada pelo teste Brown e
Forsythe (F=1-G.L.; p>0,01). A comparagdo entre as concentragdes de metdis em bivalves foram

realizados usando o teste t-Student com um nivel de significancia p < 0,05.
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Resultados e discussao

Foram avaliados os niveis de contaminacao pelos metais Fe, Zn, Mn, Cu, Cr, Pb, Cd e Ni em ostras
Crassostrea gigas e mexilhdes Perna perna na Baia de Guanabara com o objetivo de acessar as
concentragdes de metais disponiveis para a biota. Os elevados teores de Zn, Fe, Mn e Cu estiveram
acima dos encontrados por (Carvalho et al. 1991) exceto para Cr, Pb e Cd. Table 3—2. Entretanto

ndo houve correlacdo significativa entre as concentracdes de metais e 0s isotopos estaveis.

Table 3—2 Concentragées de metais estdo apresentadas em ug /g do peso seco do tecido mole dos bivalves

Molusco (local) Fe Zn Mn Cu Cr Pb Cd Ni
C. gigas (BG) 183,0 5082 252 26,8 0,7 1,2 0,7 0,9
Perna perna (BG) 119,7 113,7 23,0 7,2 03 1,5 0,1 4.1
C. gigas (AC) 108,8 271,3 21,6 19,8 0,7 0,5 1,4 1,6

Perna perna (AC) 1203 79,8 8,1 63 1,0 1,6 0,5 5.9

A razo isotopica do 8'3C presente no material particulado (POM) da BG apresentou valores mais
leves e dispersos do que o POM de AC. De acordo com a literatura (Peterson and Fry 1987), isso se
deve a uma origem difusa da matéria organica presente na coluna d'dgua bem como uma assinatura
mais compativel com o carbono de origem continental do que o de Arraial do Cabo (média =-21,201
+ 0,737 e -20,086 = 0,161; respetivamente) Figure 3-2 e 3. Embora a andlise estatistica (t-Student, p
>(0.05) ndo tenha considerado esta diferenga significativa, ¢ importante considerar que a
discriminagdo isotopica para o carbono em bivalves ¢ geralmente 1,4%o0 (Manetta and Benedito-

Cecilio 2003; de Carvalho et al. 2009).
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Figure 3-2 Fracionamento isotopico de 6"°N por 6"*C do POM e das ostras na Baia de Guanabara.
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Figure 3-3 Fracionamento isotopico de 6"°N por 6"*C do POM em bivalves de Arraial do Cabo

Os valores de 8'°C e C/N agruparam as amostras de matéria orgnica particulada da coluna d'dgua
em dois grupos distintos e coerentes com o local de coleta (AC e GB), conforme mostrado na Fig. 4.
Ambos os casos apresentaram correlacdo negativa significativa entre estes dois pardmetros (GB: r =
-0.85, p < 0.01; AC: r = -0.71, p < 0.05). A POM da BG possui valores superiores para C/N e
empobrecidos para §!*°C quando comparados ao POM de AC.

As amostras POM AC apresentaram um percentual mais elevado de carbono e de nitrogénio (2.05 +-

0.31; 0.36 +- 0.05) do que a POM GB (1.10 +- 0.39; 0.18+- 0.09). No entanto, a razdo C:N do POM
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GB foi significativamente maior (6.29 +- 0.92; p<0.05) do que o encontrado para AC (5.63 +- 0.25)
demonstrando que embora as concentracdes destes elementos sejam inferiores na coluna d'dgua da

GB, o carbono ¢ proporcionalmente mais elevado do que o Nitrogénio, Figure 3-4.
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Figure 3-4 Proporgdo entre 0'>C e C:N dos moluscos bivalves de AC e BG.

A razdo C/N nio teve diferenca significativa entre os dois sitios (figura 2.). Em Arraial do Cabo a
média foi 5 (£1) e no Porto foi 4.5 (+0.8). No entanto, quando comparada a razdo entre C. gigas e P.
perna, a primeira apresenta valores mais elevados. Isso reflete o elevado teor de lipidios € menor
quantidade de proteinas relativos ao peso de seu tecido, conforme reportado pela literatura
(PEDROSA and COZZOLINO 2001; Parisenti et al. 2009, 2010). Essa composi¢do reflete um
empobrecimento de §'3C pois, em fungdo do metabolismo, os lipideos retém, preferencialmente,
moléculas mais leves de carbono quando comparado ao tecido muscular (proteinas). Esta constatacao
pode também explicar a maior bioacumulagao de alguns metais pesados por ostras (Schwamborn and

Giarrizzo 2015), Figure 3-4.
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Resumo

O presente estudo discute os principios basicos da bomba de C nas dguas marinhas. Dentro deste
contexto, construiu-se com alunos de Pos-Graduagdo uma pratica didatica sobre os efeitos do
aumento de CO; e subsequente acidez, na redugdo dos estoques de bases carbonatadas dissolvidas na
agua. Os alunos determinaram, de uma forma critico-reflexiva, a alcalinidade total, o pH e a
salinidade em 4guas marinhas, atuando em todos os processos laboratoriais. Ao final, os mesmos
foram capazes de conceituar o efeito do acréscimo de CO2 na especiagdo e na concentracao do sistema
carbonato em fung¢do das diferentes técnicas de medi¢do do pH. A pratica educacional ora discutida
se mostra uma ferramenta vidvel de constru¢do do conhecimento interdisciplinar na tematica de
acidificagdo dos oceanos.

Palavras-chave: Constru¢do do conhecimento; acidificagdo marinha; ciclo do carbono; mudangas
globais; metodologia educacional.

Abstract

The present study discussed the basic principles of the “carbon bomb” in marine waters. So a group
of post graduation students studied through a practical simulation method, the global CO- balance
change related to the process of “Acidification of the Oceans”. The students were stimulated in a
critical-reflective order to determine the total alkalinity, pH and salinity. At the end of the course, the
students were able to conceptualize the effect of CO; increase in speciation and concentration of
carbonate system due to different pH measurement techniques. The practice discussed here shown a
viable tool for the construction of interdisciplinary knowledge in the ocean acidification, which may
be appropriate for students from different backgrounds.

Keywords: Construction of knowledge; marine acidification; carbon cycle; global changes;
educational methodology.
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Introducao

Uma das grandes preocupagdes contemporaneas da humanidade ¢ a analise das mudangas globais, ou
seja, dos processos que alteram a estrutura e o funcionamento do planeta como sistema e cujas causas
sdo, inerentemente, relacionadas as atividades antropicas (Vitousek 1994, Duarte et al., 2006). A
relacdo direta entre as mudangas climaticas e a ciclagem de carbono (C) nos ecossistemas ¢ cada vez
mais evidente (Bonan 2008, Wohlers et al. 2009, Marotta et al., 2014). OC apresenta a propriedade
de reter calor e incrementar, por consequéncia, a temperatura da biosfera por efeito estufa (Royer et
al., 2007). Este processo de aquecimento €, por sua vez, natural e fundamental ao surgimento e a
manutencdo da vida na Terra (Strasdeit 2010), mas também tem sido significativamente intensificado
pelas agdes antropogénicas (Solomon et al. 2009, Solomon et al. 2010, Hansen & Stone 2016). Um
dos principais gases que causam o aquecimento global ¢é o didxido de carbono (COz), isto porque é
envolvido em uma ampla variedade de balangos metabolicos e fisico-quimicos que regulam o clima
do planeta (Kump 2002). Devido a importancia e atualidade da tematica, hé crescentes esforcos para
desenvolver ferramentas que subsidiem o processo de aprendizagem na area interdisciplinar das
mudangas globais e da ciclagem de C em diferentes niveis de escolaridade (Ratinen 2013, Besson et
al. 2014, Widener & Gliedt 2014). Tais esfor¢os metodologicos tém interface em processos de
constru¢ao do conhecimento que assumem o aluno de modo critico-reflexivo no seu proprio processo
aprendizagem (Piaget 1971). Emerge assim a necessidade da participagdo do mesmo como um ser
critico e ativo que compreenda cada fase da aprendizagem, perceba os nexos causais existentes entre
elas e se aproprie como seus determinados conteudos, ndo reconstruindo por si mesmo a bagagem
cientifica ja constituida (Werneck 2006). Nesse contexto, a alta complexidade dos processos
ambientais em suas interfaces ecoldgicas, economicas e sociais (Marotta et al., 2008) tornam ainda
mais urgente o desafio de considerar o papel das multiplas areas de conhecimento nas praticas de
ensino das mudangas globais.

Na escala global, os oceanos sdo considerados importantes bombas de retengdo de C da biosfera
(Landschiitzer et al., 2014), apresentando estoques de C em matéria organica ou inorganica (McLeod
et al., 2011). Dessa forma, tanto as aguas (Landschiitzer et al., 2014) quanto os sedimentos (Liu &
Zhao 2000, Jiao et al., 2010) marinhos podem ser convertidos em efetivos depositos de C desde curtas
a longas escalas temporais. A fixagdo de CO, em biomassa € essencialmente mediada pela atividade
dos organismos, realizada por processos metabdlicos que convertem a energia derivada da radiacao
solar (fotossintese) ou de determinadas reagdes quimicas (quimiossintese) em energia armazenada
nas ligagdes de moléculas organicas (Middelburg, 2011). Os processos de remineralizagdo liberam
os gases de C antes apreendidos em matéria organica nos oceanos, vias de degradacao biologica que

ainda podem ser favorecidas por aumentos de temperatura (Wohlers et al., 2009). Ja os estoques
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inorganicos de C sdo advindos de reagdes que convertem parte do COz dissolvido nas dguas em
compostos carbonatados que ndo podem evadir diretamente na interface dgua-ar dos oceanos. Esta
fixagdo de CO2 em matéria inorgéanica pode, por sua vez, ser mediada (Hoegh-Guldberg et al., 2007)
ou ndo (Stumm & Morgan 1996) pela atividade de organismos para compor estruturas carbonaticas
de sustentagdo e prote¢do. O pH basico das dguas marinhas possibilita que uma relevante parcela de
CO: seja passivamente convertida em compostos carbonatados pelas rea¢des de equilibrio fisico-
quimico (principio da solubilidade). Nesse contexto, o crescente aumento das emissoes
antropogénicas de CO2 na atmosfera tem contribuido para acidificar os oceanos, como consequéncia
da reagdo de solubilidade que produz acido carbonico (H2COs) na interface dgua-ar. Este processo
tem reduzido a capacidade de apreensdo de CO: em compostos inorganicos nos mares globais,
tornando a acidificagdo dos oceanos e suas implicagdes climaticas e a perda de biodiversidade um
dos temas mais relevantes e discutidos no ambito das mudangas globais (Hoegh-Guldberg et al. 2007,
Hoegh-Guldberg & Bruno 2010).

O objetivo do presente estudo foi discutir os principios basicos da bomba de retengcdo de C pelo
sistema carbonato nas aguas marinhas, construindo com os alunos uma pratica didatica sobre 0s
efeitos do aumento de CO», e subsequente acidez, na reducao dos estoques de bases carbonatadas
dissolvidas nos oceanos. Essa pratica ¢ ferramenta que visa facilitar o processo de aprendizagem pela
construc¢ao de conhecimentos quimicos voltados a formag¢do de uma ampla gama de profissionais das
areas ambientais, desde ciéncias bioldgicas e da Terra as engenharias e em niveis tanto de graduacao
pos-graduacdo. A proposta vem sendo testada na disciplina “Acidificacdo do Oceano” do Programa
de Po6s-Graduagdo em Dinamicas dos Oceanos ¢ da Terra da Universidade Federal Fluminense
(DOT/UFF), um curso interdisciplinar que reune alunos de formacao basica em diferentes tematicas
da area ambiental. O presente estudo tem como objetivo servir de base nas aulas do ensino superior,

médio e fundamental.

Funcionamento do sistema carbonato

O CO; ¢ um géas reativo em meio aquoso, ou seja, reage com a molécula de agua e produz acido
carbonico (H2COs), o qual por equilibrio perde ions de H* formando as bases carbonatadas
bicarbonato (HCO3") e carbonato (COs>") em condi¢des alcalinas. No meio alcalino marinho tipico
para as aguas superficiais (pH~8,01), as bases carbonatadas podem representar 96,5 % do estoque de
carbono inorganico dissolvido. As reacdes que seguem abaixo descrevem a dinamica de equilibrio

quimico do sistema carbonato (Stumm & Morgan 1996):

COz(g) = CO2(aq) (1)
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Caz(aq) + HZO(L) = H2603(aq) (2)
HyCO3(aq) = H{ygy + HCOZ(4y (3)
HCO34q) = H(th) + CO?&«;) (4)

A soma das concentragdes de CO3 (aq), HCO37(aq) € CO3%(aq) ¢ denominada de carbono inorginico
dissolvido (CID). Ja as razdes das constantes de equilibrio das reagdes acima do sistema carbonato

(1 - 4) podem ser descritas como:
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Nestas equagdes, f (CO2), ¢ a fugacidade do CO; na fase gasosa e os colchetes representam as
concentragdes totais estequiométricas de uma espécie quimica particular. O simbolo y significa o
coeficiente de atividade. Estas constantes de equilibrio sdo fun¢des da temperatura, pressdo e
composi¢ao da agua do mar (i.e., salinidade) as quais devem ser medidas. Nas pesquisas cientificas
dos oceanos os oceanografos utilizam as constantes estequiométricas para gerar informagdes sobre o
sistema carbonato (Ramos e Silva, 2011). As constantes estequiométricas (aquelas obtidas pelas
determinagdes ambientais) estdo relacionadas com as constantes termodinamicas (Ramos e Silva et

al., 2002), tais como descrito nas equagdes 1-3 abaixo:

[H*][HCO3]

= ey (Ea-1)
« _ [H*1[coi7]

K2 = “hrcor] (Eq. 2)

Kps = [Ca®*][C037] (Eq. 3)

Sendo assim, uma importante forma de armazenamento do C na condi¢do alcalina tipica das aguas
marinhas decorre da precipitacao de carbonato de célcio pela reagcdo 9 (Hoegh-Guldberg et al., 2007).
O carbonato de calcio € precipitado, quase sempre biogenicamente em conchas, carapagas, algas e
outras espécies, chega a ser considerado a principal forma de apreensdo de CO:2 atmosférico na

biosfera (Ramos ¢ Silva, 2011):
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Caleyy + CO5~ = CaCOsy) 9)

Nas 4guas oceanicas superficiais, a disponibilidade de radiagdo solar pode favorecer o consumo de
CO; pela atividade fotossintética, especialmente nos mares costeiros de menor turbidez e onde a
limitacdo por nutrientes ¢ menos frequente do que no oceano aberto (Duarte & Agusti, 1998). Por
outro lado, nas dguas oceanicas mais profundas, a fotossintese se torna reduzida ou ausente devido a
escassez de radia¢do solar, embora taxas relativamente baixas de apreensdo de COz por processos
quimiossintéticos possam ocorrer (Middelburg, 2011). Portanto, as dguas marinhas superficiais
podem ser mais enriquecidas em fon carbonato (CO3*) e mais pobre em HCOs do que as profundas,
uma vez que o equilibrio ¢ deslocado para a esquerda na reacdo (10) para compensar o consumo de

CO; pela produgdo primaria:
COy (aq) + CO3aq) + Hy0y = 2HCO3, (10)

Além disso, a maior disponibilidade de CO; nas 4guas profundas as torna insaturadas com relagdo ao

ion carbonato (COs>), resultando na também reducio do estado de saturagdo do carbonato de célcio

Q).

[ca®*] [co3]
Kps

0= , kps = produto de solubilidade (Eq. 4)

A presenga de COs* representa 13% do carbono inorganico presente nos oceanos, de forma que esta
espécie se constitui em um fator limitante da capacidade de tamponamento da 4gua do mar, tal como

discutido no item a seguir.

Mecanismo de tamponamento da agua do mar

O pH da agua do oceano tem se mantido inalterado por milhares de anos em torno de 8,2,
consequéncia da capacidade de tamponamento do sistema carbonato. As reacdes 11 e 12 mostram

como o sistema funciona quando da adi¢do de um 4cido (H").

H(J;q) + HCO3(qq) = H2C03(aq) (11)

+ 2—  _ -
Higg) + CO54q) = HCO34q) (12)
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De acordo com Soetaert & Gregoire (2011), para caracterizar os varios componentes do sistema
carbonato, ¢ necessario definir pelos menos dois pares dos seguintes parametros:

e pH

e Alcalinidade total (AT)

e CO2 total (TCO2)

e Pressdo parcial do CO2
O presente experimento utilizou para caracterizacao do sistema carbonato dois pares dos parametros

acima: pH e AT.

PH

O pH, como medida cientifica, pode ser determinado através de eletrodos ou por espectrofotometria.
O valor do pH varia com a pressdo e a temperatura e se 0 mesmo for determinado em condigdes
diferentes de pressao (1 atm) e temperatura (25 °C) é necessario corrigir o valor para as condi¢des in
situ. Existem polindmios para corrigir o efeito da pressao e da temperatura sobre o pH.

A utilizacdo da escala NIST (antiga NBS) de pH nas determinagdes potenciométricas ndo ¢
aconselhavel, devido a diferenca da forga i6nica entre o tampao NIST (< 0,1 m) e a 4gua do mar (=
0,7 m) que faz o eletrodo se desviar do valor tedrico de Nernst. As medi¢des devem ser feitas com
alta precisdo e exatiddo, contemplando o conhecimento da escolha da escala de pH, da base de
calibragdo do pH e as limitagdes do seu uso. A escala de pH quando nao ¢ fornecida nos estudos
oceanograficos podem acarretar erros nos calculos da pressdo parcial do CO; (pCO»). As diferencas
encontradas também nas constantes de acidez em diferentes publicacdes podem estar relacionadas as
diferentes escalas de pH utilizadas nos estudos. Para ilustrar a importancia da indicacdo da escala do
pH na caracterizacdo dos parametros do sistema carbonato citaremos os valores dos parametros do
sistema carbona%o para o pH 8,08, fornecidos por Zeebe & Wolf-Gladros (2007), onde os autores nao
defidiram a escala de pH para esse valor (Escalas de pH definidas para aguas marinhas: agua do mar,
total e livre). Os pardmetros do sistema carbonato, tais como, pCO2 (natm), [CO2- pmol/kg] e [CO* -
umol/kg] podem variar da seguinte forma em fun¢do das escalas de pH (para o mesmo valor de pH =
8,08), respectivamente: pCO2= 354, 363 e 478; [CO2] = 10,0, 10,3 e 13,6; [CO* ] = 255, 250 ¢ 201.
Desta forma, a medi¢do de pH na dgua do mar estd baseada em trés escalas: a- a escala da
concentragdo total de ions hidrogénio (pHt), b- a escala da 4gua do mar (pHsws) € ¢- a escala da
concentra¢do de ions “livre” de hidrogénio (pHr). Maiores esclarecimentos podem ser encontrados
em Ramos ¢ Silva (2011).

A escala total de pH, utilizada nesse experimento, ¢ definida como segue abaixo:
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1mol

ic= ; T = escala total; c® =

[H+]+[H50;]) mol
Kg-sol Kg-sol

pHS = —log(

cO
T = escala total de pH. c = concentragao relativa ao estado padrao. c®= concentracio no estado padrio.
As diferentes escalas estdo relacionadas com as interagdes idnicas do H" com os diferentes
componentes da agua do mar. As escalas de pH baseadas na concentragdo do ion hidrogénio, como
nos itens a, b e ¢ acima, sdo mais proveitosas para as medi¢des oceanograficas. Além disso, essas
escalas apresentam vérias vantagens em relacdo a escala NBS (atualmente NIST — National Institute
of Standards and Technology).

A escala NBS (National Bureau Standards) tem sido amplamente utilizada em estudos

oceanograficos. O pH medido na escala NBS ¢ definido da seguinte forma:
pHypgs = —logay+; a = atividade  (Eq.5)

Infelizmente, ndo ¢ vidvel medir o pH da dgua do mar baseado na Eq. 5. Isto porque a atividade do
ion hidrogénio ndo ¢ possivel de ser determinada individualmente. Desta forma, o pHxgs apresenta
um valor proximo do pH, e ndo idéntico. As solugdes padroes NBS possuem uma for¢a idnica (I)
bastante baixa, aproximadamente 0,1 m. Desta forma, quando usadas nas medi¢des de pH na dgua do
mar (I = 0,7 m) geram mudangas no potencial de juncdo liquida entre a calibracdo e as medigdes das
amostras. As mudangas no potencial de juncdo liquida sdo maiores do que a exatidao desejada de
0,01 e 0,001 unidades de pH.

O uso das escalas de pH e o estudo das reagdes envolvendo transferéncia de prétons na dgua do mar

continua sendo uma das areas mais confusas da quimica marinha (Marion et al., 2011).

AT
A alcalinidade total ¢ um conceito bastante 1til dentro do contexto do sistema carbonato na 4gua do
mar. No século XIX ja era sabido que a 4gua do mar ¢ alcalina e que contém grandes quantidades de
carbono inorganico dissolvido (DIC) os quais podem ser liberados na forma de CO> mediante
titulagdo com 4cido forte. A AT na dgua do mar ¢ muito maior do que aquela da agua doce.
No século XX (1930) a AT foi definida operacionalmente como o nimero de miliequivalentes de
ions hidrogénio neutralizados por 1 L de 4gua do mar a 20 °C. Nessa época ndo se conhecia as espécies
quimicas responsaveis pela neutralizacdo observada. A AT também pode ser definida como a
quantidade de ions hidrogénio, em mmol/L, necessdria para neutralizar as bases fracas presentes em
1 L de 4gua do mar (Ramos e Silva, 2011).
O valor da AT ¢ dado por:
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AT = [HCO3 ] + 2[CO%27] + [B(OH),] + [OH™] — [H*] + [SiO(OH)3] + [HPOZ™] +
2[P0}~] + [outras bases] (Eq.6)

O excesso de aceptores de protons sobre doadores de protons em relagdo ao nivel zero de protons €
definido como AT.

A defini¢do exata de AT requer a introducdo de trés conceitos basicos: 1- nivel zero de protons, 2-
doadores e aceptores de préotons e 3- condigdo de proton. Esses conceitos ndo sdo discutidos nesse
experimento.

Para 4gua do mar as concentra¢des das bases HCO3, CO3~ e B(OH), sdo as mais importantes,
contribuindo com os seguintes porcentuais: 89,8%, 6,7% e 2,9%. Para intervalos de pH entre 5,5 e
8,5 as concentragdes de H" e OH™ podem ser negligenciadas na equagao.

E importante registrar que a AT ¢ um dos conceitos na area da oceanografia quimica menos entendida
como propriedade conservativa. A propriedade conservativa de acordo com a definicdo de Drever
(1982): “Os ions Na*, K*, Ca?*, Mg?", Cl,, SO3~ e NO3 podem ser vistos como “conservativo”,
considerando que suas concentragdes ndo sdo afetadas pelas mudangas do pH, da pressdo e da
temperatura (ndo considerando transformacao biologica, precipitacao ou dissolugdo da fase sélida)”.

Se simplificarmos o conceito de alcalinidade total como na equacao (7),

ATS=[HCO3]+2[CO3 ]+ [B(OH);]1+[OH"]—[H*] (Eq.7)

podemos dizer que os ions HCOs'e CO3* sdo aceptores de protons e atuam como bases. O H" (H30")
¢ um doador de préton e age como um acido. Desta forma, podemos dizer que a alcalinidade total
simplificada (ATS) na equagdo (7) ¢ constituida por um excesso de base (aceptores de protons):
HCO5, 2COs*, B(OH)s ¢ OH". A ATS sera igual a zero na condi¢do apresentada na equagio (8):

[H*]=[HCO3]+2[C03 1+ [B(OH);]+[0OH"] (Eq.8)

Pelo exposto acima, a AT pode ser definida pelo excesso de aceptores de prétons ou pela diferenga

de cargas dos ions conservativos (Zeeb & Wolf-Gladrow, 2007).

Delineamento da Pratica Didatica

Foram coletados cerca de 5 L de 4gua na Baia de Guanabara (Praia de Boa Viagem, Niter6i/RJ). No

Laboratorio de Sistema Carbonato/CO,, do Nucleo de Estudos em Biomassa € Gerenciamento de



48

Aguas (NAB) da UFF, a amostra de 4gua sofreu diferentes procedimentos para as determinagdes de
salinidade, pH e AT. Na auséncia de mar nas proximidades, a mesma pratica poderia ser realizada
com uma solu¢do de agua do mar sintética (Ramos e Silva, 2011).

Cada tratamento da pratica experimental apresentou um tempo diferente de insuflo de COz em
amostras de 200 ml de 4gua marinha com uso de canudo pelos proprios alunos. Os tratamentos
apresentaram duragdo de 0 (controle sem insuflo), 10, 20, 30, 45, 60, 90, 120, 180 e 240 segundos
respectivamente. Foram assim separados nove copos de 500 ml para acondicionar as amostras de
dgua marinha e nove canudos de plastico para insuflar (Figura 1). A turma foi dividida em trés grupos
de cinco alunos para que cada um ficasse responsavel pelas analises de pH e AT de trés tratamentos
diferentes (i.e., 10s, 20 s, 30 s). A salinidade foi medida somente no tratamento controle (0s de

insuflo).

Figure 4-1 Etapas do processo descrito. 1- coleta da agua, 2- preparo do material, 3- insuflo e 4- andlises.

Fonte: registro fotogrdfico feito por alunos da disciplina durante o presente experimento.

As amostras para AT foram filtradas com membranas GF/C de porosidade nominal para particulas
maiores do que 1,2 um, no total de 2 L. J4 as amostras para determinacdo do pH ndo foram filtradas.
O pH foi medido, em cada tempo, seguindo os seguintes procedimentos: 1- calibragdo do eletrodo
com a solucdo TRIS (0,04 m) dentro de uma célula termostatizada (Ramos e Silva, 2004). 2-
Calibracdo com a solugdo NIST (antiga NBS). 3- Papel pH (Universal Indicator, Merck).
Considerando que a solugdo tampdo para calibrar os eletrodos em dgua marinha é dada na escala total
(pHr), escala preferida e adequada na oceanografia, e considerando que a escala NIST ¢ utilizada por

uma grande parte de pesquisadores que desconhecem as escalas definidas para dgua do mar (Wolf-
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Gladrow et al., 2007), decidimos trabalhar com ambas. Embora o papel pH nao seja utilizado em
pesquisas oceanograficas, utilizamos essa técnica para realgar os erros cometidos pela escolha das

técnicas para medig¢ao do pH.

Determinacoes

AT - Em cada tempo estabelecido, antes dos procedimentos para a analise, a cé¢lula termoestatizada
foi rinsada com a amostra insuflada com CO». Apds rinsar, 50 mL da amostra foi titulada com acido

cloridrico HCI 0,096 M a 25 °C, de acordo com Ramos e Silva (2011).

mol

pH — As determinagdes do pH na escala total ( ) foram definidas pela calibragdo do eletrodo

kg—sol
com a solugdo TRIS (tris-(hidroximetil) aminometano), for¢a idnica de aproximadamente 0,7 m.
Cerca de 50 mL de amostra de cada tratamento experimental , foi adicionada a célula termoestatizada
a 25 °C. As determinagdes foram feitas em mV e o pH obtido pela defini¢cdo operacional do pH

(Ramos e Silva, 2011):

(Es - Ey)
pszpHs-'_%

As determinagdes do pH na escala NIST, forga idnica de aproximadamente 0,1 m, foram definidas
pela calibracdo do eletrodo com duas solugdes tampdes (pH = 7 e pH = 10). As determinagdes foram
realizadas com unidade de pH a 25 °C na célula termoestatizada. O desempenho de ambos os
eletrodos utilizados nas determinagdes do pH (Escala Total e NIST) foi realizado pela acidificacao
da solugdo de NaCl 0,7 m com HCI 0,2 M (padronizado) para checar a constante de Nernst (Ramos

e Silva, 2011), ver equagao abaixo:
E = E° + kpH (Eq. 9)

A terceira e tlltima determinagdo do pH foi feita introduzindo o papel pH (Universal Indicator, Merck)
em cada tempo estabelecido, na mesma amostra onde foi determinado o pH pela escala NIST.

O valor de pH na escala total, bem como a especiacdo e a concentracdo do sistema carbonato foi
obtido pelo Programa DAO (Determinacdo da Acidificagdo dos Oceanos). Esse Programa faz toda a
especiacdo do sistema carbonato a partir da entrada de algumas varidveis (temperatura, pH, AT e

salinidade), podendo ser adquirido pelo site www.profcarlosaugusto.com.
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Resultados e Discussao

VARIACAO DOS PARAMETROS DO SISTEMA CARBONATO
Os valores obtidos para as diferentes técnicas de determinagdo do pH, nos diferentes tempos
realizados, estdo na Tabela 1. No tempo TO houve uma variacdo de 0,15 unidades de pH entre as
técnicas empregadas, sendo a maior variagdo observada no tempo T4 (A = 0,92 unidades de pH). A
discrepancia nos valores de pH, entre as trés técnicas, afeta de forma marcante a quantificacdo dos
parametros do sistema carbonato (Ramos e Silva, 2002, Dickson, 2010, Millero, 2010, Marion, et al.,
2011, Ramos e Silva, 2011, Ramos e Silva et al. 2017a,b). As varia¢des nos valores encontrados, de
TO a T8, entre as escalas definidas pelas solugdes NIST e TRIS (de 0,04 a 0,23 unidades de pH) se
devem ao potencial de juncdo liquida gerado pela diferenca da forga ionica entre a solugdo de
calibragcdo NIST e a forca idnica da amostra. Outrossim, a propria diferenga entre as escalas, a escala
NIST trabalha com atividade do H" e a escala Total trabalha com [H'], e as unidades de concentragdes
empregadas geram diferencas nos valores de pH. Marion et al. (2011) associa uma variagdo nos
valores de pH de 0,25 unidades de pH em fun¢do das escalas adotadas. Somado as escalas, os
diferentes procedimentos de medi¢des e as unidades de concentragdo também geram diferencas

(menos expressivas) entre as medicdes de pH. Marion et al. (2011) encontraram diferencas nos

). A

IUPAC (International Union of Pure and Applied Chemistry) recomenda o tampao NIST para

mol mol
ec =
kg—H,0 kg—sol

valores de pH de +0,016 em fun¢do da unidade de concentragdo (m =

solugdes diluidas (I < 0,1 m) (Buck et al., 2002). No experimento de acidifica¢do na solugdo alcalina
marinha (Tabela 1), se torna evidente o forte efeito da pressdo parcial do CO; (pCO2) nos valores de
pH, onde a entrada de CO, pelo insuflo desloca a reagdo (13) para direita liberando H". Esse processo
¢ responsavel pelo menor valor de pH no tempo T(180s) em relagdo ao valor de pH no tempo T(0s)

(8,11 e 6,42, respectivamente).

H,0 + COyq =H'+HCO; =H'+C03~  (13)

Table 4—1 Valores de pH durante o experimento de acidificagdo induzido pelo CO:. pHr = escala total de pH, pHnist
= escala NIST de pH; pHri = indicador pH. Salinidade da amostra = 29 psu.

Tempo TO TT T2 T3 T4 T5 T6 T7 T8 T9
pHT 8,11 757 747 683 672 667 654 655 642 645
pHNIST 8,15 7.7 761 704 692 687 676 673 665 6,66
pHPI  -~8 ~7 ~T ST AT ~6 ~6 ~6  ~6  ~6

Fonte: dados obtidos durante o presente experimento conforme metodologia descrita.
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VARIACAO DA AT EM FUNCAO DO TEMPO DE INSUFLO
A Tabela 2 mostra a variacao da AT ao longo do tempo. O maior valor de AT (2730 pmol/L) foi
observado no TO e o menor valor (2671 umol/L) no T5. O maior valor de AT no pH 8,11 TO ¢
explicado pelos principais aceptores de protons (CO3~ e HCO3), os quais podem representar a AT
(AT ~ [HCO3] + [CO3™]). Por outro lado, niio é observado uma tendéncia padrio nos valores da AT
ao longo do tempo como ¢ observado para o pH (Tabela 1). O ponto de equivaléncia da AT (onde a
AT ¢ igual a zero e o pH ¢ entorno de 4,3) ndo foi alcancado nesse experimento. Nesse ponto de
equivaléncia (PE) o HCO3 e o CO%™ estdo convertidos na forma de CO,. Nesse experimento nio foi

observado o PE, uma vez que o pHrt ndo ficou abaixo de 6,42.

Table 4—2 Valores de alcalinidade total (AT) em umol/L durante o experimento de acidificagdo induzido pelo CO2.

Tempo (s) TO T1 T2 T3 T4 TS T6 T7 T8 T9

AT 2741 2717 2690 2712 2731 2684 2715 2721 2693 2726

Fonte: dados obtidos durante o presente experimento conforme metodologia descrita.

O pH na faixa de aproximadamente 8,0 a 6,3 acarreta um aumento da concentragdo do HCO3 em
funcio da conversdo do CO3~ e do CO para HCO3 . Desta forma, o principal aceptor de protons passa
a ser o HCO3, o que explica as pequenas variagdes da AT (A = em funcdo da queda do pH (Figura2).
Esse cenario ¢ reforgado pela Figura 3, que mostra um aumento na concentragdo do HCO3 entre a
faixa de pH 7,57 a 6,45 e pela falta de uma tendéncia na queda nos valores da AT ao longo do tempo
na Figura 2. Essa pequena variagdo na AT encontrada nesse experimento (A = 4%) ndo ¢ interessante
para o entendimento do conceito da AT.

Por outro lado, ¢ importante para compreensao do efeito da acidificagdo nos sistemas marinhos, cuja

faixa de variagdo ¢ semelhante ao do experimento. Em 4guas marinhas naturais a AT ¢ afetada,

primeiramente, pela variacdo da salinidade ([Na+], [CI"], entre outros) e por varios processos
biogeoquimicos como a precipitacdo do CaCOs3 (Reacdo 9) e a decomposicdo de matéria organica
(MO) pelas bactérias em ambientes marinhos redutores. Fica evidente nas Figura 2 e Tabela 3 que o
aumento de [CO:] na solugdo de estudo de 12 pmol/kg (TO) para 738 umol/kg (T8) ndo interfere nos
valores da AT, uma vez que a AT ¢ definida com base no CO2 como nivel zero de prétons (Dickson,

1981; Schlesinger, 1997).

5CH,0 + 4H* + 4NO; = 2N, + 5C0, + 7H,0 (14)
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Figure 4-2 Alcalinidade total (AT) e pH total (pHt) em funcdo do tempo de insuflo.

Fonte: dados obtidos durante o presente experimento conforme metodologia descrita.
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Figure 4-3 Propor¢do das espécies quimicas de CO2 em fungdo da variagcdo do pH total.

Fonte: dados obtidos durante o presente experimento conforme metodologia descrita.

As duas reagdes acima propiciam a queda nos valores de AT. Em sistemas fechados a precipitagao
de 1 mol de carbonato de célcio (reagdo 9) sempre leva ao decréscimo de 2 mol de AT. O consumo
de 4 mol de nitrato (composto oxidante) na decomposi¢do da MO (Reagdo 14) aumenta a AT de 4

mol.



Table 4—3 Especiac¢do quimicas do CO2 (umol/kg) em fungdo do pH.

53

Espécies
Escala TEMPO (s)
Quimicas
TO T1 T2 T3 T4 T5 T6 T7 T8 T9
pHr 12 49 62 286 373 411 563 552 738 697
[COz2aq] | pHnist | 10 35 43 175 233 258 338 363 432 428
pHpr 16 192 612 617 193 611 618 620 613 621
pHr 2034 2436 2453 2612 2641 2597 2636 2641 2619 2651
[HCOs7] | pHwist | 1988 2366 2390 2585 2621 2579 2621 2629 2607 2640
pHp1 2151 2596 2612 2635 2610 2606 2638 2644 2615 2649
pHr 279 96 77 19 15 13 10 10 7 8
[COs™] pHnisT | 299 126 104 30 23 20 16 15 12 13
pHpr 229 28 9 9 28 9 9 9 9 9
pHt 838 2,89 231 05 044 039 029 030 022 0,24
Qcalcita pHnst | 8,98 3,79 3,11 091 0,70 0,61 048 045 0,37 0,39
pHp1 6,88 0,83 026 027 083 026 027 027 026 0,27
pHr 2324 2581 2592 2917 3029 3021 3209 3203 3364 3356
DIC pHwist | 2297 2527 2537 2790 2878 2857 2975 3007 3052 3081
pHpr 2395 2816 3233 3261 2831 3225 3265 3272 3237 3279

Fonte: dados obtidos durante o presente experimento conforme metodologia descrita.

A AT no pHr 8,11 (T0) foi maior do que o DIC (2730 umol/kg e 2324 umol/kg, respectivamente),
onde a AT ¢é representada principalmente pelas concentragdes do HCO3 e CO3~ (2333 pmol/kg),
cenario caracteristico de amostras de dgua do mar, ver Tabelas 2 e 3. A Tabela 3 mostra que as
concentragdes de CO,, HCO3 e DIC aumentaram com a queda do pH induzida pelo insuflo de CO>
a0 longo do tempo, com exce¢io do CO3~. A diminui¢do do estado de saturagio se deve ao aumento
do CO». O CO3 reage com a dgua produzindo proétons, esse efeito ¢ denominado de “Acidificacdo do
Oceano” que consume o CO3™ (veja as reagdes 15, 12 e 10, respectivamente).

CO;+ H;0 =HCO; +H" (15)

O consumo de H' e COz pelo CO%™ (Reagdes 12 e 10) caracteriza a principal capacidade tampdo da
dgua do mar (pH = 8,2). A medida que que o CO3™~ decresce na d4gua da mar pelas reacdes 12 e 13,

resulta na diminui¢do do estado de satura¢do do carbonato (Equagdo 10). O Q tem sido utilizado

como indicador da capacidade de calcificagdo dos organismos.

[ca®*][co37]
Kps

Q= (Eq. 10)
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Neste experimento, o estado de saturacdo da calcita tende a diminuir ao longo do insuflo, sendo
observado o menor valor no T8 (© = 0,22) e o maior valor no TO (Q = 8,31), ver Tabela 3. Esses
valores sdo influenciados pelo pHr (6,42 e 8,11, respectivamente), Tabela 1. Fica claro pela reagdo
(12) que o consumo de carbonato pelo H" afeta diretamente a formagao de carbonato de célcio (reagdo
9 e equacao 4).

Finalizando, os alunos — de diferentes formagdes: bidlogo, gedlogo, oceandgrafo, gedgrafo, geofisico
€ quimico - viram na pratica o que foi ministrado em sala de aula, ou seja, puderam vivenciar os
conceitos e os efeitos da Acidificagdo dos Oceanos no sistema carbonato com a pratica

no laboratdrio. Durante a medi¢cdo do pH ao longo do experimento do sopro, foi possivel perceber,
de forma clara, o aprendizado dos alunos a respeito dos efeitos resultantes da variagao deste pardmetro
através de debate o que evidenciou o grau de motivacao dos mesmos, gerado ao longo do experimento
e do relatério. E importante relatar que os alunos tinham pouco conhecimento do assunto abordado e
os conceitos que alguns alunos externavam sobre o tema estavam contorcidos.

Na parte experimental os alunos mostraram mais facilidade para acompanhar as medigdes, uma vez
que tiveram sempre o acompanhamento dos estagiarios do laboratorio. A maior dificuldade ficou na
elaboracdo dos graficos e na interpretagdo dos resultados. Acreditamos que o acesso dos alunos ao
Programa DAO facilitard em muito esse aprendizado, uma vez que poderdo analisar em tempo real o

efeito das varidveis ambientais nos parametros do sistema carbonato.

Como Replicar o Experimento?

O presente experimento pode ser replicado pelas institui¢des de ensino médio e superior, obtendo os
mesmos resultados. Para isso € preciso obter alguns materiais e equipamentos citados abaixo.

1. Medidor de pH e eletrodo de pH: Podem ser obtidos pelas empresas Alfakit, Analyser,
Metrohm, entre outras com representacao no Brasil.

2. Solucio padrao para pH: As solugdes do tipo NIST podem ser obtidas pelas empresas
Alfakit, Analyser, Metrohm, Fisher, entre outras. A solu¢ao padrdo Tris (especifica para dgua
do mar) pode ser obtida pelo laboratério do Dr. Andrew G. Dickson da Universidade da
California (email: adickson@ucsd.edu) ou pelo laboratério de Equilibrio CO2/Carbonato do
NAB/UFF (email: caugusto_99@yahoo.com).

3. Programa de Determinacio da Acidificacdo dos Oceanos (DAQO): O Programa DAO pode
ser  adquirido pelo site  (www.profcarlosaugusto.com) ou pelo  email
(caugusto 99@yahoo.com).

4. Indicador pH (universal indicator): O indicador de pH pode ser adquirido em qualquer

estabelecimento de aquarismo.
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5. Membranas GF/C ou de celulose: Podem ser obtidas pelas empresas Fisher, Millipore,
Sigma, entre outras com representa¢cdo no Brasil.

6. Célula termostatizada: Esse recipiente de vidro encamisado (100 mL), de duas camadas,
permite a passagem de dgua a uma temperatura constante, podendo ser obtido pela empresa
LabSolutions ou ser confeccionado.

7. Banho termostatico com circulacdo externa: O banho termostatico serve para manter a

temperatura constante (25 °C) na célula termostatizada. Esse equipamento pode ser obtido

pelas empresas Huber, Analitica, Quimis, Polimate, entre outras com representacao no Brasil.

Conclusao

O aquecimento global, proveniente da emissao do CO», ¢ um processo complexo e atual que merece
foco, principalmente das futuras geragdes. Com o objetivo de aprofundamento dos conhecimentos do
corpo discente, de forma a permitir sua atuagdo de forma critica nos estudos de prevengao, o presente
trabalho consistiu na criacdo e aplicagdo de uma nova abordagem de ensino, na qual os estudantes
atuam de forma ativa na execug¢do dos métodos ¢ assim, absorvendo mais efetivamente as
informagdes ensinadas.

O presente trabalho se apresentou encorajador uma vez que o método empregado gerou resultados
esperados e facilmente compreensiveis, mesmo com a atuagdo direta de alunos sem experiéncia
prévia de laboratorio. O ensaio mostrou relativa simplicidade em sua execugdo fazendo do método
sugerido no presente estudo uma efetiva forma de ensino dos diversos processos envolvidos na

acidificagdo dos oceanos.
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Conclusao

O biomonitoramento torna-se eficaz quando integrado a outros pardmetros ambientais, uma
vez que nem sempre os valores de metais quantificados nos sedimentos e no bioindicador sdo
correlatos. Quando aplicado em um sistema complexo e dindmico como no caso de um estudrio, o
monitoramento de apenas um dos compartimentos ndo retrata, de fato, a toxicidade e a
biodisponibilidade de poluentes. Mesmo em ambientes com niveis elevados de metais no sedimento,
as ostras apresentaram um bom Indice de Condig¢io, mostrando que nem sempre estdo biodisponiveis
para serem incorporados a cadeia alimentar.

Comparando-se o indice de condicdo das ostras transplantadas, pode-se inferir que o
processo de realocacdo por si sd, ndo impactou negativamente os bivalves nos dois estudrios
estudados. Entretanto, a disponibilidade de matéria organica, a salinidade e o periodo chuvoso
atuaram na biodisponibilizagdo e bioacumulagdo de metais que determinaram a qualidade do indice
de condicao.

O emprego de isotopos estaveis de C e N no biomonitoramento ndo demonstrou correlagdo
significativa com as concentragdes de metais, porém, o modelo de mistura isotdpica forneceu
indicagdes sobre a proveniéncia da matéria orgdnica consumida pelos bivalves, facilitando o
entendimento das interagdes abidticas e bidticas.

Além da diversificagdo das técnicas aplicadas ao biomonitoramento, as abordagens
estatisticas também foram variadas e integradas de forma a otimizar a interpretacao dos dados obtidos
nos experimentos. A qualidade analitica foi aspecto fundamental para embasar a discussdo dos
resultados.

O livre acesso aos dados obtidos em pesquisas tem sido uma demanda universal no sentido
de viabilizar sua reprodutibilidade e fomentar a sua utilizagdo por outros projetos cientificos. Com
esta preocupacdo nossos resultados se encontram disponiveis para consulta e utilizagdo em banco

publico de dados (http://dx.doi.org/10.17632/nmjxsrz9i8.3).
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ANEXOS

PUBLICACAO DE DADOS EM REPOSITORIO PUBLICO

Dataset: Heavy metals pollution accessed from transplanted oysters (Crassostrea rhizophorae) in
the Potengi estuary, RN / Brazil

Heavy metals pollution accessed from transplanted oysters
(Crassostrea rhizophorae) in the Potengi estuary, RN / Brazil

Published: 17 Aug 2019 | Version3 | DOI: 10.17632/nmjxsrz9j8.3

Contributor(s): Thaise Machado Senez Mello, Carlos Augusto Ramos e Silva, Eduardo Teixeira da Silva, Aécia Dantas

Description of this data

Concentrations of Cd, Cr, Cu, Pb, Ni and Zn were analyzed in total soft tissue from transplanted oysters between two
sites in the Potengi estuary for almost six months to test the influence of environmental changes on accumulation and
depuration of these metals. Native oysters were collected before and after transplantation to provide background for
statistical analysis.

The experimental design aims to test the following alternative hypotheses:

H1- Significative difference on metal concentrations and biometrics between native oysters before transplantation and
transplanted ones at the opposite site for 6 months.

H2- Significative difference between heavy metal concentrations and biometrics achieved by transplanted oysters versus
natives collected at the end of the experiment at the final site.

H3- Significative correlation with biotic/abiotic variables.

Description of spreadsheet columns:

A: overall sample ordination. This numeration divides the dataset in 2 groups: the group named "Base Naval"
containing 139 oysters, and "Quartel’, with 157 oysters. The difference between sample sizes are due to mortality, loses
during laboratorial procedures or data cleaning for outliers and doubtful data.

B: categorical ordering of oysters within the same temporal sampling (collected at the same site and day).

C: group name. For example, Nt0 is the group of natives collected before the transplantation. It was done on the July
/17/2007. In this day, all oyster was taken to the lab, but only Nt0 were analyzed, While the others were carefully cleaned
and housed in bag-shaped cages made of PVC mesh. These bags were taken back to the field and anchored at the
opposite site. The following names in this column are referred to the chronological sampling order (T1, T2, T3 and so
on) and the suffix (B or Q) indicates the location of the cage from which the oysters were taken. NtF stands for “final
natives" and these oysters were collected at the same site where the last group from the transplant bag were removed.
D: place where sample were collected, despite its s original site

E: sampling date

F: accumulated rainfall over the fourteen days preceding the sampling campaigns (mm/ per square meter)

G: mean atmospheric temperature (Celsius degree) over the fourteen days preceding each sampling

H: mean insolation over the fourteen days preceding each sampling (N per hour)

I: mean wind intensity over the fourteen days preceding each sampling (meters per second)
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