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Abstract

In recent years, the region surrounding Sepetiba Bay (SB; SE Brazil) has become a hub of intense urban
expansion and economic exploitation in response to ore transport and industrial and port activities. As a
result, contaminants have been introduced into the bay, leading to an overall worsening of the environmental
quality. The present work applies for the first time a foraminiferal morphology-based approach (M) and eDNA-
based metabarcoding sequencing (G), along with geochemical data to assess the ecological quality status
(EcoQS) in the SB. Principal component analysis shows that the eDNA and morphospecies diversity as well
as most of the taxa relative abundance decline in response to the environmental stress (ES) gradient related
to total organic carbon (TOC) and metal pollution. Based on ecological indices, Exp(H’swc) (G), Exp(H’sc) (M),
foraminifera ATZI marine biotic index (Foram-AMBI), Foram Stress Index (FSI), and geochemical indices
(TOC and Potential Ecological Risk Index), the lowest values of EcoQS (i.e., bad to moderate) are inferred
in the innermost part of the SB. Despite minor discrepancies among the six EcoQS indices, an agreement
has been found for 63% of the stations. To improve the agreement between the ecological indices, it is
necessary to fill the gap in species ecology; information on the ecology of many species is still unknown. This
work reinforces the importance of molecular analysis and morphological methods in environmental impact
studies and confirms the reliability of foraminiferal metabarcoding in EcoQS assessment. This is the first
study evaluating the EcoQS in the South Atlantic by using combined foraminiferal eDNA metabarcoding with

morphological data.

Keywords: eDNA, metals, organic matter enrichment, pollution, Foram-AMBI, FSI, diversity

1. Introduction
Coastal areas have been significantly impacted over the last decades (Bervoets and Blust, 2003; Xiang
et al., 2008; Mirlean et al., 2009). The high population density, the intensification of human occupation and

activities, and the discharge of municipal, industrial and pharmaceutical effluents (Shola et al., 2022; Marinho
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Ribeiro et al., 2015). Transitional environments (TEs) such as coastal bays, lagoons, estuaries, and adjacent
river areas have been among the most affected environments (Marques et al., 2022; Almeida et al., 2023),
particularly in developing countries (Anyanwu et al., 2018).

According to IBGE (2011), 24.6% of the Brazilian population was concentrated in coastal areas in 2000.
Currently, most of these areas face environmental problems, particularly in the southeast of Brazil. The
negative impacts have been caused by strong industrial/economic development, such as alteration of natural
geomorphological characteristics, deforestation, removal of mangroves, landfilling of water bodies, loss of
biodiversity, eutrophication, and accumulation of pollutants (Souza et al., 2021; Silva et al., 2022). These
environmental issues have led to the loss of biodiversity, changes in ecosystem functioning, and threats to
the ecological integrity of Brazil's coastal areas (Hatje et al., 2021). Among the most impacted areas along
the Brazilian coast, the Sepetiba Bay (SB), geographically located in a region of high demographic occupation
and high economic, industrial, and port interest, has experienced a long-lasting history of environmental
quality alteration (Kutter et al., 2021; Silva et al., 2022). The area sees the occurrence of 400 industries, the
gigantic steelworks complex of Latin America, the highway known as the metropolitan arch of Rio de Janeiro
State, the Santa Cruz air base and three ports, including the Port of Sepetiba/ltaguai, which handles =51.7
million tons of iron ore per year (Docas, 2022). The intense anthropogenic activities and the release of
industrial and domestic effluents have been causing the accumulation of potentially toxic elements (PTES)
both in sediments and biota (Ribeiro et al., 2015; Rodrigues et al., 2020; Tonh4 et al., 2020; Souza et al.,
2021).

For this reason, it is essential to monitor this bay and to develop and test new methodological tools for
evaluating the ecological quality status (EcoQS). Among benthic components, macrofauna is widely used for
biomonitoring coastal systems (Borja et al., 2000; Rosenberg et al., 2004; Borja and Dauer, 2008). Since
benthic foraminifera have been proven to be excellent and reliable bioindicators (Martins et al., 2018, 2019;
Rostami et al., 2023), they have been increasingly used to assess the EcoQS (Francescangeli et al., 2021,
Frontalini et al 2020; Nunes et al., 2023). Several biotic indices, based on morphospecies analysis, such as
the foraminifera-ATZI marine biotic index (Foram-AMBI: Alve et al., 2016; Jorissen et al., 2018; Bouchet et
al., 2021), the Foram Stress Index (FSI: Dimiza et al., 2016), and diversity-based index (Exp(H’sc)) according
to Bouchet et al. (2012) have been successfully developed, tested and applied for assessing the EcoQS
(e.g., Bouchet et al., 2018; Nunes et al., 2023). Recently, the development of environmental metagenomic
(eDNA metabarcoding) techniques (Pawlowski et al., 2016; 2022) has opened new possibilities for assessing
the EcoQS in marine environments and extended the application of these ecological indices (e.g., Cavaliere
et al., 2021; Al-Enezi et al., 2022; Barranchea Angeles et al., 2023).

In light of it, this work aims to document, for the first time in the Brazilian transitional waters, 1) the response
of foraminiferal communities analyzed through morphological and metagenomic (eDNA metabarcoding)
approaches to environmental stress (ES) gradient in the SB; 2) to apply several ecological indices based on
benthic foraminiferal for both the morphospecies and amplicon sequence variants (ASVs) and geochemical
ones such as total organic carbon (TOC) and Potential Ecological Risk Index (PERI), based on PTEs, to
assess the EcoQS in the bay.

2. Study area
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an area of approximately 450 km?. It is bordered to the south by the Marambaia barrier island formed during
the marine regression after the last glaciation (Reis et al., 2020; Dadalto et al., 2022). It is connected to the
Atlantic Ocean through its main opening located between the llha Grande Island and the tip of the
Marambaia barrier island and in its eastern part through the tidal channels of the Guaratiba region (Reis et
al., 2020; Dadalto et al., 2022). The Marambaia barrier island protects the SB from the high oceanic
hydrodynamics (Carvalho et al., 2023). The SB receives fresh water from several rivers, such as the
Guandu, the main water body, Guandu-Mirin, Lapa, Mazomba, and Sahy rivers.

The bathymetric profiles extracted from navigation sheets of the Directorate of Hydrography and
Navigation of the Brazilian Navy (DHN, 2021) show that the marginal and internal zones of the SB are the
shallowest (i.e., 2 to 5 m) areas. The external portion of SB has the deepest depths (i.e., 20 to 30 m) as well
as the navigable channels that cross this bay. The circulation patterns result from the asymmetric influence
between flood (more intense) and ebb (longer) tides and winds acting in the region (Cunha et al., 2006).
According to Coelho et al. (2018), the bay exhibits a stationary tidal wave during the spring tide and a poorly
stratified estuarine circulation pattern.

The SB is characterized by relatively high-temperature waters related to its position in a tropical region
and to its shallow depth, particularly in its inner part. Despite the physical protection of the Marambaia barrier
island that shelters the SB from direct contact with the ocean and the adjacent oceanic processes, cold
waters (20°C) resulting from the continental shelf currents mainly flow in SB from October to April (Kjerfve et
al., 2021). This process is associated with northeast synoptic winds and Ekman-induced coastal upwelling
which are strongest from October to April (Kjerfve et al., 2021).

The natural conditions of the bay, as well as the hydrodynamics, meteorological, tidal variation,
biogeochemical aspects, sediment distribution, and physicochemical factors, favor the accumulation of fine-
grained sediments and the retention of organic matter and metals in its inner area (Carvalho et al., 2020;
Souza et al., 2021; Silva et al., 2022).

As mentioned, in recent years, the SB has been the target of high environmental impact due to intense
economic development (Rodrigues et al., 2020) due to ore transport and exportation and port activities
(Trevisan et al., 2020). The impacts have been caused by several industries, such as the Companhia
Siderdrgica Mercantil Inga, Companhia Siderurgica do Atlantico (CSA), Nuclebras Equipamentos Pesados
S/A NUCLEP, USIMINAS, Guaiba Island Terminal, NUCLEP Port Terminal, Porto de Sepetiba, Porto
Sudeste, Solid Bulk Terminal Mineracdo Usiminas S.A. and others (Fig. 1). From these companies, for
example, Companhia Siderurgica Mercantil Inga, a large zinc smelting plant, went in operation in 1962,
processing ore to produce high-purity zinc and generated large quantities of waste rich in heavy metals during
the purification process, mainly cadmium and zinc. Although this company closed down in 1998, it left an
environmental liability, a toxic lake with 390 thousand cubic meters of liquid effluents, which still affects the
SB. The Port of Sepetiba was set up in the municipality of Itaguai in 1976 and began to operate in 1982.
According to the Itaguai Town Council, it can be considered a highly productive port, responsible for around
70% of Brazil's Gross Domestic Product — GDP. Guaiba Island Terminal (Terminal da Ilha Guaiba -TIG), is
a private port for the exclusive use of the company Mineracfes Brasileiras Reunidas S/A, today VALE. The

TIG established in 1973 is located on Guaiba Island, in the Municipality of Mangaratiba, and consists of a
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tons per year. It is currently used to receive and export iron ore extracted in Minas Gerais. NUCLEP Port
Terminal — Nuclebras Equipamentos Pesados S/A is for the exclusive use of the company for collecting, from
abroad, tanks and accessories and for loading, in coastal shipping, heavy and large equipment manufactured
by the company. Porto Sudeste, a private port, has operated since 2015 for the export of iron ore from
producers in Minas Gerais. The Mineracdo Usiminas S.A company was founded in the llha da Madeira
neighborhood in Itaguai-RJ in 2010 and deals with iron ore extraction. The Companhia Siderurgica Nacional
(CNS) has the Solid Bulk Terminal (Tecar) in Itaguai (RJ); through this terminal, the CNS receives the mineral
coal used in the Presidente Vargas Plant (UPV), one of the largest steel plants, and transports iron ore from
Minas Gerais to the international market. A railway network connects the mines, UPV and Tecar.

In addition, it is currently estimated that ~10 million people live around the SB and many houses do not
have a sewage system service. Domestic effluents and waste eventually end up without pre-treatment into
the SB (Ribeiro et al., 2014). These problems have led to a significant environmental deterioration in this
ecosystem (Wasserman et al., 2013; Ribeiro et al., 2015; Souza et al., 2021), mostly since the 1950s (Castelo
et al., 2021 a, b; Silva et al., 2022).
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Figure 1. Location map of the Sepetiba Bay (Brazil) and the location of sampling sites. The most important
ports and industries are singed (see the text).

3. Materials and methods



181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

3.1 DUIMIC LUTILU LIV LU AU auvni

In May 2022, 16 surface sediment samples were collected in the SB on board a local fishing boat (Fig. 1;
Appendix 1). For the location of each sampling station, a Global Position System (model GPSMAP® 78S)
and coordinates (with WGS84 datum) were used (Appendix 1). The site depth was estimated with an echo
sounder. At each sampling station, physicochemical data were recorded in the water over the sediment
(temperature and salinity) and the sediment surface layer (pH and redox potential, Eh) with a multiparameter
probe (Hanna Instruments). The multiparameter probe was calibrated with international standards for each
variable according to 1ISO 7393-2:2017.

At each sampling station, at least three deployments of a box-corer (90 cm X 70 cm X 40 cm) were
performed to have three independent replicates (labeled as RI, RIl, and RIll) of sediment. From each
replicate, the surface of the sediment was sampled with a spatula and a volume of sediment of about 50 ml
was taken to study living benthic foraminifera (i.e., morphological analyses). These samples were preserved
in a solution of rose Bengal (2 g of rose Bengal in 2000 ml of ethanol, 90°). The samples were preserved in
this solution for 14 days, according to the recommendation of Schonfeld et al. (2012). Samples were then
washed with tap water through a 63-um sieve.

For metabarcoding analyses, the surface of the sediment was collected with a sterile spoon. Approximately
10 g of surface sediment (corresponding to the uppermost 1 cm) was collected (one sample for each station),
placed in a cryogenic tube, and immediately frozen at -20 °C. The sediment for metabarcoding analyses was
collected at the same station, but does not generally correspond to the same sediment in the morphological
analyses (it was necessary to carry out multiple deployment to obtain enough sediment for all the analyses,
considering the need to use only the surface sediment).

At each sampling station, aliquots of surface sediment from each replicate were collected, mixed and
stored in zip lock bags for grain size and geochemical analyses (organic matter, carbonates and metals). The

samples for these analyses were immediately frozen until they processed.

3.2 Sediment grain size and geochemistry

For grain size, about 250 g (in the case of sand) and 150 g (in the case of fines) of dry sediment were
weighed and separated by sieving. The fines (<63 um fraction) were separated from the coarse fractions of
the sediment through a 63 um sieve. Both fractions were stored in containers and oven-dried at about 60°C.
The dry residue instead of both fractions was weighed. The >63 um fraction was separated using a column
of sieves (2000 pm, 1000 pm, 500 ym, 250 uym, 125 ym and 63 pm) and the sediment retained on each sieve
was weighed. A Malvern Mastersizer 2000 Size (model hydro 2000MU) was used to determine the
microgranulometry of the <63 um fraction. The percentage of each particle size fraction was determined.

Total organic carbon (TOC) values were carried out using the ASTM D4239 (American Society for Testing
and Materials - ASTM, 2017) and NCEA-C-1282 (United States Environmental Protection Agency-US EPA,
2002) methods. The sedimentary material was decarbonated using 1:1 HCI acid. The decarbonated
sediments were dried at 1350°C and analyzed using the SC-144DR-LECO equipment at the Palynofacies
and Organic Facies Laboratory of the Federal University of Rio de Janeiro (LAFO-UFRJ, Rio de Janeiro,

Brazil).
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sample was powdered in an agate mortar and sieved with a 63-um mesh sieve. The sediments were treated
with aqua regia, followed by ultra-trace analyses with inductively coupled plasma mass spectrometry (ICP-
MS). The analysis was performed in Activation Laboratories Ltd. (Canada). The Pollution Load Index (PLI:
Tomlinson et al., 1980) following Martins et al. (2014), as well as the enrichment factor (EF: Buat-Menard
and Chesselet, 1979), the Geoaccumulation Index (lgeo: Miller, 1986) and the Potential Ecological Risk
Index (PERI; Hakanson, 1980; Swarnalatha et al., 2013) were calculated in order to evaluate the degree of
enrichment and pollution caused by PTEs.

The Pollution Load Index (PLI: Tomlinson et al., 1980) was estimated with the equation (1):

PLI = VCFm1 x CFm2 X......x CFmi 1)

where the contamination factor (CF) is the metal concentration (Cm) in the sample divided by its local
baseline (Bm) value (Cm/Bm). The CF values were computed for each analyzed metal (m1, m2, .... mi). The
baseline values used in the PLI calculation were estimated from the average of the lowest concentrations of
35 samples out of a total of 73 surface sediment samples from the SB (unpublished data); the average of the
concentrations of metals at pre-industrial levels in the SB cores were also considered (Castelo et al., 2021a).

The EF was calculated using the equation Buat-Menard and Chesselet (1979) (2):
(Cm

C—n) station

(%—7;) baseline

EF = (2)

where Cm is the metal concentration and Cn is the normalizing element concentration; in this analysis
the Sc was used as a normalizer, since it is related to fine-grained sediments and is a lithogenic element.
The EF values show how much a metal is enriched in a sample above the natural value and whether the
proportion of fines in the sample, where metal concentrations are generally higher, influences the EF values.

The Igeo was determined with the equation of Muller (1986) (3):

Igeo = log, [ cm ] 3

Bmx 1.5

The Hakanson (1980) method was used to estimate the potential ecological risk index (PERI) (4)
PERI = ZRI = Z(T;; x CF)
where the Rl is the ecological risk index for each metal (5):
Rl =T, x CF (5)
and CF is the Cm/Bm (concentration of the metal divided by its baseline value) and T, is the parameter
of its toxicity response, as follows: Zn =1, Cr =2, Co = Cu = Ni =Pb =5, As = 10, Cd = 30, and Hg = 40
(Hakanson, 1980; Huang et al., 2021; Liu et al., 2021).

3.3. Living foraminifera
3.3.1. Morphospecies analyses

Living foraminifera specimens were picked in the sediment fraction >125 um following the FOBIMO
protocol (Schénfeld et al., 2012). The foraminiferal specimens were identified using references, such as
Bronnimann (1979), Boltovskoy et al. (1980), Poag (1981), Loeblich and Tappan (1987), and Alves Martins
et al. (2019), as well as the Ellis and Messina (1940-2015) catalog and the World Register of Marine Species
(WoRMS; Hayward et al., 2020).
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the Shannon index (H’; Shannon, 1948), and the equitability (J’; Magurran, 1988) were determined using
Primer software (version 6.1.13, Plymouth, UK; Clarke and Gorley, 2006).

To indicate the sedimentary environmental oxygen scarcity and impact, the Ammonia-Elphidium Index
was calculated according to Sen Gupta and Machian-Castillo (1993) and Sen Gupta et al. (1996): AEI = [NA
/ (NA + NE)] x 100, where NA and NE are the numbers of Ammonia spp. and Elphidium spp. specimens,

respectively.

3.3.2. Metabarcoding analyses
The eDNA extraction, PCR amplification and high-throughput sequencing (HTS) have been performed as
described in Cordier et al. (2019). Briefly, three extractions per sample were performed with DNeasy Power
Soil Kit (Qiagen) following the manufacturer's instructions. PCR amplification of the hypervariable region of
nuclear 18S rRNA gene (37 + 41f) targeting benthic foraminifera was performed using foraminiferal specific
primers (forward F1 5’-AAGGGCACCACAAGAACGC-3’ and reverse 17 5-CGGTCACGTTCGTTGC-3’). The
PCR comprised an initial denaturation step, 10 cycles of denaturation, annealing at 57°C for 30 s and
elongation at 72°C for 45 s, followed by 30 cycles of denaturation, annealing at 47°C for 30 and elongation
72°C for 45 s, and a final elongation step at 72°C for 5 min. The PCR products were checked by agarose gel
electrophoresis and then quantified by high-resolution capillary electrophoresis using QIAxcel System
(Qiagen). The sequencing library was then prepared using the lllumina TruSeq® DNA PCR-Free Library
Preparation Kit. The library was quantified by gPCR using the KAPA Library Quantification Kit. MiSeq
instrument (lllumina) was used for 500 cycles of paired-end sequencing with a Standard v2 kit. The raw data
(Fastq files) were processed using SLIM (Web application; Dufresne et al., 2019). The samples were first
demultiplexed and the algorithm dada2 (Callahan et al., 2016) was applied to the quality filter, trim and merge
reads and remove chimeras. After that, we obtained an ASV table and a fasta file. We removed the
sequences not containing the foraminifera pattern AGGTGGTGCA. Then, LULU (Frgslev et al., 2017)
curation was applied to remove PCR and sequencing artifacts. The sequences were then compared against
a curated reference sequence database for taxonomic assignments. The relative abundance of ASV species
was determined, as well as biotic indices: the number of ASVs (S) and Shannon index (H"), and equitability
.
3.4 Ecological Quality Status

To evaluate the EcoQS three ecological indices, namely the Exp(H'yc) (M) (Bouchet et al., 2012 for details),
the Foram Stress Index (FSI) (Dimiza et al., 2016) and the Foram-AMBI (Alve et al., 2016; Jorissen et al.,
2018; Bouchet et al., 2021) were calculated in the morphological dataset. Since the species were not yet
assigned for the South Atlantic Ocean, the species assignments for the Foram-AMBI estimation were based
on those of Atlantic TWs (according to Bouchet et al., 2021). The EcoQS classification was performed
according to Nunes et al. (2023, and references herein). Additionally, the Exp(H's) (G) was also computed
for the molecular dataset. Since the present study represents the first attempt to evaluate the EcoQS based
on molecular data on foraminifera in the South Atlantic and class boundaries have not been established, the
ecological quality ratio (EQR) was used by standardize the value of diversity at each site to the maximum

value recorded in the area. The values of EQR vary from O (i.e., bad EcoQS) to 1 (i.e., high EcoQS). Following
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0.4-0.2 poor and 0.2-0 bad EcoQS).

The criteria used to infer the EcoQS were based on Exp(H'yc) - Bouchet et al. (2018), Foram-AMBI - Parent
et al. (2021), FSI - Dimiza et al. (2016), PERI - Hakanson (1980) and Swarnalatha et al. (2013) (Table 1).
The TOC classes (standardized values) were established in this work.

To define the agreement/disagreement of the selected ecological indices (i.e., Exp(H’uwc) (G), Exp(H’vc) (M),
Foram-AMBI, and FSI), and geochemical indices (TOC and PERI), two EcoQS (i.e., ‘Acceptable’ or ‘Not
acceptable’) were considered following Blanchet et al. (2008). The ‘Acceptable’ includes High or Good EcoQS
and scores as 1, while ‘Not acceptable’ incorporates Moderate, Poor, or Bad EcoQS and scores as 0. The
scores were then summed for each station and categorized in order to infer the level of
agreement/disagreement (i.e., full agreement 0/6 or 6/6, partial agreement 1/6 or 2/6 and disagreement 2/6,

3/6 and 4/6) among indices.

Table 1. Ecological Quality Status (EcoQS) classification criteria. The criteria used to evaluate EcoQS were
based on: Exp(H'bc) (M) Bouchet et al. (2018); Foram-AMBI Parent et al. (2021); FSI Dimiza et al. (2016);
PERI Hakanson (1980) and Swarnalatha et al. (2013). The TOC and Exp(H'bc) (m) classes (standardized
values) were established in this work. Legend: (M) - morphospecies; (m) - molecular results; stnd -
standardized data.

ndex Ecological Quality Status
Moderate Poor
ExpH'bc (G) - stnd 0.4-0.6 0.2-0.4
Exp(H'bc) (M) 7-11 3-7
Foram-AMBI 24-3.4 3.4-4.4
FSI 5.5-2.0 2.0-1.0
TOC - stnd 0.6-0.4 0.8-0.6
PERI 150-300 300-600

3.5 Statistical analysis

Data were logarithmically (log x+1) transformed before statistical analyses. Morphospecies with a relative
abundance >5% and the assigned ASVs were selected for the statistical analysis. Principal component
analyses (PCA) and Spearman Rank Order Correlations were performed using the software STATISTICA
13.5, based on selected biotic, ecological, and environmental parameters. The PCA analyses were used to
relate the biotic variables with abiotic ones. In addition, Spearman Rank Order Correlations (p < 0.050) were
also carried out to identify and analyze the distribution trends among the selected variables. These statistical

analyses were performed using Primer software (version 6.1.13, Plymouth, U; Clarke & Gorley, 2006).

4. Results
4.1 Physicochemical parameter of water
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25.3 to 36.80 with a mean of 29.93+2.95. The lowest salinity values were recorded in the inner sector of the
SB, near the river mouths, whereas normal marine salinity values were found in the outermost part of the bay
(Fig. 2A). The pH and Eh values varied between 7.94-8.20 (mean 8.10+0.09) and -65.70 mV and-51.30 mV
(mean -60.33t£4.64 mV), respectively.
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Figure 2. Distribution maps of A. salinity, B. fine fraction (%; <63 um), C. TOC (%) and D. PLI values in the

studied stations in the Sepetiba Bay.

4.2 Grain size and geochemical data

The studied sites were heterogeneous for sediment grain-size characteristics, with sand and fine fraction
contents varying between 0.47-92.50% (mean 44.61+38.04%) and 7.18-98.70 % (mean 55.07+38.11 %),
respectively. The sediment of one-third of the samples was composed of mud; the remaining samples
consisted of sandy mud or muddy sand. The sandy samples mostly corresponded to stations located in the
outer and more central sector of the bay or the vicinity of navigable channels. TOC contents ranged from
0.19to 2.31% (mean 1.16+0.79 %). Stations with higher fine fraction and TOC contents were generally found
in protected areas of the SB margins (Fig. 2 B, C).
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in the inner sector and close to the margins of the SB (Fig. 2 D).

The concentrations of the analyzed chemical elements were in decreasing order of maximum
concentration: Zn (595.0 mg kg?) > Cr (65.0 mg kg?), >Cu (54.0 mg kg*) > Pb (31.7 mg kg?) > Ni (20.4 mg
kg?) > Co 10.7 mg kg?) > As (9.7 mg kg?) > Sn (5.7 mg kg*) > Cd (2.0 mg kg'*) > Hg (170.0 pg kg). The
range, mean, and standard deviation of these PTEs can be found in Appendix 1. The highest concentrations
of Cd, Cr, Pb and Zn were found near the northern margin of the SB and along the Marambaia barrier island
(Fig. 3 A-D). Similar distribution patterns were also observed for As, Co, Hg, Ni, and Sn.

The EF values varied between 0.8-3.4 (Appendix 2). Some metals reached EF values between 2<EF<5,
such as EF.Cd (3.4), EF.Sn (3.0), EF.Zn (2.5), EF.Cu (2.5), EF.Cr (2.1) EF.Co (2.1). The EF values for
Ni>Pb>Hg>As varied between 0.8 and 2.0 (Appendix 2).

The Igeo values ranged between 0.9-3.6 (Appendix 2). The maximum Igeo values were reached by Sn
(3.6) >Cd (3.5) >Zn (3.2) >Cr (2.7) > Co (2.5) >Pb (2.5) >Ni (2.5) >Cu (1.4) > Hg (1.3) >As (0.9). PERI values
(131-831) also significantly varied (Appendix 2).

4.3 Morphological community

A total of 122 morphospecies (M) were identified (Appendix 3). The S (M) values varied between 4-52
(mean 18.19+16.21); J' (M) ranged between 0.19 and 0.89 (mean 0.55+£0.24) and H’ (M) diversity between
0.27-3.45 (mean 1.56x1.14). The lowest values of H’ (M) were recorded in the inner and marginal areas of
the bay, whereas the highest ones were found in the outer sector of the SB mostly in the same areas of H’
(G) (Fig. 4 A, B). The Exp(H'nc) (M) ranged from 1.4 to 110; the higher values of Exp(H'vc) (M) were found in
the outer area of the SB, as Exp(H’wc) (G) (Fig. 5 A, B).

The AMBI and specifically Foram-AMBI can be applied when at least 50% of the taxa are assigned at
each station. The assigned taxa to Ecological Groups in this study were on average 79%. The Foram-AMBI,
FSI, and AEI ranges were 2.2-4.5, 1.1-5.9 and 64-100, respectively (Fig. 5 and Table 2). The AEI values
(range: 64-100; mean 94+10) revealed the great dominance of Ammonia spp. over Elphidium spp. (Table 2).
The highest Foram-AMBI and lowest FSI values were observed in the inner zone of the SB (Fig. 5 C, D).

The most abundant (i.e., > 5%) and most frequent (> 20% of the studied sites) taxa were: Ammonia tepida
(Fig. 4 C), Elphidium excavatum, Bolivina striatula (Fig. 4 D), Buliminella elegantissima (Fig. 4 E),
Trochammina hadai, Ammonia buzasi, Pararotalia sarmientoi, Nonionella auris, Bolivina ordinaria, Cancris
auricula, Quingueloculina bosciana, Rosalina globularis, Rosalina williamsoni (Fig. 4F) and Quinqueloculina
seminulum (Figure S1). Ammonia tepida dominated in more than 55% of the studied stations and reached
higher relative abundances in the inner zone of the SB (Fig. 4 C and Figure S1). A similar distribution was
found for E. excavatum and A. buzasi. Most of the other species, including B. striatula, B. elegantissima and
R. williamsoni, were more frequent and reached higher relative abundances in the outer and central area of
the SB (Fig. 4 C-F).
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Figure 3. Distribution maps of A. Cd, B. Cr, C. Pb and D. Zn concentrations (mg kg) in the studied stations
of the Sepetiba Bay.

4.4 Molecular community

The total number of high-quality sequences (reads) of foraminiferal metabarcodes was 981,532. The raw
data is available from the Sequence Read Archive public database under the accession number:
PRJNA1043870. On overall, 398 ASVs (G) were identified through metabarcoding analyses (Appendix 4), of
which 44 ASVs were assigned (11%) that corresponded to 85.31% of reads given the dominance of ASV1
(Saccaminidae) representing 79% of the reads.

The S (G) values varied between 28-97 (mean 57.44+21.52), J' (G) ranged between 0.50-0.84 (mean
0.74+0.09), and H’ (G) between 1.80-3.73 (mean 2.98+0.50). The lowest H' (G) values were found in the
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outer sector of the bay (Fig. 4 B). This diversity trend well corresponds with that identified for the
morphological community (Fig. 4 A, B). However, the overall diversity of the molecular dataset is much higher
as it includes soft-shelled taxa. The Exp(H'wc) (G) species varied between 6.0 and 41.8 (Fig. 5 B).

The most frequent assigned ASVs were Saccaminidae, Ammonia buzasi, Cylindrogullmia sp., Ammonia
tepida, Vellaria pellucida, Monothalamea spp., Monothalamea X squat Hauerina, Buliminella elegantissima,
Bathysiphon spp., Micatuba flexilis, Bathysiphon sp. (17735.2), Epistominella sp., Clade F X saccamminids
tail.1d; cDNA, Micrometula sp., Buliminella tenuata, Nemogullmia longevariabilis, Quinqueloculina sp. and
Quinqueloculina sp. (14651.1), and Bolivina spp. Most ASV species exhibited a scattered distribution and a

low relative abundance.
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Figure 4. Distribution maps of A. H’ (M) (Shannon index based on morphospecies), B. H' (G) (Shannon index

based on ASV species) and percentage of C. Ammonia tepida, D. Bolivina striatula, E. Buliminella

elegantissima, and F. Rosalina williamsoni in the studied stations of the Sepetiba Bay.

Table 2. Values of PCA Factor 1 (Fig. 7) and the ecological indices used in this work to evaluate the EcoQs

(G — genetical results, molecular community and; M — morphological community).

PCA _ Abiotic
ASVs (G) Morphospecies (M)
_ Score Parameters
Stations
Factor
. ExpH'bc (G) | ExpH'bc (M) | Foram-AMBI | FSI | AEI | TOC | PERI
S1 0.92539 28.4 26.0 3.0 3.7 | 100 | 0.92 177
S2 1.33803 19.8 26.0 3.1 2.7 | 100 | 0.25 156
S3 0.16418 39.0 63.8 2.2 5.9 92 1.01 | 234
S4 1.49536 31.6 110.4 2.6 4.8 74 0.19 131
S5 0.7939 41.8 37.2 3.0 2.1 | 100 | 0.51 182
S6 1.07898 20.3 25.1 3.2 2.0 | 100 | 0.22 186
S7 ] 26.8 2.2 4.2 1.4 95 2.02 | 466
0.95855
S8 -0.8045 19.1 1.8 4.3 1.4 98 2.13 | 516
S9 ] 16.7 2.1 4.4 12 | 99 | 1.46 | 384
0.35253
S10 ) 15.5 14 4.5 1.1 | 100 2.31 597
1.07264
S11 -1.2752 6.0 2.6 2.9 4.4 64 1.93 794
S12 ] 17.8 1.7 4.2 1.6 93 1.64 | 831
1.60085
S13 0.89499 28.2 8.0 3.7 1.7 | 100 | 0.45 | 204
S14 ] 16.7 2.1 4.5 1.1 | 100 | 0.25 | 363
0.36142
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S16 -0.5194 10.3 2.3 4.4 1.2 98 2.11 331
Maximum 41.8 1104 4.5 5.9 | 100 2.31 831
Minimum 6.0 14 2.2 11 64 0.19 131
Mean 21.9 19.7 3.6 24 | 94 1.16 | 392
Standard deviation 10.0 30.0 0.8 15 10 0.79 | 222

4.5 Ecological Quality Status
The EcoQS based on Exp(H’we) (M) and Exp(H’ywc) (G) varied between high and bad (Fig. 5 A, B). The
EcoQS was worse in the inner part of the bay (north and south of the bay), whereas in the outer part of the

bay and along the navigable channel the EcoQS was high to good. The EcoQS based on Foram-AMBI ranged

from good to bad and exhibited a similar trend of the diversity-based indices (Fig. 5C). Similar to Foram AMBI,

the FSI identified most of the stations with a bad-to-moderate EcoQS and only one station, in the outermost

part of the SB as good conditions (Fig. 5 D).

The PERI revealed a lower (e.g., bad, poor, and moderate) EcoQS for all the stations except in S4 located
in the outer part of the SB (Fig. 5 E). On the other hand, the EcoQS resulting from TOC exhibited relatively

better (high and good) conditions for the stations along the navigable channels and at the bay entrance (Fig.

5 F).
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424  Figure 5. Distribution maps of ecological and abiotic indices’ values used to classify the EcoQs: A. Exp(H'uc)
425 (M), B. Exp(H'yw) (G), C. Foram-AMBI, D. FSI, E. PERI and F. TOC stnd (standardized). The classification
426  scale was defined according to the criteria reported in Table 1.

427

428 A total of seven stations out of 16 (43.8%) showed a perfect agreement in the evaluation of the EcoQS
429  when sixindices were considered in the SB (Fig. 6) and a partial agreement in 3 stations (18.8%). Specifically,
430 inthe inner part of the SB, the EcoQS fully agreed (except for S13 and S14). The highest disagreement was
431 found in the outer part of the SB and along the navigable channel, where molecular and morphological
432  diversity showed acceptable conditions, but the Foram-AMBI, FSI, and PERI suggested mostly unacceptable
433  ones (Fig. 5)

434
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Figure 6. Agreement between the classification based on the ecological (ExpH'bc (G), ExpH'bc (M), Foram-
AMBI, FSI, and AEI) and abiotic (TOC and PERI) indices used to estimate the Ecological Quality Status
(EcoQS) according to the criteria of Table 1 and the values of Appendix 7.

4.6 Statistical results

The first two PCA factors (Factor 1: 71.74 %; Factor 2: 9.99 %) explained most of the data variability (81.73

%). The factor loading values of the first two PCA factors (listed in Appendix 5) and the factor score of each

variable represented in the biplots of Figure 7A-D allowed us to infer that Factor 1 represents the

environmental stress (ES) as it was strongly related to TOC, PLI, and PTEs, whereas Factor 2 was mainly

associated with salinity and represented, therefore, the confinement gradient. Higher positive score values

of Factor 1 (positive values of the PCA) were related to healthier environmental conditions, while negative

ones represent worse environmental conditions (negative values of the PCA) and higher ES (Fig. 7 A-D).
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448
449  Figure 7. Biplots of the first two PCA factors (explaining 81.73% of the data variability) based on selected

450  biotic and abiotic variables. The primary variables were the abiotic parameters (such as gravel, sand and

451 mud, as well as TOC, salinity and PLI values) and as secondary variables were the biotic variables: A.
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species per sample (S), Shannon diversity (H'), equitability (J") of the morphospecies (M) and ASV species
(G); D. Ecological indices used to evaluate the EcoQS: Foram-AMBI, FSI, Exp(H’,.) based on morphological

(M) and molecular (G) analyses; E. plot of stations were related to the scores of the first two PCA factors.

Most of the frequent morphospecies (such as B. elegantissima, B. striatula, T. hadai, P. sarmientoi, N.
auris, B. ordinaria, C. auricula, Q. bosciana, R. globularis, Q. seminulum and R. williamsoni) were associated
with coarser sediments, lower TOC and PTE contents and partly to more saline waters (Fig. 7A). On the
other hand, A. tepida, A. buzasi and E. excavatum were primarily related to high ES (Fig. 7B).

The Spearman Rank Order correlations between species abundance and the score values of Factor 1
(i.e., environmental stress or ES) showed that B. elegantissima, B. striatula, N. auris, Q. bosciana, C. auricula
and R. williamsoni are significantly and positively correlated with the Factor 1. An opposite trend was found
for A. tepida and E. excavatum (Appendix 5).

Similar to the morphological data, the PCA (Fig. 7B) and the Spearman Rank Order correlations on the
molecular community showed that only monothalamids - Mono X 7742 was positively related to Factor 1
(negatively to ES), whereas negative relations with this factor were found for A. buzasi, B. elegantissima and
Monothalamea spp. (Appendix 5). Although not significant, it is also worth mentioning the negative
correlations of Quinqueloculina sp. and Ammonia tepida with Factor 1 and the positive ones of Bolivina sp.,
Bathysiphon sp. (17735.2) and Nemogullmia longevariabilis with Factor 1 (Appendix 5).

The PCA biplot revealed that the S, H’ and J’, as well as FSI and Exp(H’wc) of morphological and molecular
communities, were negatively related to the ES gradient, whereas an opposite trend was found for Foram-
AMBI (Fig. 7 C, D). Some stations (S4, S2, and S6) were negatively related to the ES gradient, while others
(i.e., S11, S12, S10) were positively related to it (Fig. 7E).

The ecological indices of the morphological (i.e., Foram-AMBI, FSI, and Exp(H’w), and molecular
(Exp(H’nc)) community were all significantly correlated with the ES (Appendix 6). These results indicated that
these indices respond to the environmental impact, corroborating the results of the PCA. The AEI had also a

positive correlation with ES, although not significant (Appendix 6).

5. Discussion
5.1 Environmental parameters and pollution indices

The samples were collected in spring; during this season the sedimentary environment in the study area
was characterized by relatively high temperatures (24.56+1.09°C), and low salinities (29.93+2.95) when
compared to the data published by Kjerfve et al. (2021) for May. Lower salinity values are mostly observed
in the inner area of the SB under the influence of the river's outflow (Fig. 2A). The highest salinities are
instead associated with the outer sector, though it can vary depending on the tidal phase and the rainfall and
river runoff. According to rainfall data from the National Institute of Meteorology-INMET station A602 (Rio de
Janeiro - Marambaia), about 388 mm of atmospheric precipitation (daily average 9.25 mm) was recorded
from 01/04/2022 to 12/05/2022. These data reveal the high freshwater input in the SB, near and during the

sampling period, and explain the low salinities in the inner part of the bay (Fig. 2A).
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8.0 are recorded at the stations: S12 (7.94) near the Guandu, Guandu-Mirim, and Ito River mouths, S11
(7.95) near the Piraqué River mouth, S3 (7.98), in the region between the continent and Guaiba Island. The
influence of continental waters and human activities may have contributed to the slight decrease in pH at
these stations. pH does not show significant correlations with the biotic variables and most of the abiotic
parameters except with very fine sand fraction and Eh values, with which it has negative correlations.

The sediment Eh values are negative at all stations, revealing low oxygenated conditions within the
sediment. Additionally, Eh does not show significant correlations with particle size data or TOC contents
(Appendix 6). Considering that the variability of Eh values is reduced (average -60.3314.64 mV), the
heterogeneity of particle sizes is significant (from sandy-gravel sediments to muds), and TOC contents are
<2.31 %, it can be deduced that the oxygen consumption by living organisms is significant either at fine or
sandy bottom sediments. Studies conducted in the east-southeast sector of the bay, near the Piraqué River,
revealed dissolved oxygen values below the level (2.02 mg dm= DO) recommended in Brazilian legislation,
indicating oxygen deficiency in the region (Alves Neto et al., 2014).

The positive correlations between TOC, mud fraction, and PTE concentrations (except Cu; Appendix 6)
indicate that there is a strong influence of hydrodynamics on metals and organic matter accumulation since
calmer areas allow the deposition of muddy sediments enriched in organic matter and PTEs (Carreira et al.,
2009; Alves Neto et al., 2014; Carvalho et al., 2020). Based on the EF values and the classification criteria
of Sutherland (2000), moderate enrichment of Cd, Sn, Zn, Cu, Cr, and Co was found at some sites such as:
S8-S12 for Cd and for Zn (except S9 for Cd); S13 for Co and Cr; S4 for Sn and; S2 and S6 for Cu. The
highest enrichment factors for Cd, Zn, Cr, and Co (EF between 2.1-3.4) are observed in the inner zone of the
SB, while those of Cu (2.3-2.5) were found at outer stations, located near Marambaia Barrier Island. In
contrast, the highest EF value for Sn (3.0) was found near Guaiba Island Terminal.

According to the Igeo values and following the classification of Muller (1986), some sites are: moderately
polluted (Igeo: 1-2) by Cu and Hg, moderately to strongly polluted (Igeo: 2-3) by Cr, Co, Pb and Ni and,
strongly polluted (Igeo: 3-4) by Sn, Cd, and Zn. The PLI values (Fig. 2 C; Appendix 1) suggest that in most
of the studied sites, there is degradation caused by metals (PLI>1). The distribution patterns of PLI and TOC
values suggest that environmental degradation is high in the inner sector and close to the margins of the SB
(Fig. 2 C, D).

Metal pollution in the SB has been documented to affect living organisms. Relatively high concentrations
were identified, for instance: by Cd and Zn in oyster tissues (Lacerda and Molisani, 2006), in shrimp
Litopenaeus schmitti (Nascimento et al., 2017), in brown algae species, Padina gymnospora and Sargassum
stenophyllum (Amado Filho et al., 1999) and in Avicenna schaueriana a mangrove species (Langenbach et
al., 2022); by Zn, Cd, Ni, Pb, Cu, and Cr, in kidney and liver tissues of Egretta thula (a seabird species)
(Ferreira, 2011); by As, Cu, Zn, and Pb in fishes, such as Cathorops spixii, Genidens genidens and Trinectes
paulistanus (Kitter et al., 2021).

The risk of contamination of the species is expressed in the PERI values which show, following the
criteria of Hakanson (1980) and Swarnalatha et al. (2013), moderate, high, and very high ecological risk in
50%, 37.5%, and 12.5% of the stations, respectively (Appendix 1). The highest PERI values (>600) indicate

that the sites with very high potential ecological risk are at stations S12 and S11, located close to the Guandu
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Ni, Hg, As and Cu pollution (according to the Igeo values; Appendix 2). PERI values between 300-600 are
reached at stations S10>S8>S7>S9>S14>S16 (Fig. 5E) that denote high potential ecological risk caused
mainly by Cd, Sn, Ni, Zn, Cr, Co and Pb (according to Igeo values; Appendix 2). A moderate potential
ecological risk is found at stations S15>S3>S1>S6>S5>S1>S2 caused by Sn, Co, Ni, Cr, Pb, Cd and Zn
pollution (Fig. 5E). Station S4 has the lowest potential ecological risk, although Sn pollutes it moderately; it
should also be noted that this station has the highest EF-Sn value (Fig. 5E).

Previous studies in the region have shown that areas near the Guandu River and Madeira Island are the
most affected by heavy metal contamination, such as Cu, Cr, Cd, Zn, Mn, and Pb (Lacerda et al., 1987). This
work shows that Sn, Co, Ni can also become a concern. The dumping of municipal effluents is the main factor
of contamination in the region's water bodies, particularly in the Guandu River, which is responsible for
discharging a large load of metals (Mn > Zn > Cr > Pb > Cu > Cd) into the SB (Lacerda et al., 1987). In
addition, high negative impacts have occurred between the installation of the Companhia Siderurgica
Mercantil Inga in 1962 and its closure in 1998 (Verissimo and Moura, 2021) which have made the inner zone
of the SB the most degraded (Moreira et al., 2023). Other causes of this impact are the pollutants received
in the SB from urban, port and industrial activities and from the tourism sector in the Mangaratiba region with

mega hotel enterprises (Carvalho et al., 2021; Moreira et al., 2023).

5.2 Foraminiferal communities

The most frequent morphospecies were A. tepida, E. excavatum, B. elegantissima, B. striatula, T. hadai
and A. buzasi. All these morphospecies have been identified in other coastal regions of Brazil (Duleba et al.,
2019; Oliveira et al., 2022; Nunes et al., 2023; Filippos et al., 2023), except A. buzasi. Ammonia buzasi was
described for the first time by Hayward et al. (2021) in the Caribbean Sea (Cuba).

Trochammina hadai morphospecies occurs at 31.3% of the stations. This species has been recently
considered invasive in the Flamengo Inlet (Ubatuba, S&do Paulo State, SE Brazil) by Eichler et al. (2018) and
in other parts of the world (e.g., Mcgann and Sloan, 1966, 1999; Mcgann et al., 2000; Pavard et al., 2023).
This taxon is positively correlated with fine and very fine sand and relatively high Eh values. Trochammina
hadai shows a negative (but not significant) correlation with the ES, which may reflect a preference for less-
impacted coastal environments. Ammonia tepida and E. excavatum, the most abundant morphospecies at
the studied stations, show significant positive correlations with fine sediment fractions, TOC, and PTEs (i.e.,
As, Cd, Co, Cr, Ni, Pb, Sn, and Zn). Ammonia tepida also correlates positively with Hg. Both taxa show
positive correlations with the ES, suggesting their higher tolerance. This ecological behavior has been also
reported in several regions, for example, Brazilian coastal areas (e.g. Belart et al., 2018; Alves Martins et al.
2020; Filippos et al., 2023; Nunes et al., 2023).

Other species, such as B. elegantissima, B. striatula, T. hadai, A. buzasi, P. sarmientoi, N. auris, B.
ordinaria, C. auricula, Q. bosciana, R. globularis, Q. seminulum and R. williamsoni, are, in general, negatively
related to mud, TOC and PTEs. So, their relative abundance increases in saltier waters and sandier and less
impacted sediments by organic matter and metals. Buliminella elegantissima, B. striatula, N. auris, Q.
bosciana C. auricula, and R. williamsoni have significant negative correlations with ES, revealing a clear

preference for less impacted environments. These results suggest that these species prefer less impacted



571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610

ENViuuinncins wiur a YrLuiel UvLaiie inimuciive.: 11Hv PICTHIUUOUTUL CUTTIHTIUTTIIUCO Uiy scu vy wuoleiv \.,t al.

(2021a), in which most of these species were found, generally show similar characteristics.

Based on the PCA outcome, it is revealed that species richness, equitability, and Shannon diversity, based
on the morphological analysis, decline in the most impacted areas, such as in stations S10, S11, and S12,
located in the inner region of the SB, close to the continent. These results highlight the negative response of
the morphological community to adverse environmental conditions.

Of the total number of identified ASVs (398), only 44 ASVs were assigned. These results suggest that the
genetic sequences of most of the foraminiferal species in the study area, but also in the South Atlantic, are
yet unknown. A similar situation has also been observed by Rodrigues et al. (2021) in the Ubatuba region
(Sao Paulo State, SE Brazil), where the species are also genetically different from those assigned in other
regions, such as in the Mediterranean area (e.g., Cavaliere et al., 2021).

Higher taxa (i.e., ASVs) were identified through the molecular approach rather than through morphological
analysis. The molecular community shows that the studied stations have a much higher S (range 28-97;
mean 57.44+21.52) than that recorded by morphological analysis (range 4-52; mean 18.19+£16.21). The
minimum and mean J’ values provided by molecular analysis are also higher (range 0.50-0.84; mean
0.74+0.09) than those registered by morphological analysis (range 0.19-0.89; mean 0.55+£0.24). The range
of variation of H' is smaller for ASV species (0.27-3.45), but the mean value is higher (2.98+0.50) than that
found for the morphological dataset (1.56+1.14). These variations may be related to differences in the
analytical methods. It should be noted that the molecular analyses consider the eDNA content in the total
sediment, while the morphological analyses were performed on the dry sediment fraction >125 pm. This
means that the morphological analysis disregards the early stages of the species' development and smaller
specimens and the organic and soft-walled species, as well as small-sized species (such as Bolivina,
Stainforthia, Epistominella, Rosalina, Discorbis, Neoconorbina) dominant in fraction 63-125 um, as well as
chain-like fragile species such as Hormosinella and Reophax when wet picking is not done. When the
sediment was dried, the foraminiferal specimens with organic protections and soft agglutinated tests were
mostly destroyed as well as resting propagules, which may never develop from the sediment propagule banks
but are picked up by eDNA (see for instance the presence of shallow water Ammonia in the deep fjord basin;
Brinkmann et al., 2023). It is also worth mentioning that in the morphological analysis, only living specimens
have been considered with dimensions >125 um, whereas the eDNA comprises intra- and extra-organismal
DNA from living and dead organisms (Greco et al., 2022).

The most abundant species in most stations is the Saccaminidae 2399-AJ307756, which reaches up to
98.86%. The dominance of a coastal foraminiferal association by monothalamids has been reported in other
areas such as in Kuwait Bay (Arabian Gulf) (Al-Enezi et al., 2022) and in the coastal region of Ubatuba (South
Atlantic, SE Brazil; Rodrigues et al., 2021). This work reveals that little is known about the current distribution
and ecology of monothalamids and identifies a large gap in the entire Atlantic Ocean, as also observed by
Rodrigues et al. (2021).

The PCA results show that the response of the ASVs to the abiotic parameters is quite heterogeneous.
However, it is possible to observe that A. buzasi, B. elegantissima, and two monothalamid species display
significant positive correlations with ES. It should also be noted that A. tepida, Quinqueloculina sp. and

another monothalamid species also have positive but not significant correlations with ES. These data suggest
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(17735.2) and Nemogullmia longevariabilis, which show negative correlations with ES, can be considered
more sensitive to environmental stress. Curiously, A. buzasi and A. tepida are recorded in both the
morphological dataset and in the molecular one and consistently exhibit the same behavior, being both
positively related to the ES gradient.

The PCA results, which evidence the significant negative correlation of H'-G with ES, suggest that the
diversity of the molecular community declines in the most impacted areas (stations S10, S11, and S12; Fig.
7C). Therefore, the biotic indices of the molecular and morphological communities provide the same
indication: the stations located in the inner region of the SB, close to the continent, with low diversity and
equitability, are the most impacted and those with the most stressful environmental conditions for benthic
foraminifera. In these areas, pioneer assemblages of foraminifera can be found, including mostly species
capable of surviving in disturbed sedimentary environments, such as A. tepida, E. excavatum and A. buzasi
(PCA Fig. 7A, B).

5.3 Molecular and morphological indices: comparison of their performance in EcoQS assessment

The ecological indices, such as Exp(H'nc) (G), Exp(H'ne) (M), Foram-AMBI, and FSI, and geochemical
ones, such as TOC and PERI, have been used to estimate the EcoQS. The values and distribution maps of
these biotic indices (Fig. 5 A-F) reveal a clear difference in the EcoQS within the study area. It is also clear
that molecular index overestimates EcoQS due to a much higher diversity (dormant propagules +
monothalamids), as compared to morphospecies, which based on our data follow pollution trends better.

It also should be noted that the Foram-AMBI and FSI were based on the ecological behavior of species
from European coastal regions (North Atlantic), according to Bouchet et al. (2021). Although significant
results have been reached in the SB, the method needs to be improved based on a better knowledge of the
ecological requirements of foraminiferal species from the South Atlantic coastal regions.

Based on the EcoQS based on six biotic [(Exp(Hnc) (G), Exp(H’ne) (M), Foram-AMBI and FSI] and
geochemical (TOC and PERI) indices and it is possible to observe an overall agreement for 62.5% of the
stations (perfect agreement 44% and partial agreement 19%) and disagreement for 37.5% of the stations
(Fig. 6; Table 3; Appendix 7).

Table 3: I. Classification of biotic and abiotic indices used to estimate Ecological Quality Status (ECoQ)
according to the criteria presented in Table 1 (see also Appendix 7). Il. The agreement between the six

indexes was also estimated.

I. Ecological Quality Status Il.
Stations | ExpH'sc (G) - ExpH'oc Foram FSI TOC - PERI Agreement
stnd (M) AMBI stnd
S1
S2
S3
S4

S5
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I. Ecological Quality Status Classes
Moderate Poor

Il. Agreement Classification Stations N° %

Perfect agreement O or 6 7 43.8

Partial agreement 1 or 5 3 18.8

Disagreement 2-4 6 37.5

The diversity indices [(Exp(H’wc) (G) and Exp(H’vc) (M)] applied to estimate the EcoQS have significant
negative correlations with TOC and PERI, as well as with the ES based on the extracted factor score of the
PCA Factor 1. These indices also reveal a reduction of diversity for both the morphological and molecular
communities in response to the ES caused by an increase in organic matter and PTEs. A negative effect on
biota caused by environmental stress is also observed for FSI and Foram-AMBI, with a negative and positive
relation with this factor, respectively. These trends further support the response of the foraminiferal
communities in terms of diversity and composition to the ES. Accordingly, an increase in the relative
abundance of opportunistic species is related to enhanced disturbance, as observed by Castelo et al. (2021a)
in a core that records the turnover of foraminiferal communities in pre-industrialization and post-
industrialization Holocene environments in the Sepetiba Bay.

In coastal and transitional waters, benthic foraminifers have several other stressors than the ones
mentioned above, such as: the instability and mobility of the bottom sediment caused by active hydrodynamic
and/or bioturbation processes; the excessive accumulation or erosion of sediments that bury the organisms
or disturb the biotopes; the variability of physicochemical parameters (e.g., salinity, oxygen availability,
temperature, pH); the excessive availability or scarcity of nutrients and; biotic factors (predation competition,
differentiated reproduction rates, distinct reproductive periods). The AEI has also a negative correlation with
ES, although not significant. This could be ascribed to the reduced number of analyzed stations where both

Ammonia spp. and E. excavatum co-occur, differentiated breeding periods of the species and low juvenile



665
666
667
668
669
670
671
672

673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697

SUIMNivar 1aite uuL WU UISWUT VU ILL D LUUS LU MY UIC 1THYIT HOUYULTIVY Ul TAHTAUT AU OWJUITTTHTID UUliniy uie oulllr.lllng

period.

Table 4. Spearman Rank Order Correlations between the biotic indices estimated in this work to evaluate the
EcoQs [ExpH'sc (G), ExpH'sc (M), Foram AMBI, FSI and AEI] and selected abiotic parameters (TOC, PERI)
and environmental stress (ES - PCA Factor 1). The correlations marked in bold are significant (p < 0. 05).

Legend: (m — molecular community and M — morphological community), (ES) - environmental stress.

Abiotic Parameters
TOC | PERI ES
Molecular community ExpH'se (G) -0.52 | -0.64 -0.58
ExpH's: (M) | -0.67 | -0.84 | -0.78
Foram-AMBI | 0.49 | 0.56 0.50
FSI -0.46 | -0.54 -0.50
AEI -0.25 | -0.29 -0.32

Correlations

Morphological community

The correlation matrix shows that the biotic indices, namely Exp(H’nc) (G), Exp(H’swc) (M), Foram-AMBI and
FSI (Fig. 5 A-D), clearly evidence the responses of the living foraminiferal community to a set of parameters
(i.e., TOC, PERI, and ES) underlining the environmental impact, corroborating also the results of the PCA
(Fig. 7D). Thus, it is possible to infer that the most impacted regions and stressful areas are located in the
inner region of the SB, close to its North, South and East margins (Fig. 5A-F). It should be noted that urban
centers, ports, and industrial areas are located along the North and Eastern margins of the SB; thus, it would
be expected that they would be more impacted, as they receive higher PTEs and organic matter contents;
however, the South region near the Marambaia barrier island is also highly contaminated despite being a
protected and sparsely inhabited area. This indicates that the remobilization of pollutants caused by coastal
dynamics (swell and currents in shallow areas) as well as probably dredging activities and disposal may
contribute to reintroducing pollutants into the water column. Once resuspended, pollutants are dispersed by
tidal currents and accumulate again in calm areas where they find barriers to their transit, for example, near
the Marambaia barrier island.

The map of Figure 6 shows that the agreement among the six indices used to classify the EcoQS is higher
in the inner region of the SB where most of the stations are characterized by unacceptable (i.e., moderate,
poor, and bad) conditions. In contrast, a substantial disagreement has been identified at outer stations or
those in correspondence with navigable channels. In the present study, the ~63% of agreement (sum of full
and partial agreement) among the six indices can be considered fairly high and can be directly compared to
Guanabara Bay (63% of agreement between two morphological indices, namely Foram AMBI and Exp(H’c)
(Nunes et al., 2023), Kuwait Bay (71% of agreement between two diversity indices for morphological and
molecular approaches) (Al-Enezi et al., 2022) and Bagnoli area (75% of agreement among seven indices for
both morphological and molecular approaches) (Cavaliere et al., 2021).

The disagreement is mostly related to better EcoQS resulting from the foraminiferal diversity in both the

molecular and morphological communities being strongly influenced by the occurrence of marine water. It is
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that tend to occupy environments under more significant marine influence. Therefore, the classification
provided by the ecological indices is more accurate in the impacted regions. Thus, further studies should be
conducted to understand better the ecology of species that occur mainly in biotopes of TWs under the
greatest oceanic influence, as the species from Brazilian TWs are not the same as in Europe, it would also

be important to know their ecology better.

6. Conclusion

The results of this work show that the studied stations in the SB are characterized by significant differences
in physicochemical water parameters (e.g., salinity) and sediment characteristics (e.g., grain size, TOC and
PTE contents). The Igeo values allowed us to identify heavily polluted areas by Sn, Cd, and Zn and
moderately to heavily polluted by Cr, Co, Pb, and Ni. The PERI values indicate high to very high and moderate
ecological risk in 50% and 44% of the stations, respectively. The molecular and morphological analyses
reveal a congruent gradient of diversity for foraminiferal communities with a relatively high number of taxa at
stations located in the outer part of the bay. The combination of six indices, based on both ecological
(Exp(H’we) (G), Exp(H’we) (M), Foram AMBI and FSI and geochemical (TOC and PERI) indices, allows us to
identify an inner area of the SB with a lower EcoQS mostly affected by organic matter and PTEs. Although
differences were observed in the EcoQS classification at some stations, a relatively high level of agreement
(i.e., 63%) between the six indices is recognized. These indices congruently identify the lowest EcoQS for
the stations located in the innermost region of the SB close to its North, South, and East margins. The degree
of agreement among biotic indices used to estimate the EcoQS can be improved in the forthcoming. The
assignment of species based on their ecological response to ES has not yet been properly established for
South Atlantic TWs due to the small number of studies based on living benthic foraminifera. However, the
recent increase of foraminiferal works and the application of accurate methodologies will undoubtedly allow
getting more information and better results for ecological indices, namely Foram-AMBI and FSI. This work
represents the first study based on eDNA metabarcoding to evaluate the EcoQS based on foraminifera in the
South Atlantic in comparison with morphological analysis of foraminifera. Our results also strongly support

the great potential of eDNA metabarcoding as a standalone method for routine biomonitoring.
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Figul\.a.

Figure 1. Location map of Sepetiba Bay (Brazil) and the location of sampling sites.

Figure 2. Distribution maps of salinity, mud (%), TOC (%) and PLI values in the studied stations in the
Sepetiba Bay.

Figure 3. Distribution maps of Cd, Cr, Pb and Zn concentrations (mg kg) in the studied stations of the
Sepetiba Bay.

Figure 4. Distribution maps of H'-ASVs (Shannon index based on ASV species) and H'-MA (Shannon index
based on morphospecies) values and percentage of Ammonia tepida, Bolivina striatula, Buliminella
elegantissima and Rosalina williamsoni in the studied stations of the Sepetiba Bay.

Figure 5. Distribution maps of biotic and abiotic index values used to classify the EcoQs. The classification
scale used was defined according to the criteria reported in Table 1.

Figure 6. Agreement between the station’s classification based on the biotic (ExpH'bc (m), ExpH'bc (M),
Foram-AMBI, FSI and AEI) and abiotic (TOC and PLI) indices used to estimate the Ecological Quality Status
(EcoQS) according to the criteria of Table 1 and the values of Appendix 7.

Figure 7. Biplots of the first two PCA factors (explaining 81.73 % of the data variability) based on selected
biotic and abiotic variables. The primary variables were the abiotic parameters (such as gravel, sand and
mud, as well as TOC, salinity and PLI values) and as secondary variables were the abiotic variables: A.
percentage of the main morphospecies; B. percentage of the main ASV species; C. Number of species per
sample (S), Shannon diversity (H'), equitability (J') of the morphospecies and ASV species.; D. Biotic indices
used to evaluate the EcoQS: Foram-AMBI, FSI, Exp(H'bc) based on morphological and ASV analyses; finally,
in the biplot E. the studied stations were related to the scores of the first two PCA factors, defined as a

function of the primary and secondary mentioned variables.

Tables:

Table 1. Ecological Quality Status (EcoQS) classification criteria. The criteria used to evaluate EcoQS were
based on: Exp(H'bc) (M) Bouchet et al. (2018); Foram AMBI Parent et al. (2021); FSI Dimiza et al. (2016);
PERI Hakanson (1980) and Swarnalatha et al. (2013). The TOC and Exp(H'bc) (G) classes (standardized
values) were established in this work. Legend: (M - morphological community and m - molecular community);

stnd - standardized data.

Table 2. Values of PCA Factor 1 (Fig. 7) and the ecological indices used in this work to evaluate the EcoQs

(m — molecular community and M — morphological community).

Table 3. Spearman Rank Order Correlations between the biotic indices estimated in this work to evaluate the
EcoQs (ExpH'w (G), ExpH'sc (M), Foram AMBI, FSI and AEI) and selected abiotic parameters: TOC, PERI
and PCA Factor 1. The correlations marked in bold are significant (p < 0. 050). Legend: (G) - genetical

analysis; (M) - morphospecies; (ES) - environmental stress.



Suppn.,nn.:uuu y e

Figure S1. Relative abundance (%) of the main species identified by morphological analysis.

Appendix 1. Physicochemical, sedimentological and selected biotic data.

Appendix 2. EF and Igeo values.

Appendix 3. Number and percentage of foraminiferal morphospecies per sample

Appendix 4. Number and percentage of foraminiferal of ASV species

Appendix 5. PCA- Factor score (related to Fig. 5) and Spearman Rank Order Correlations (significant level
at p <0.05000) between the main morphological species and the ASV species (genetic data) and the PCA
Factor 1 (Fig. 5) associated to the environmental stress.

Appendix 6. Spearman Rank Order Correlations between selected sedimentological and biotic data. The
correlations marked in red are significant correlations for at p <0.05000).

Appendix 7. Estimation of the EcoQS (following the criteria presented in Table 1) based on biotic indices,
such as Exp(H’nc) (M), Exp(H’sc) (M), Foram AMBI, and FSI and abiotic ones, such as TOC and PERI.



Highlights

Foraminiferal eDNA and morphology are used to infer EcoQS in coastal SE Brazil
Biotic and abiotic indices show poor/bad EcoQS in the inner area of the Sepetiba Bay
High/good EcoQS are found in the outer area of the Sepetiba Bay

Molecular and morpho-methods provide similar EcoQS
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