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Abstract

The Santos Estuarine System, one of the most anthropogenically impacted coastal regions
in Brazil, was studied using benthic foraminiferal assemblages to determine four distinct
stages of organic pollution. Predictive models combined with the Ecological Quality Status
(EcoQs) index were applied to relate pollution stages to abiotic parameters (total organic
carbon, mud content, and salinity variability) and organic contaminants, including aliphatic
(AHs) and aromatic hydrocarbons (PAHs), linear alkylbenzenes (LABs), and coprostanol.
The pollution gradient ranged from low (São Vicente Channel and Santos Bay, characterized
by Ammonia tepida and medium coprostanol concentrations), to moderate (Santos Channel,
with Bulimina elongata and Triloculina sp.1), high (Bertioga Channel, showing Cribroelphidium
poeyanum, Paratrochammina sp.1, high levels of LABs, and TOC), and severe (Upper Estuary,
marked by Ammonia sp.1 and high concentrations of PAHs and coprostanol). A linear
discriminant analysis (LDA) demonstrated an overall accuracy of 70%, suggesting that
the discriminant model performs reasonably well in predicting the predictive ability of
foraminifera species to distinguish between areas with varying pollution status based on
organic pollutants. Also, the potential use of the EcoQs index in assessing the environmental
quality of a subtropical estuary subjected to organic pollution was demonstrated.

Keywords: benthic foraminifera; bioindicators; marine pollution; predictive model;
environmental index; ecological quality status

1. Introduction
Coastal regions, encompassing major metropolitan areas, support a substantial pro-

portion of the global population, with approximately 29% residing within 50 km of the
coastline and 15% within 10 km [1], rendering these ecosystems among the most heavily
impacted and ecologically vulnerable worldwide [2,3]. Although human activities in these
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regions are fundamental for the healthy economy of countries, they are responsible for
causing severe social and environmental problems, such as conflicts of use in coastal lands,
mass tourism, and structural engineering works (piers, dikes, spikes, breakwaters, jetties,
etc.), which can cause changes in sedimentary dynamics, saltwater intrusion, entailing
coastal erosion and subsidence [4–7].

In addition, the anthropogenic activities in coastal metropolises release a wide range of
pollutants into the marine environment, such as trace metals, persistent organic pollutants
(POPs), polycyclic aromatic hydrocarbons (PAHs), halogenated and aromatic solvents, au-
tomotive fuels, antifouling biocides, antibiotics and other drugs for human and veterinary
use, hygiene and personal care products, hormones, illicit drugs, among others [8–15]. The
Santos, São Vicente, and Bertioga Estuarine System (hereinafter, the Santos Estuarine Sys-
tem), situated in a coastal Brazilian region with approximately 1.5 million inhabitants [16],
which may increase significantly during the holiday season due to a large influx of tourists,
is one of Brazil’s most prominent examples of environmental degradation [17]. Besides
the urban activities, this estuarine system houses the largest port in Latin America (Port of
Santos) and the country’s largest industrial hub in Cubatão [18] which have transformed
the estuary into a significant sink for pollutants, a process initiated with the opening of the
Port of Santos in 1892 and intensified by industrial expansion in the 1950s [19] (Figure 1).
Although environmental conditions have improved in recent decades due to the control
of pollutant sources by the Environmental Company of the State of São Paulo (CETESB),
research has detected considerable metal concentrations in sediments, such as in the port
region of Santos and near the Cubatão industrial complex [19]. Also, hydrocarbon analy-
sis showed widespread contamination on the estuary, with higher concentrations in the
Piaçaguera River, decreasing towards the Santos channel [20].

Benthic foraminifera (amoeboid protists) have shown remarkable potential as bioindi-
cators for assessing environmental quality and conducting biomonitoring in marine, coastal,
and transitional environments [21–25]. Their effectiveness is related to their abundance and
distribution in modern oceans (e.g., [26]), key biogeochemical roles in carbon and nitrogen
cycling (e.g., [27]), and short reproductive and life cycles, allowing rapid responses to
environmental changes (e.g., [23,28]). Consequently, species differ in their tolerance to
environmental stress [29–31], and their relation may be used to infer pollution status.

Recent advances in benthic foraminiferal biotic indices (see [32], for a review) have
expanded the potential for using this group as a biological quality element in the Ecological
Quality Status (EcoQs) assessment of marine and transitional water environments in Brazil
(see [23], for a review). One of these indices is based on species diversity (i.e., [33]) that has
been successfully applied to assess the EcoQs of several environments (e.g., [25,32,34–40]).
Some studies have already described the distribution of the foraminifera fauna in the
Santos Estuarine System [41–45]. However, none of them focused on analyzing benthic
foraminifera to assess the ecological quality of the estuary using biotic indices.

Considering the above, the present work aims: (a) to evaluate the quality status of
the Santos Estuarine System based on organic pollutants, considered with a widespread
distribution in the system; (b) to establish a predictive model to be applied in monitoring
studies; and (c) to evaluate the use of Ecological Quality Status index based on living
benthic foraminifera to assess the state of health of the superficial bottom sediments of the
Santos Estuarine System. Furthermore, this study’s results will provide environmental
regulatory agencies with an evidence-based system management framework.
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Figure 1. The study area: Estuarine System of Santos, São Vicente, and Bertioga, located on the south
coast of the state of São Paulo, covers the municipalities of Praia Grande, São Vicente, Santos, Cubatão,
Guarujá, and Bertioga. Red dots correspond to sampling stations on the São Vicente Channel (SV),
the Santos Upper Estuary, Channel and Bay (S), and the Bertioga Channel (B).

Study Area

The Santos Estuarine System (between 23◦51′ S–24◦02′ S and 46◦17′ W–46◦28′ W) is
located in the São Paulo State, Brazil. It encompasses the municipalities of Praia Grande,
São Vicente, Santos, Cubatão, Guarujá, and Bertioga (Figure 1).

The Santos Estuarine System comprises the Santos Bay, a complex tangle of rivers (e.g.,
Perequê, Onça, Piaçaguera, Jurubatuba, Diana, Bertioga, and Santana, among others), and
several channels, such as Bertioga, Barreiros, Piaçaguera, Mar Pequeno, and the Pompeba,
Candinho, São Vicente, and Santa Rita squares [46]. The region can be divided into four
large compartments according to the hydrodynamic pattern: Santos Bay, Santos Channel
(Port Channel), São Vicente Channel, and Bertioga Channel [47]. The estuarine system is
affected by semidiurnal tidal waves, with average amplitudes varying between 0.27 m
(neap tide) and 1.23 m (spring tide) [48]. According to Harari et al. [49], the upper Santos
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estuary region is influenced by the rivers that flow into the area, the Serra do Mar, the tide,
and the waters from the Bertioga channel. These rivers generate a unidirectional surface
flow that propagates towards Santos Bay.

The Santos Port Channel generally presented the highest velocities of the entire domain.
In the region close to its mouth, velocities reached 1.4 m s−1 during spring tide and up to
0.7 m s−1 during neap tide. During neap tides, velocities in the main channels (excluding
regions near the mouths) reach approximately 0.4 m s−1. During spring tides, velocities are
stronger and exhibit greater spatial variability, reaching approximately 1.2 m s−1 [50].

The flood currents dominate the Santos channel, while ebb currents dominate the
São Vicente and Bertioga channels. The strongest currents were observed in the Santos
Channel. It was also shown that the influence of river flow and channel morphology creates
sub-regions with different hydrodynamic behaviors within the same estuarine channel.
Also, Damasio et al. [20] presented a model showing that suspended particles are driven
into the estuary and, on average, are deposited at the mouth of the Bertioga Channel and
the Santos Channel [51].

The estuary exhibits substantial temporal variation in salinity, driven by the tidal
cycle and changes in freshwater discharge. According to Harari et al. [52], salinity varies
spatially from 15 to 35 in the Santos estuary, with vertical variations showing an increase in
salinity with depth up to 4. A similar vertical stratification was observed in the Piaçaguera
Channel [53]. Freshwater enters the estuary mainly in the middle and upper regions of the
estuary, where the mangroves are present, mainly through the rivers Itatinga (~12 m3 s−1),
Itapanhaú (~10 m3 s−1), Cubatão (~5 m3 s−1), Quilombo (~5 m3 s−1), Boturaca (~4 m3 s−1),
and Jurubatuba (~4 m3 s−1) [54].

The study area alternates between tropical and polar Atlantic systems, with a hot,
humid tropical climate, no defined dry season, and average temperatures above 20 ◦C.
Annual rainfall ranges from 2000 to 3000 mm, and the average relative humidity is
nearly 85% [55]. The sediment is predominantly fine, ranging from silt to very fine
sand, characterizing the estuary as a low-energy sedimentation environment with low
flocculation rates [56].

2. Materials and Methods
2.1. Sediment Sampling

Three surface sediment sampling campaigns were conducted during the austral winter
and spring of 2019 in the Santos Estuarine System, each targeting a specific region within
the system: the São Vicente Channel (SV), the Santos Upper Estuary, Channel and Bay (S),
and the Bertioga Channel (B). In total, 21 stations were established across the three areas
(SV = 5, S = 11, B = 5) (Figure 1). In the Supplementary Materials, S1 provides detailed
information on the sampling dates, coordinates (Datum SIRGAS 2000), locations, water
depths, and vessels employed.

Because of the shallow depths in the Bertioga and São Vicente channels, cores were
manually collected during the first and third campaigns by inserting acrylic tubes directly
into the sediments. This method allowed the recovery of undisturbed surface sediments
for the analysis of living benthic foraminifera. In the second campaign, a multiple corer
was used. At each station, three 8 cm diameter cores were taken from distinct deployments.
This follows the recommendation that three replicates per station are necessary to capture
small-scale spatial variability in benthic foraminiferal distribution [28,57].

The core was subsampled using an extruder, and the first centimeter of sediment was
sliced and stored in plastic bottles. A solution of 2 g of rose Bengal and 1 L of ethanol
(90%) was added to differentiate living (stained) from dead foraminifera [58,59]. The
samples were stored in a refrigerator for at least 14 days to ensure proper staining of living
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foraminifera [28]. Only individuals with all chambers stained pink (except the last chamber)
were considered alive.

In addition, surface sediment samples were also collected using a stainless steel van
Veen bottom grab for sedimentological and elemental (total organic carbon—TOC and
carbonate content) analysis as well as for the determination of the organic compounds,
including polycyclic aromatic hydrocarbons (PAHs), aliphatic hydrocarbons (AHs), linear
alkylbenzenes (LABs), and fecal sterols, using aluminum foils previously cleaned and
calcined in a muffle oven at 450 ◦C.

2.2. Laboratory Procedures

A total of 63 sediment samples (triplicates from 21 stations) were analyzed for ben-
thic foraminifera. Each sample (50 cm3 of wet sediment) was washed through a 63 µm
sieve, oven-dried at 40 ◦C, and the resulting >63 µm fraction was examined. At least
100 foraminifera tests per sample were analyzed, following the recommendations of Schön-
feld et al. [28] and Fatela & Taborda [60]. The results from the three replicates were averaged
to obtain a single representative value for each station.

The identification of genus and species followed the classification made
by [20,43,61–64] under a SMZ800N stereomicroscope (Nikon Instruments Inc., New York,
NY, USA). Species names were updated according to the World Register of Marine Species
(WORMS) [65]. Some photos of the species found were taken on the ZEISS SteREO Dis-
covery.V20 stereomicroscope (Carl Zeiss AG, Oberkochen, Germany) using the ZEN 2012
Imaging Software version 1.1.2.0 (Plate 1).

Grain-size and organic contaminant analyses were performed on one surface sediment
sample (one replicate) from each of the 21 stations.

The grain-size analysis was performed according to the methodology described
by Suguio [66].

The TOC determination used a modified Walkley & Black [67] method, based on
the oxidation of organic carbon with potassium dichromate and sulfuric acid, followed
by titration with ferrous ammonia sulfate. Three sediment aliquots and three blanks per
station were analyzed, and the mean TOC value was calculated for statistical analyses.

The procedure for determining organic contaminants was based on [68–70]. It
consisted of extracting 10 g of sediment in Soxhlet with 80 mL of a mixture of
dichloromethane/n-hexane (1:1 v/v) for 8 h after adding surrogate standards. The fol-
lowing were used as surrogate standards: n-Hexadecene for aliphatic hydrocarbons
(AHs); 1-C12-LAB for linear alkylbenzenes (LABs); d8-naphthalene, d10-acenaphthene,
d10-phenanthrene, d12-chrysene, and d12-perylene for polycyclic aromatic hydrocarbons
(PAHs); and 5α-androstanol for sterols.

After extraction, the samples’ purification and fractionation were carried out via liquid-
solid adsorption chromatography in an open glass column filled with 3.2 g of alumina
(5% water deactivated) and sodium sulfate (Na2SO4). AHs, PAHs, and LABs were
eluted with 20 mL of 30% dichloromethane/hexane mixture (7:3, v/v; Fraction 1 (F1)),
while sterols were eluted with 20 mL of methanol/dichloromethane mixture (1:1, v/v;
Fraction 2 (F2)).

Internal standards (n-tetradecene for AHs; p-terphenyl for HPAs, and 1C19-LAB for
linear alkylbenzenes) were added to the F1 extracts. F1 was injected into a gas chromato-
graph (GC, Agilent 6890) (Agilent Technologies Inc., Santa Clara, CA, USA) coupled to
a flame ionization detector (FID) for AHs quantification. F1 was also injected into a gas
chromatograph (GC, Agilent 7010B) connected to a triple quadrupole mass spectrometer
(MS/MS) operating in multiple reaction monitoring (MRM) for PAHs and LABs quantification.
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The F2 extracts were dried and derivatized with BSTFA (bis (trimethylsilyl) trifluoroac-
etamide) and 1% TMCS (trimethylchlorosilane) for 90 min at 65 ◦C. After derivatization, the
internal standard (5α-cholestane) was added, and the extracts were injected into GC-FID
for sterols quantification.

2.2.1. Hydrodynamic Modeling of Bottom Water Salinity

Based on benthic foraminifera analysis performed by Bonetti [42] and Debenay
et al. [43], the salinity is a controlling factor in the benthic foraminifera distribution in
the Santos Estuarine System. However, during the sampling, salinity values were not
measured. Therefore, to obtain the minimum, maximum, and average variation in bottom
water salinity, instead of instantaneous salinity measurements at the sampling stations, the
three-dimensional Delft3D hydrodynamic model for the Santos Estuarine System, applied
and validated by Seiler et al. [51], was used for the stations defined in this study.

The domain of the numerical model covers the entire estuarine system and the adjacent
oceanic region. The numerical grid used is curvilinear and includes, as boundary conditions,
river discharge from rivers flowing into the estuary, water-level variation at the oceanic
boundary, and corresponding salinity values. The three-dimensional model was defined
with 12 vertical layers (z-layers) of varying thickness from the surface to the bottom. For
further details on the model application and its validation, see Seiler et al. [51].

The present application used the model results extracted in July 2014, the same period
used for the model validation [51]. The results were extracted for each station from its
bottom-most layer. From the modeled bottom salinity time series, the maximum and
minimum salinity values were defined, and thus the degree of variation at each point.

2.2.2. Biotic Environmental Indices

The EcoQS (Table 1; [33]) was calculated using the RStudio software version 4.5.1 [71]
and the Entropy Library version 1.2./1 [72]. The EcoQS limits adapted to transition
regions were applied (Table 1; [34]). This index is the exponential of the bias-corrected
Shannon Index [73].

Table 1. Equation, threshold values, and classification of the Ecological Quality Status used in
this study.

Index Authors Equation Threshold
Values

Environmental
Health

Classification

Ecological
Quality Status

(EcoQS)

Bouchet et al.
[33,34] EcoQS = Exp(H’bc

1)

>15 Excellent
11–15 Good
7–11 Moderate
3–7 Bad
<3 Poor

1 H’bc: bias corrected Shannon’s index [73].

2.3. Multivariate Analysis

Given that the entire study area is subject to organic pollution [20], a K-means analysis
was employed to delineate groups of sites with comparable concentrations of organic com-
pounds. The dataset encompassed six sediment quality variables: TOC, AHs, PAHs, LABs,
coprostanol, and unresolved complex mixture/resolved aliphatics ratio (UCM/ResAHs).
A correlation-based distance matrix was computed from standardized, log-transformed
data (n = 21 samples). Statistical differences among the identified groups were assessed
using the Kruskal–Wallis median test, with subsequent Dunn post hoc testing performed
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when the null hypothesis of equality (H0) was rejected. Data analysis was conducted using
the FactoMineR package version 2.12 [74].

The predefined site groups, distinguished by their associations with organic contam-
inant descriptors, were used as the categorical response variable in a linear LDA. This
analysis assessed the predictive ability of foraminifera species to distinguish between areas
with varying pollution status (low, moderate, high, and severe). Data preprocessing for the
LDA model involved excluding taxa that contributed less than 0.5% of the total commu-
nity abundance and occurred in less than 20% of the samples. This analysis resulted in a
dataset of 9 foraminifera species from 63 samples (21 sites, each with three replicates). The
predictor species utilized in this analysis included: Ammonia parkinsoniana, Ammonia tepida,
Ammonia sp.1, Bolivina striatula, Bulimina elongata, Cribroelphidium excavatum, Cribroelphidium
poeyanum, Paratrochammina sp.1, and Triloculina sp.1. Relative abundance values were log-
transformed (log10 x + 1) before analysis. The model assumed that group probabilities were
proportional to sample sizes (prior probabilities). The coefficients of linear discriminants
were used to measure the importance of each input variable in discriminating between the
groups. Leave-one-out cross-validation (jackknifing) was employed to assess the model’s
predictive power, with performance metrics (accuracy, sensitivity, specificity) evaluated
using a confusion matrix. The LDA model was fitted using the MASS R package version
7.3.65 [75], and all plots were generated using the ggplot2 package version 3.5.2 [76].

To identify which species, among those used in the LDA model, served as the best in-
dicators for each environmental group, the Indicator Value (IndVal) index was applied [77].
This analysis calculates indicator taxa for each group based on their relative abundance
and fidelity (proportion of occurrences within a group). This study used a threshold of
≥35% IndVal and a p-value < 0.05 to identify statistically significant indicator species. The
analysis was performed using the labdsv package version 2.1-0 [78].

To assess the association between EcoQS (ordinal categories: Poor, Bad, Moderate,
Good, Excellent) and organic pollution levels (ordinal categories), contingency tables were
constructed and tested for independence using Fisher’s exact test. The strength and
direction of association were quantified using Goodman–Kruskal’s gamma. An ordinal
logistic regression model was fitted to evaluate the relationship between EcoQS and OrgPoll.
The model was implemented with the polr function in the MASS package, with EcoQS
as the ordered response variable (levels from “Poor” to “Excellent”) and OrgPoll as the
ordered predictor. Model fit and significance were assessed using the Likelihood Ratio
Test, and explanatory power was evaluated using McFadden’s Pseudo-R2. Additionally,
EcoQS was transformed into a binary variable (≥Moderate and <Moderate categories) to
test for a monotonic relationship across pollution levels using the Cochran-Armitage trend
test. Finally, the proportion of “success” cases (EcoQS ≥ Moderate) was plotted across
pollution categories with 95% confidence intervals (Wilson method), and a linear trend line
was added to illustrate the direction of the association.

3. Results
3.1. Environmental Variables

The values of the environmental variables are presented in Table 2. The percentage of
fine sediments varied between 6.45% and 98.46% in the Santos Estuary System (stations S11
and B2, respectively). Generally, the Bertioga Channel, the Upper Estuary, and the northern
part of the Santos Channel presented a high percentage of fine sediments. In contrast, the
São Vicente Channel, the southern part of the Santos Channel (stations S9 and S10), and
Santos Bay presented coarser sediments. The exceptions are station B5, in the Bertioga
Channel, which presented 17.26% of fine sediments, and station SV4, in the São Vicente
Channel, which presented 91.77% of fine sediments (Table 2, Supplementary Materials S2).
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Table 2. Values in the total organic carbon (TOC), aliphatic hydrocarbons (AHs), polycyclic aro-
matic hydrocarbons (PAHs), linear alkylbenzenes (LABs), coprostanol, and unresolved complex
mixture/resolved aliphatics ratio (UCM/ResAHs), percentage of mud, calcium carbonate (CaCO3),
and salinity variation per station in the Santos Estuary System.

Stations TOC Total
Aliphatics

Total
PAH

Total
LABs Coprostanol UCM/ResAHs Mud CaCO3

δ

Salinity

% µg g−1 ng g−1 ng g−1 µg g−1 % %

B1 4.73 79.8 522.2 166.4 2.2 1.9 98.45 2.55 1.63
B2 5.47 136.1 2354.6 172.8 2.1 1.4 98.46 0.38 3.56
B3 4.87 152.6 2769.8 185.1 1.7 1.1 97.03 0.00 4.57
B4 5.37 161.9 2851.7 270.2 1.1 1.3 73.51 0.91 4.51
B5 0.87 90.0 4437.0 92.6 0.6 2.1 17.26 0.55 3.63
S1 2.32 317.5 18,102.2 62.2 0.6 6.6 88.97 0.00 1.16
S2 4.33 321.7 12,955.2 87.3 4.6 6.4 89.06 3.45 1.56
S3 2.70 250.7 6052.3 68.5 1.7 4.9 84.01 4.53 4.33
S4 2.60 220.8 22,375.0 104.8 4.5 4.5 95.39 0.00 1.83
S5 2.69 96.1 1527.8 179.4 0.5 6.6 89.02 8.41 1.68
S6 2.35 152.5 3995.0 937.9 1.6 5.8 90.74 6.78 1.51
S7 2.20 64.6 1532.9 210.5 1.1 2.3 82.13 14.80 1.5
S8 2.20 63.1 1378.7 95.9 0.4 3.0 80.99 4.55 1.11
S9 1.05 29.3 1978.8 231.9 0.1 2.0 24.39 11.41 0.79

S10 1.28 24.6 1468.0 183.7 0.3 1.9 15.77 13.22 0.64
S11 0.53 8.2 214.7 520.1 2.3 0.9 6.45 3.66 0.47
SV1 0.67 5.9 104.5 85.7 0.5 0.4 14.84 8.58 3.51
SV2 2.69 9.1 191.6 266.4 1.4 0.6 45.30 1.56 2.33
SV3 2.34 22.5 1335.1 276.4 0.6 1.9 20.62 1.15 1.83
SV4 3.88 112.1 1932.0 1382.8 4.7 3.4 91.77 2.78 2.38
SV5 0.67 108.9 3186.9 188.8 0.7 2.2 6.60 1.34 2.85

Regarding carbonate, there is a trend of higher values towards Santos Bay and lower
values towards the Upper Estuary (Table 2). The values ranged from 0% (stations S1, S4,
and B3) to 14.80% (station S7). In the Bertioga Channel, the average was 0.8%; in the São
Vicente Channel, 3.08%; in the Upper Estuary, 3.27% and in the Santos Channel, 10.15%.
The Santos Bay station presented 3.66% of CaCO3.

The TOC values (Table 2) ranged from 0.53% to 5.47% (stations S11 and B2, respec-
tively). The Bertioga Channel presented the highest values throughout the estuary, with
four stations above 4.5%. Station B5 was the exception, presenting only 0.87%. The São
Vicente Channel presented intermediate values, ranging from 0.67% (stations SV1 and SV5)
to 3.88% (station SV4). The Upper Estuary presented values ranging from 2.32 to 4.33%
(stations S1 and S2, respectively). The Santos Channel, in turn, presented the lowest values
in the estuary, with the highest at station S6 (2.35%) and gradually decreasing to station
S10 (1.28%) (Table 2, Supplementary Materials S2).

The total AHs (ΣAHs), UCM, and UCM/Res varied from 5.9 to 321.7 µg g−1, from
1.62 to 272.28 µg g−1, and from 0.38 to 6.65, respectively, throughout the Estuarine System
of Santos, São Vicente, and Bertioga. Sediments with ΣAHs < 10 µg g−1 are considered
not contaminated, while ΣAHs > 100 µg g−1 are associated with petroleum inputs. When
ΣAHs concentrations are <50 µg g−1, a more detailed analysis of the hydrocarbon con-
stituents is required to assess the magnitude of contamination [79,80]. 47.6% of the samples
showed ΣAHs > 100 µg g−1, while only 14.3% showed values < 10 µg g−1, suggesting that
the Santos Estuarine System is under a high level of petroleum pollution. The Santos Upper
Estuary stations (S1 to S4) showed the highest concentrations, followed by the Bertioga
and São Vicente channels. UCM was detected in all samples, exhibiting higher concen-
trations and UCM/Re in the Cubatão Industrial Complex (samples S1 to S6), suggesting
extensive biodegradation of petroleum-related inputs (UCM/Res > 4), while the rest of the
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samples suggested recent pollution that has been diluted by natural inputs [81–83] (Table 2,
Supplementary Materials S2 and S3).

The total PAHs (ΣPAHs) and the Σ16PAHs varied from 104.5 to 22,374 ng g−1 and
from 57.9 to 16,272 ng g−1, respectively. Baumard et al. [84] categorized parent PAH
concentrations in sediments as low, moderate, high, and very high, corresponding to levels
of 0–100, 100–1000, 1000–5000, and >5000 ng g−1, respectively. However, this definition
focuses explicitly on Σ16PAHs and does not consider the alkyl-substituted PAHs, which
could also play a significant role in the sources of fossil PAHs. On this basis, the Σ16PAH
concentrations in the Estuarine System of Santos, São Vicente, and Bertioga indicated that
57.1% of the stations are classified as high, 28.8% as moderate, 14.3% as very high, and
4.8% as low. The spatial distributions of ΣPAHs and Σ16PAHs were similar to those of the
aliphatic hydrocarbons, with higher concentrations occurring in the inner portions of the
estuary (Table 2, Supplementary Materials S2 and S3).

Total LABs (ΣLABs) and coprostanol concentrations varied from 62.5 to 1382.8 ng g−1

and 0.11 to 4.66 µg g−1, respectively. ΣLABs showed higher values at SV4, S6, and
S11, while cop showed the highest concentrations at SV4, S2, S4, and S11 (Table 2,
Supplementary Materials S2 and S3). To the best of our knowledge, LABs are not classified
by contamination levels in the literature. In this study, we considered the threshold concen-
tration of coprostanol in uncontaminated sediments as ≤0.01 µg g−1 [85], contaminated
sediment as ≥0.1 µg g−1 [86,87], and highly contaminated sediment as ≥ 0.5 µg g−1 [88].

The modeled ∆ salinity values decreased from the Upper Estuary (up to 4.33) to Santos
Bay (up to 1.5). The highest values are observed in the Bertioga Channel (up to 4.57) and in
the São Vicente Channel (3.51; Table 2, Supplementary Materials S2 and S3).

3.2. Benthic Foraminifera Analysis

The most abundant taxa (relative abundance >1%) were Ammonia tepida, Ammonia sp.1,
Ammonia spp., Bolivina striatula, Bulimina elongata, Cribroelphidium excavatum, Cribroelphidium
poeyanum, Cribroelphidium spp., Nonionella spp., Paratrochammina sp.1, Paratrochammina spp.,
Quinqueloculina spp., Triloculina sp.1, and Trochammina spp. (Supplementary Materials S4
and S5).

In the Santos Upper Estuary, Ammonia sp.1 dominated the assemblages, accounting
for 60.8% of the fauna, accompanied by Ammonia spp. (12.9%), Triloculina sp.1 (9.3%), and
Ammonia parkinsoniana (6.6%), and another 30 taxa represent 10.5% of the assemblage. In
the Santos Channel and Bay, Ammonia sp.1 accounts for 31.3% of the assemblage, and
another taxa >5% relative abundance in this region are Triloculina sp1. (13.8%), Ammonia
tepida (7.9%), and Ammonia spp. (7.7%).

In São Vicente Channel, assemblages were characterized by the co-occurrence of
Ammonia sp.1 (25.4%) and Cribroelphidium excavatum (23.9%), with additional contributions
from Cribroelphidium spp. (12.2%), Triloculina sp.1 (7.9%), and Ammonia spp. (5%). The
Bertioga Channel was dominated by the agglutinant species Paratrochammina sp.1 (31.1%),
along with Ammonia sp.1 (14.9%), Cribroelphidium excavatum (11.7%), Quinqueloculina spp.
(7.9%), Trochammina spp. (5.6%), and Ammonia parkinsoniana (5.3%).

Applying Pearson correlation, significant correlation values between δ salinity values
and the most abundant benthic foraminifera species were obtained, e.g., Paratrochammina
sp.1 (0.6, p = 0.0026), Cribroelphidium excavatum (0.6, p = 0.0015), Cribroelphidium poeyanum
(0.5, p = 0.0134), Quinqueloculina spp. (0.5, p = 0.0207), Nonionella spp. (−0.5, p = 0.0074),
Bolivina striatula (−0.6, p = 0.0038), Bulimina elongata (−0.7, p = 0.0003).

Species richness demonstrated considerable variability, ranging from a minimum of
7 species at station S1b to a maximum of 27 species at station S10b. The density of living
specimens ranges from 39 individuals per 50 cm3 at station SV2b to 3758 individuals per
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50 cm3 at station S3c. The highest value (0.71) of the dominance index was recorded at S1a,
while the lowest (0.06) at S10b. Shannon-Wiener diversity shows the lowest value (0.96) at
S1a and the highest value (4.27) at S10b. Finally, Pielou’s Equitability followed the same
trend, ranging from a minimum of 0.27 to a maximum of 0.92 (Supplementary Materials S6).

3.3. Statistical Analysis
3.3.1. Environmental Zoning Based on Geochemical Indicators of Organic Pollution

Using the K-means clustering algorithm, the study area was segmented into four dis-
tinct groups: low, moderate, high, and severely polluted zones (Figure 2a). These divisions
correspond to the organic pollution gradient observed across the study area. The low pol-
lution group consisted of three sites: one in Santos Bay and two in the São Vicente Estuary,
closer to the inlet. Samples in the moderately polluted category encompassed eight sites
along the lower Santos Estuary and the upper estuary of São Vicente. The high-pollution
group (6 sites) was concentrated in the upper Santos Estuary and the Bertioga Channel.
Finally, the severe pollution group (4 sites) was confined to a further inland location, along
the Piaçaguera Channel (Figure 2b).

Figure 2. (a) Distribution and (b) Map of sampling sites across four clusters identified by K-means
analysis. Sample labels consist of a regional code (SV = São Vicente Channel; S = Santos Upper
Estuary, Channel and Bay; B = Bertioga Channel) and station number. Symbols and colors represent
the organic pollution status (low, moderate, high, and severe).

The pollution status of these K-means-based groups was determined by analyzing the
medians and maximum concentrations of organic pollutants in their respective sediments,
as depicted in Figure 3. Significant differences were observed among the groups for all
organic variables (p-values for KW’s test < 0.05). Generally, there is a trend of increasing
concentrations of TOC, AHs, PAHs, and UCM/ResAHs from the low to the severe group.

However, a notable exception to this gradient was observed in LABs, which exhibited
the lowest concentrations (md = 77.9 ng g−1) in the severely polluted group. The other
groups showed median concentrations ranging from 186.2 ng g−1 (moderate group) to
266.4 ng g−1 (low group).
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Figure 3. Boxplots of the variations in (a) total organic carbon (TOC, %), (b) linear alkylbenzenes
(LABs), (c) aliphatic hydrocarbons (AHs, µg g−1), (d) polycyclic aromatic hydrocarbons (PAHs,
ng g−1), (e) coprostanol (µg g−1), and (f) unresolved complex mixture/resolved aliphatics ratio
(UCM/ResAHs) across sampling groups categorized by organic pollution status. The box represents
the interquartile range (IQR), and horizontal lines across it correspond to the median values. The
whiskers outside the box show minimum and maximum values excluding outliers, which are shown
as individual dots. Numbers displayed inside the boxes in panel (a) indicate the number of samples
(n) in each pollution category.

3.3.2. Foraminifera Species as Predictors of Organic-Polluted Zones

The linear discriminant analysis results supported the hypothesis that the four organic-
polluted zones, as determined solely by organic descriptors, could also be distinguished
based on the relative abundance of foraminifera species as predictors (Figure 4). The first
and second linear discriminant (LD) functions explained 62.7% and 20.1% of the variance,
respectively. Clear separation of group centroids was observed, primarily along the first LD
axis, indicating differences among all groups, particularly pronounced between low- and
severe-pollution zones. The contribution of each species to the LD function, as analyzed
through the coefficients of linear discriminants, is depicted as vectors in Figure 4.

Besides the species composition, the ecological descriptors show the highest density
values (up to 3758 ind./50 cc) under severe organic pollution conditions, where the highest
dominance (up to 0.71) and lowest equitability (from 0.27 to 0.64) values occur. On the other
hand, richness and Shannon diversity show the highest values (up to 27 and 4.27, respectively)
under moderate organic pollution conditions (Supplementary Materials S6, Figure 5).
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Figure 4. Discriminant analysis ordination displaying the first and second discriminant functions
(LD1 vs. LD2). Colored rings represent group centroids, matching the colors of the associated samples
(filled circles). The vectors depict the coefficients of linear discriminants. Sample labels consist of a
regional code (SV = São Vicente Channel; S = Santos Upper Estuary, Channel and Bay; B = Bertioga
Channel), a station number, and a lowercase letter (a–c) indicating analytical replicates.

 

Figure 5. Boxplots of the variations in (a) richness, (b) density (ind./50 cm3), (c) dominance,
(d) Pielou’s Equitability index, (e) Shannon-Wiener Diversity (H’), and (f) exp(H’bc) across sampling
groups categorized by organic pollution status. The box represents the interquartile range (IQR),
and horizontal lines across it correspond to the median values. The whiskers outside the box show
minimum and maximum values excluding outliers, which are shown as individual dots. Numbers
displayed inside the boxes in panel (a) indicate the number of samples (n) in each pollution category.

https://doi.org/10.3390/w18020172

https://doi.org/10.3390/w18020172


Water 2026, 18, 172 13 of 23

Leave-one-out cross-validation (jackknife) was employed to validate the LDA model.
The resulting confusion matrix is presented in Table 3. The overall accuracy of 70% suggests
that the discriminant model performs reasonably well in assigning each sample to its
expected group. Notably, the severe pollution group achieved the highest accuracy, correctly
classifying 91.7% of samples. Conversely, the low pollution group exhibited the highest
error rate, with 44.4% of samples misclassified. Notably, the low pollution group comprised
only three sites, totaling nine samples.

Table 3. Confusion matrix obtained by jackknife cross-validation showing the LDA predicted class
labels on the rows and the expected (original) class labels on the columns. The diagonal cells show
the percentage of correctly predicted samples for each organic pollution group.

Expected Class Distribution (%)
Low Moderate High Severe

Predicted
Class Dis-
tribution

(%)

Low 55.6 4.2 11.1 0
Moderate 33.3 66.7 16.7 8.3

High 11.1 16.7 61.1 0
Severe 0 12.5 11.1 91.7

Number of Samples 9 24 18 12

3.3.3. Indicator Value Index (IndVal)

The IndVal analysis identified six foraminiferal species as the major indicator species
(IndVal > 35%; p < 0.05), reflecting varying levels of organic pollution across the study
area (Table 4). These species include Ammonia tepida, Ammonia sp.1, Bulimina elongata,
Cribroelphidium poeyanum, Paratrochammina sp.1, and Triloculina sp.1. Ammonia tepida exhib-
ited the highest IndVal (64.16%; p = 0.001) and was associated with less impacted sites.
Triloculina sp.1 and B. elongata were identified as moderately organic-polluted zone indica-
tors. High pollution status was correlated with Paratrochammina sp.1 and Cribroelphidium
poeyanum, while severely impacted sites were characterized by Ammonia sp.1 as the organic
pollution indicator species (Table 4).

Table 4. Indicator Value index (IndVal) analysis identifying statistically significant indicator species
for each organic pollution zone.

Organic Pollution Status Indicator Species IndVal (%) p-Value

Low Ammonia tepida 64.16 0.001

Moderate
Triloculina sp. 1 42.66 0.004

Bulimina elongata 39.75 0.008

High
Paratrochammina sp. 1 56.53 0.001

Cribroelphidium
poeyanum 40.04 0.015

Severe Ammonia sp.1 47.19 0.001

3.3.4. EcoQs vs. Organic Pollution Level

Fisher’s exact test revealed a significant association between EcoQS and the level of
organic pollution (p < 0.05). The result of Goodman–Kruskal’s gamma, a non-parametric
measure of the strength and direction of the association, revealed a strong negative associa-
tion between these two ordinal variables (γ = −0.72), indicating that as EcoQS decreases
(from “Excellent” to “Poor”), OrgPoll increases (from “Low” to “Severe”). A contingency
table comparing the classifications of the EcoQS and OrgPoll is provided in Table 5.
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Table 5. Contingency table of Ecological Quality Status (EcoQS; “Poor” to “Excellent”) by organic-
pollution level (OrgPoll; “Low” to “Severe”). Cell entries are percentages of all samples, and bold
values are marginal totals.

Poor Bad Moderate Good Excellent Sum

Low 0 3.17 11.11 0 0 14.29
Moderate 0 6.35 22.22 3.17 6.35 38.09
High 0 12.70 9.52 0 0 22.22
Severe 3.17 20.63 1.59 0 0 25.40

Sum 3.17 42.86 44.44 3.2 6.3 100

The most frequent ecological quality status was “Bad” and “Moderate”, accounting for
87% of the observations. The strongest agreements occurred in the “Moderate-Moderate”
category (22.2%) and the “Severe-Bad” category (20.6%). Notably, the “Bad” category for
EcoQS appeared across all organic pollution levels.

The ordinal logistic regression model, with OrgPoll as a predictor of EcoQS, showed
a statistically significant improvement in fit over the null model (Likelihood-ratio Test
χ2 = 35.18, p < 0.001). The model yielded a McFadden’s Pseudo-R2 of 0.25. The regression
coefficient for OrgPoll was negative and highly significant (β = −3.08, p < 0.001), with an
estimated odds ratio of 0.046 (95% CI: 0.009–0.246). This means that a one-level increase
in organic pollution reduces the odds of achieving better ecological quality status by
approximately 95%, with the actual effect likely lying between 75% and 99%.

EcoQS variable was categorized into two classes: success (including “Good”, “Excel-
lent”, and “Moderate”) and failure (“Poor” and “Bad”). The proportion of sites with EcoQS
≥ Moderate across the organic pollution categories is shown in Figure 6. The Cochran-
Armitage trend test indicated a highly significant monotonic trend (Z = −4.71, p < 0.01). The
chance of achieving at least Moderate EcoQS increased substantially as pollution decreased,
rising from less than 10% under Severe pollution to over 75% under Low pollution.

Figure 6. Proportion of samples with EcoQS ≥ Moderate (classified as “success”) across organic
pollution categories. Points represent observed proportions of “success” cases, and error bars indicate
95% confidence intervals estimated using the Wilson method. The dashed line represents a fitted
linear trend across the ordinal pollution score (Severe to Low), explaining 85% of the variation in
success proportion across categories (R2 = 0.851).
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4. Discussion
4.1. Environmental Characterization

The Santos Estuarine System’s hydrodynamics, as shown in Seiler et al. [51] and Reid
et al. [89], presents varying energy conditions. The main channels, especially the Santos
channel, show high-energy conditions. These channels are well flushed, with the Santos
channel presenting net water import conditions and the São Vicente and Bertioga channels
presenting net water export [51]. The Santos channel starkly contrasts with the low-energy,
poorly flushed areas, such as the upper estuary, the broad middle section of the Bertioga
Channel, and specific zones in the São Vicente Channel. This hydrodynamic partitioning
directly dictates the sediment grain size and the distribution of carbonate content. The
observed accumulation of fine-grained sediments in low-energy areas is expected due to
reduced tidal currents, which allow the deposition of silt and clay particles and also induce
organic pollution across the whole area (Table 2, Figures 2 and 3).

The sediment type is often associated with higher organic matter content and greater
potential for adsorbing pollutants. Thus, the distribution of benthic foraminifera is not a
random phenomenon but a direct response to the physical and chemical gradients defined
by the system’s hydrodynamics. The findings of Seiler et al. [51] and Reid et al. [89],
based on observations and three-dimensional numerical modeling experiments, provide
the essential framework for deciphering this relationship and help explain the observed
foraminiferal patterns and their responses to organic pollutants.

Circulation patterns control key habitat variables for benthic organisms, including
substrate type, oxygen availability, stratification, and salinity distribution (e.g., [90]). Seiler
et al. [51] demonstrated a system of distinct hydrodynamic sub-environments. Conse-
quently, these areas are predicted to host assemblages dominated by opportunistic and
pollution-tolerant species, which thrive in organically enriched. The significant correlation
obtained between the relative abundance of benthic foraminifera species and δ salinity val-
ues confirms the influence of the hydrodynamic on the microfauna in the Santos Estuarine
System, occurring Paratrochammina sp.1 and species of Cribroelphidium in areas of higher δ
salinity, and species of Bolivina, Bulimina and Nonionella in regions of marine influence.

4.2. System Quality Assessment Using Foraminifera

The K-means analysis shows an environmental quality gradient in the study area,
with severe organic pollution mainly in the upper estuary, increasing in ecological quality
towards the São Vicente and Bertioga channels, where high and moderate status prevail,
and achieving low status in the lower estuary. The ecological descriptors follow this
environmental quality gradient, showing high dominance and low equitability in the upper
estuary, although density values are higher in this sector. This may be explained by the
predominance of Ammonia sp. 1, which should be considered a tolerant species to severe
organic pollution. In contrast, the channels and the low estuary have higher richness and
Shannon diversity values.

In addition, as defined by discriminant analysis and complemented by the Indica-
tor Value (IndVal) analysis, the opportunistic and pollution-tolerant foraminiferal species
(A. parkinsoniana, Ammonia tepida, Ammonia sp.1, Bulimina elongata, C. poeyanum, Cribroelphid-
ium spp., Paratrochammina sp.1, Paratrochammina spp., Triloculina sp.1) indicate ecological
compartments in the Santos Estuarine System, and can be used as bioindicators of environ-
mental quality in a region impacted by organic pollutants.

Ammonia tepida is the indicator species of low organic pollution conditions in the
area. Ammonia tepida is an opportunistic species predominant in sediments of transitional
environments worldwide (e.g., [91,92]), especially in bays, lagoons, and estuaries with
higher organic matter content. This species has a high tolerance to environmental vari-
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ations [93], being able to live in environments with high environmental stress, as well
as higher levels of trace metals, fertilizers, and hydrocarbons [20,94,95]. However, our
results show this species in samples with low organic pollution, associated mainly with
coprostanol, suggesting that hydrocarbons are a stressor for this species. Coprostanol
(5β-cholestan-3β-ol) is commonly used to indicate fecal contamination because it accounts
for approximately 60% of the sterol composition in human feces [96–98]. The occurrence of
this species in stations with low and high salinity variation values confirms its tolerance
to salinity variations [20,90], and many other environmental parameters [93] may explain
why this species does not exhibit an evident ecological response to some abiotic parameters,
as occurs in the study area. Nonetheless, the low number of stations where A. tepida is
considered the indicator species, but it does not allow us to draw assertive conclusions.

On the other hand, Ammonia sp.1 was observed in environments of severe environ-
mental stress, apparently occupying the niche of A. tepida, being dominant in the upper
estuary region, which has a very fine particle size, presenting the worst environmental
conditions in the study area, with severe organic pollution (PAHs and coprostanol) [20],
in addition to intermediate TOC values and low stratified estuary, according to salinity
variations. In these severe organic pollution conditions, specimens of Ammonia sp. 1,
together with individuals of A. tepida and A. parkinsoniana, exhibit abnormalities, such as
aberrantly shaped chambers, reduced size, overdeveloped chambers, compressed tests,
chambers growing along various axes of the tests, and tests with an excessively high spiral
side, according to Polovodova and Schönfeld [99] classification.

Specimens of the genus Paratrochammina spp. have been recorded along the Brazilian
coast, associated with mangroves [100–102]. In the present study, Paratrochammina sp.1
is associated in the Bertioga channel with C. poeyanum, classified as highly organically
polluted in a stratified estuary, characterized by high salinity variations. The significant
positive correlation between their abundance and the δ salinity values confirms these
species as indicators of these environmental conditions.

Cribroelphidium spp. has been classified as an organic enrichment stress-tolerant and
opportunistic taxon ([103] as Elphidium spp.). The Bertioga channel is characterized by very
fine granulometry, rich in organic matter (UCM/ResAhs and LABs) and TOC, and with low
marine influence and high salinity variation. The UCM/ResAhs suggested recent pollution
introduction of oil that has been diluted by natural inputs [81–83], while LABs suggest a
contamination by surfactants and detergents containing linear alkylbenzene sulphonates,
probably from sewage input [104,105].

In the lower estuary and São Vicente stations, Bulimina elongata and Triloculina sp.1
were observed, with moderate levels of organic pollution, significant marine influence, and
greater influence of AHs (petroleum input—[79,80]) and TOC. The significant negative
correlation of relative abundance of B. elongata with the δ salinity values confirms its prefer-
ence for marine conditions. Bulimina elongata has been characterized as a species tolerant
of diverse environmental conditions, occurring in areas with high levels of hydrocarbons
and TOC [106,107]. Although the miliolids are characteristic of environments rich in sandy
sediments [106], Triloculina sp.1 was observed in some regions with high mud content
(S5, S7, S8) and susceptible to increased organic matter.

4.3. Predictors of Organic Polluted Zones and EcoQs

The predicted class distribution generally shows a high percentage of correctly pre-
dicted samples for each organic pollution group, with the severe pollution group achieving
the highest accuracy, showing that the presence and relative abundance of opportunistic
and tolerant benthic foraminifera species can be used as predictors of the ecological envi-
ronmental quality in the Santos Estuarine System. Still, the low-pollution group exhibited
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the highest error rate, indicating that samples can be misclassified. The replicate samples
from two of these sites (SV1 and SV2) in the São Vicente Estuary were misclassified as
moderate pollution (n = 3) and high pollution (n = 1). The species community in these
sites is neither controlled by organic enrichment nor by natural stressors, such as sediment
granulometry and salinity, which leads us to conclude that the misclassification may be
due to the low number of samples analyzed.

Concerning EcoQS and organic pollution level, the most frequent ecological quality
status was “Bad” and “Moderate”. Strongest agreements occurred in the “Moderate-
Moderate” and “Severe-Bad” cells. Although the “Bad” category for EcoQS appeared
across all organic pollution levels, the highest percentage of samples is classified as high or
severe organic pollution.

Moreover, the model yielded a McFadden’s Pseudo-R2 of 0.25, which is considered a
good fit in ecological applications, indicating that organic pollution explained a substantial
portion of the variability in ecological quality status. The Cochran-Armitage trend test
revealed a highly significant monotonic trend with the negative sign confirming that higher
pollution scores corresponded to lower EcoQS outcomes.

These results demonstrate that integrating foraminiferal assemblages with organic
chemistry data provides a sensitive framework for assessing the ecological quality of an
estuarine system. The consistency between EcoQS classification and organic pollution levels
can be effectively used as complementary tools to biomonitoring. The application of this
methodology can support environmental agencies (e.g., CETESB), in defining thresholds
for ecological quality, guiding mitigation strategies, and improving the management of a
highly urbanized and industrialized coastal system such as the Santos Estuarine System.

5. Conclusions
Hydrodynamics in the Santos Estuarine System dictate the distribution of environ-

mental parameters, favoring the deposition of fine sediments in the Upper Estuary, the
Bertioga Channel, and most São Vicente Channel stations. This granulometric pattern, in
turn, establishes the occurrence of organic pollutants in the system. Moreover, circulation
patterns in the system control stratification and salinity variations, thereby establishing
distinct sub-environments that host different benthic foraminiferal assemblages. The results
delineate four distinct stages of organic pollution: low (observed in the Lower estuary–São
Vicente channel and Santos Bay), moderate (in the Santos Channel), high (in the Bertioga
Channel), and severe (in the Upper Estuary). Overall, the foraminiferal assemblages com-
prise opportunistic and pollution-tolerant species, which can be used as predictors of
the environmental quality conditions in the estuarine system, as well as the ecological
descriptors. Our analytical database indicates that the overall accuracy of 70% suggests
the discriminant model performs reasonably well at assigning each sample to its expected
organic pollution group. Our results show strong agreement between the EcoQS status clas-
sification and organic pollution levels confirming the effectiveness of this index based on
benthic foraminifera in evaluating the state of health of the highly urbanized and impacted
Santos Estuarine System.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w18020172/s1, S1—Sampling dates, coordinates (Datum
SIRGAS 2000), location, water depths, and vessels used. S2—Percentages and Concentrations distri-
bution of (a) silt + clay, (b) total organic carbon (TOC), (c) calcium carbonate, (d) polycyclic aromatic
hydrocarbons (PAHs), (e) aliphatic hydrocarbons (AHs), (f) linear alkylbenzenes (LABs), (g) unre-
solved complex mixture/resolved aliphatics ratio (UCM/ResAHs) in the study area. (h) coprostanol,
and (i) ∆ salinity values in the study area. S3—Box-plot graphs of Concentrations of (a) total organic
carbon (TOC), (b) aliphatic hydrocarbons (AHs), (c) polycyclic aromatic hydrocarbons (PAHs), (d) lin-
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ear alkylbenzenes (LABs), (e) coprostanol, and (f) unresolved complex mixture/resolved aliphatics
ratio (UCM/ResAHs) in the study area. S4—Density (individuals per 50 cm3) of benthic foraminiferal
taxa identified in surface sediment samples from the Bertioga Channel and São Vicente Channel
in the Santos Estuarine System. S5—Density (individuals per 50 cm3) of benthic foraminiferal taxa
identified in surface sediment samples from the Santos Upper Estuary, Channel and Bay in the Santos
Estuarine System. S6—Richness (S), density of living specimens (number of individuals/50 cm3),
Dominance index, Shannon-Wiener Diversity (H’), Pielou’s Equitability index, and Ecological Quality
Status (EcoQS) in the study area.
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A. tepida Ammonia tepida
B. striatula Bolivina striatula
B. elongata Bulimina elongata
C. excavatum Cribroelphidium excavatum
C. poeyanum Cribroelphidium poeyanum
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