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Abstract
Living benthic foraminifera have been widely used as ecological indicators in coastal ecosystems. There is, however, a lack 
of studies on their response to trace element pollution in tropical estuarine systems. Here we analyze the living assemblages 
of benthic foraminifera, collected in 2016, in the Cachoeira River Estuary (CRE) in northeastern Brazil, to understand their 
response to natural and anthropogenic stressors, including trace element pollution. Some species were good bioindicators 
of specific environmental conditions, such as the agglutinant Paratrochammina clossi which preferred mangrove areas and 
anoxic conditions. In addition, the calcareous Ammonia tepida and Cribroelphidium excavatum, dominant within the whole 
system disregarding organic or trace element pollution, seem to resist even in the areas most polluted by trace elements. 
Interestingly, C. excavatum showed a particular positive relationship with trace element pollution (specifically by Cu and 
Pb), outnumbering the opportunistic A. tepida in the areas with higher pollution of these metals. However, for other species, 
it is still difficult to constrain to which parameters they respond (i.e., Haynesina germanica and Elphidium gunteri, which 
in the present study seem to respond to natural conditions, whereas in the literature they are regarded as indicators of trace 
element and organic pollution, respectively). Therefore, our findings shed light on the response of benthic foraminiferal 
species in a highly polluted and highly mixed tropical estuarine system and highlight the need to understand the complexity 
of these environments when applying foraminiferal biological indexes to avoid imprecise conclusions.

Keywords  Living benthic foraminifera · Trace element pollution · Organic matter pollution · Tropical estuary · NE 
Brazilian Coast

Introduction

Tropical estuarine ecosystems and their surrounding areas 
are commonly affected by anthropogenic stressors and 
activities, such as harbors, industries, fishing, agriculture, 

and disposal of domestic sewage (often in natura) (Flemer 
and Champ 2006; Maríns et al. 2007). When the estuary’s 
capacity for dispersion is exceeded, organic and inorganic 
contaminants start to accumulate and alter the quality of the 
water and sediment (e.g., eutrophication process, enhanced 
toxicity) (Rabalais 2002; Tappin 2002). Among these 
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contaminants, toxic metals (hereinafter referred to as trace 
elements) have become a global problem and are a major 
concern in the scientific and public communities. Because 
they have a high affinity for the fine sediment fraction and do 
not degrade, they can accumulate or even be biomagnified 
along the trophic chain (Ip et al. 2004; Gu et al. 2011), pos-
ing a threat to marine life (Stankovic et al. 2014).

Among the marine organisms, the benthic community is 
potentially impacted by the trace-element accumulation in 
the sediment, since they are directly exposed to the contami-
nants. Metal-impacted benthic communities are commonly 
characterized by reduced abundance, lower species diver-
sity, and shifts in community composition from sensitive to 
tolerant taxa (Clements et al. 1992 and references therein). 
To investigate the impact on the benthic community, it is 
therefore important to understand the spatial distribution of 
the trace elements, their accumulation mechanisms in the 
sediment (e.g., influence of hydrodynamics, organic matter, 
and other environmental variables), and how they affect the 
benthic community distribution.

For this purpose, benthic foraminifera have been proven 
to represent an excellent low-cost tool, being regarded as 
good bioindicators of both natural stress and human interfer-
ence in estuarine areas (Alve 1995). Previous studies based 
on the modification of their assemblage’s composition and 
diversity have shown their potential to evaluate the envi-
ronmental conditions and the ecological quality status (i.e., 
Alve et al. 2009, 2016; Bouchet et al. 2012, 2013, 2020; 
Barras et al. 2014; Dimiza et al. 2016; Jorissen et al. 2018). 
In particular, the sensitivity of these organisms to the com-
bined effects of ocean warming and local impacts (Prazeres  
et al. 2017; Bergamin et al. 2019), to organic pollutants 
(Alve 1995; Burone et al. 2006; Martins et al. 2016a), and 
more specifically to trace element pollution (Frontalini et al. 
2009, 2018; Frontalini and Coccioni 2011; Jayaraju et al. 
2011; Martins et al. 2013; Mojtahid et al. 2006) has been 
well demonstrated. However, these methodologies have been 
used more extensively in temperate environments, as they 
have been historically limited in tropical areas.

Nonetheless, in recent decades, the number of studies 
using foraminifera as bioindicators in tropical areas has 
increased, which a focus on the foraminiferal response to 
natural (Debenay et al. 2001; Duleba and Debenay 2003; 
Laut et al. 2016a; Belart et al. 2019) and anthropogenic 
(Vilela et  al. 2004, 2011; Teodoro et  al. 2009; Eichler 
et al. 2015; Laut et al. 2016b, 2021a, b; Belart et al. 2018; 
Raposo et al. 2018; Pregnolato et al. 2018; Martins et al. 
2020) environmental stresses. A few studies addressing the 
effect of trace element pollution on the benthic foraminif-
eral community have also been performed (Debenay and 
Fernandez 2009; Lacuna and Alviro 2014; Martínez-Colón 
et al. 2009, 2018a; b; Sánchez et al. 2020). However, along 
the Brazilian coastline, most of these investigations were 

based on the total assemblage (not distinguishing living from 
dead organisms) and therefore could not constrain the effect 
of the trace elements in the living organisms (e.g., Vilela 
et al. 2004, 2011; Donnici et al. 2012; Damasio et al. 2020), 
with the exception of the studies by Duleba et al. (2018), 
Martins et al. (2020), and Castelo et al. (2022) in Southeast-
ern Brazil. This highlights an important gap in such stud-
ies along the extensive Brazilian coastline and in tropical 
regions as a whole.

To accurately understand (and predict) the global impact 
of trace elements on the living benthic organisms’ commu-
nities, it is crucial to comprehend how they affect the dif-
ferent marine environments across the globe. Therefore, in 
our study, we aim to fill this gap by providing new insights 
into the living benthic foraminifera as bioindicators of natu-
ral and anthropogenic stressors, particularly focusing in the 
response to trace element pollution. For this, we investi-
gated a tropical mesotidal estuary in the northeastern coast 
of Brazil, the Cachoeira River Estuary (CRE). The CRE 
is an estuarine system that receives discharges enriched 
in organic and inorganic pollutants from agricultural and 
industrial activities, as well as from an inefficient sewage 
treatment plant (Souza et al. 2009), and that is regarded to 
be affected by trace element pollution (Laut et al. 2021c). 
Given the severe anthropogenic influence on this estuary, we 
aim to contribute to knowledge about the ecology of ben-
thic foraminifera in coastal areas that are exposed to similar 
highly urbanized conditions.

Study Area

The CRE (14° 45′ to 14° 50′ S and 39° 05′ to 39° 01′ W), 
located in the city of Ilhéus in the state of Bahia (NE Bra-
zil), comprises an area of approximately 16 km2 and is char-
acterized by a semidiurnal mesotidal regime, with a tidal 
range of 2 m (Souza et al. 2009; Bahia 2017). It is formed 
by the convergence of the Cachoeira, Itacanoeira, and San-
tana rivers (Fig. 1) and represents the largest estuary in the 
southern part of the state (Almeida et al. 2006). The climate 
in the region is tropical, warm, and humid, with an annual 
temperature of 23.3 °C and precipitation exceeding 2000 
mm per year (Schiavetti et al. 2005). The average fluvial 
discharge in the basin is 24.1 m3/s and quickly responds to 
precipitation, which is higher mainly between November and 
January (Bahia 2017).

The CRE is a typical tropical estuary dominated by man-
groves, which cover an area of approximately 13 km2 of 
vegetation in shrub and semi-shrub stages and a restinga 
vegetation strip with trees and undergrowth vegetation 
over sandy deposits of Quaternary origin (Barbosa and 
Domingues 1996). The decomposition of Rhizophora man-
gle and Laguncularia racemosa leaves acts as a natural 
source of organic matter (OM) in the estuary (Oliveira et al. 
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2013). The mangroves have been suffering serious damage 
from landfills, domestic and industrial effluent discharges, 
and the removal of sand from the river to meet construc-
tion demand (Fidelman 2005). The mangrove vegetation 

removal, in addition to the contaminants and OM contribu-
tions from rivers and the continent, turns the CRE into a 
vulnerable ecosystem (Fidelman 2005). In fact, the estuary 
has already been identified as a super eutrophic environment 

Fig. 1   Sample stations in the Cachoeira River Estuary, the location of the sewage treatment plant (STP), the airport, the port of Ilhéus, and the 
Itacanoeira and Santana rivers. The dotted line delimits the upper and lower estuary
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(Lucio 2010; Oliveira et al. 2013). This condition is made 
worse during periods of drought due to lower fluvial dis-
charge (Lucio 2010). In addition, a sewage treatment plant 
(STP) was installed in the CRE in 2000. This increased the 
discharge of effluent highly enriched in nutrients and there-
fore intensified the eutrophication processes in the system 
(Souza et al. 2009; Silva et al. 2015).

Methods

Sampling

In November 2016, 30 stations were sampled (Fig. 1) for 
both biotic and abiotic parameters. The stations were dis-
tributed along 11 transects. The stations in the middle of the 
channel were identified with the letter “A” and the stations 
in the margins with the letters “B” and “C”. Due to naviga-
tion difficulties, only one station was sampled in transect 
1 (CH01-C) and two stations in transect 2 (CH02-A and 
CH02-C). The geographic coordinates of the stations are 
reported in Table S1. According to the tide report (station 
Port of Ilhéus–Malhado), the higher syzygy tide was 2.1 
m, whereas the lower one was 0.1 m during the collection 
period (DHN 2016).

The definition of the estuary sectors was considered in 
accordance with a previous study in the CRE (Silva et al. 
2015). The estuary mouth was represented by the station 
CH01-C and the transect CH02. The lower estuary was rep-
resented by the transects CH03-CH08 (where CH05 and 
CH06 represent the connection with the Itacanoeira and 
Santana rivers, respectively). And the upper estuary was rep-
resented by the transects CH09–CH11 (Fig. 1). All abiotic 
variables of the water and the sediment were treated accord-
ingly to the respective standard methodology, as described 
by Laut et al. (2021c).

Physical and Chemical Properties of the Water

Physical and chemical parameters of the seawater were 
obtained at the interface between the water and sediment, 
using a multiparametric probe (YSI 6600-V2 Xylem Water 
Solutions, Singapore). The depth ranged from 1.1 to 6.1 m 
depending on the station. Salinity, temperature, pH, dis-
solved oxygen (DO), chlorophyll-a (Chl-a), total dissolved 
solids (TDS), turbidity (NTU +), and the transparency of the 
water (using a Secchi disk) were measured (detailed meas-
urements for each station are listed in Table S1).

Geochemical Analyses of the Sediment

The sediment samples were collected from the side of a 
vessel with a small adapted Ekman-type sampler (with ca. 

3-L capacity), which had an upper aperture that allowed the 
separation of the surface of the sediment without major dis-
turbances in the layer. The uppermost part of the sediment 
was collected for grain-size (ca. 300 mL) and geochemical 
analyses (50 mL, from the uppermost first cm). The granulo-
metric analysis followed the protocol detailed by Laut et al. 
(2021c).

For the OM, the sediment samples were dried in an 
oven at 100 °C. A standard aliquot (80 g) was then treated 
with hydrogen peroxide (H2O2 10%) to remove the OM, 
weighted again, and the percentage of OM in the aliquot 
was calculated. The OM can be interpreted as all organic 
compounds from living or dead animals or vegetal vestiges, 
including carbon, hydrogen, oxygen, nitrogen, or other ele-
ments. Then, as a final step before the grain-size analysis, 
the carbonate content was removed by adding hydrochlo-
ric acid (HCl 36%) until stabilization of the reaction was 
achieved and no dissolution of carbonate could be observed 
(adapted from Suguio 1973). To determine sediment par-
ticle size, approximately 1 g of the samples without OM 
and carbonate content were treated with a sodium hydrox-
ide solution (NaOH) medium dispersant for 24 h and then 
analyzed using a Particle Size Analyzer (CILAS 1190-3P 
Instruments, Germany).

Total organic carbon (TOC) and total sulphur (TS) were 
analyzed with a carbon and sulphur analyzer (LECO SC-632 
LECO, Australia) in accordance with the protocols from the 
American Society for Testing Materials (protocol ASTM 
D4239, ASTM 2008) and the United States Environmental 
Protection Agency (protocol NCEA C1282, Schumacher 
2002). The C/S ratio was also calculated and used as a proxy 
of sediment oxygenation.

The trace elements were extracted by an acid digestion in 
double distilled nitric acid (2 M HNO3), using a ratio of 50 
mg of dried sample to 0.5 mL of acid for 4 h and heating at 
100 °C. After cooling, the volume was adjusted to 5 mL with 
ultrapure water (resistivity > 18 MΩ cm) and analyzed with 
an inductively coupled plasma-mass spectrometer (ICP-MS, 
model ELAN DRC II, Perking Elmer-Sciex, Norwalk, CT, 
USA). The analysis followed the certified protocol DORM-4 
by the National Research Council Canada (NRC) (Willie 
et al. 2012). Performing the extraction with the 2 M HNO3, 
as well as not using any complexing agents, allowed only a 
partial extraction of the elements in the sediment. Therefore, 
this method provides the releasable fraction (defined here as 
the fraction of free metals in the sediment, i.e., the bioavail-
able fraction), which is more effective to risk assessment for 
trace element pollution than the total fraction (Takáč et al. 
2009). The analyzed chemical elements were aluminum 
(Al), arsenic (As), cadmium (Cd), chromium (Cr), cesium 
(Cs), copper (Cu), iron (Fe), mercury (Hg), magnesium 
(Mg), manganese (Mn), nickel (Ni), lead (Pb), strontium 
(Sr), and zinc (Zn).
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To identify possible anthropic contributions, we calculated 
some pollution indicators, such as the Contamination Factor 
and the Modified Degree of Contamination Index (CF and 
mCd, respectively, Spagnoli et al. 2021) and the Pollution 
Load Index (PLI, Tomlinson et al. 1980). The CF is an index 
developed to evaluate the contamination of a given toxic sub-
stance in a basin based on the background concentrations, 
and the mCd represents the sum of all CFs of the elements 
analyzed for such a basin (Spagnoli et al. 2021). The PLI 
represents the pollution level in three possible classes, which 
are PLI = 0: unpolluted pristine conditions; PLI = 1: baseline 
levels of pollutants; and PLI > 1: progressive deterioration 
of the environmental quality by pollution (Tomlinson et al. 
1980). The CF, mCd, and PLI were calculated for each sta-
tion according to the following equations:

where Celement is the concentration of the element in a 
given station, Cbackground is the background concentra-
tion of the area, and CFn are all the CFs of the elements 
within a specific station. As the background concentrations 
were not yet investigated in the CRE, we considered previ-
ously published papers in the Bahia state from estuary set-
tings (i.e., Barros et al. 2008; Fostier et al. 2016; Friedmann 
Angeli et al. 2019; Almeida et al. 2020). It is important to 
highlight that we are aware that using the regional back-
ground concentrations could result in a biased calculation 
if the estuaries considered are dissimilar to the CRE. One 
could argue that another option would be to consider the 
average global concentrations of trace elements in shale or 
granite. However, this would likewise add bias to the cal-
culation. Therefore, we decided to keep the regional back-
ground concentrations. The background concentrations are 
reported in Table S2.

Foraminiferal Analysis

Sediment samples were collected in three replicates by inde-
pendent deployments of the sediment grab at each station. 
A total of 50 mL of sediment from the first centimeter was 
taken from each replicate and stained with rose-Bengal (2 
g/L) to identify the living specimens. The sediment was wet 
sieved (500–63 µm) and dried at 60 °C for 48 h. The sorting 
of foraminifera from the sediments was performed under a 
stereoscope microscope. A micro-splitter was used in the 
case of too many specimens in one sample. In contrast, when 
there were too few individuals, the minimum number of 100 

CF = Celement∕Cbackground

mCd =
∑

CFn

PLI =
n
√

(CF1 ∗ CF2 ∗ ... ∗ CFn)

specimens per replicate was targeted (Fatela and Taborda 
2002). When the average of the replicates did not show the 
minimum number of specimens, we discarded the respective 
station from the statistical analyses. The foraminiferal den-
sity FD (individuals/50 mL) in each sample was calculated 
based on the average number of specimens counted in the 
three replicates and the number of times the samples were 
split (if that was the case).

We calculated the species richness (S = number of spe-
cies) and the Fischer α index in PAST software (Hammer 
et al. 2001) and the diversity of the Shannon Wiener diver-
sity index (H’) by the formula H’ = ∑pilnpi, where pi is 
the proportion of the species in the samples. The taxonomic 
identification of the species largely followed Brönnimann 
(1979), Boltovskoy et al. (1980), Poag (1981), Loeblich and 
Tappan (1987), Walton and Sloan (1990), Yassini and Jones 
(1995), Martins and Gomes (2004), Laut et al. (2014, 2017), 
and Raposo et al. (2016). All the species names were revised 
on the online platform World Register of Marine Species-
WoRMS (Hayward et al. 2021).

Multivariate Analysis

An additive logarithmic transformation log (1 + X) was 
used prior to statistical analysis to remove the effects of 
orders of magnitude differences between variables (i.e., 
biotic and abiotic) and to normalize the data (Brakstad 
1992; Manly 1997). A principal component analysis (PCA) 
was carried out to reduce the data matrices composed of 
several variables to a small number of components repre-
senting the main modes of variation. The PCA was per-
formed on selected environmental parameters (i.e., salinity, 
pH, DO, PLI, mCd, mud, sand, TOC, and C/S) as primary 
variables. The PCA also allowed us to plot supplementary 
variables, namely diversity indices and relative abundances 
of benthic foraminiferal species (> 2% in at least one sam-
ple) (Frontalini et al. 2009). In this way, the PCA was per-
formed only using the primary variables, whereas the sup-
plementary ones were solely projected without affecting the 
analysis and used to understand their changes against the 
principal components. Statistical analyses were performed 
using Statistica 8.0 (Weiß 2007).

Multiple regression analyses were performed to detect 
the significant environmental variables that affected the 
species distribution. For this, we built a model for estimat-
ing species distribution change based on the selected envi-
ronmental variables that are the same as in the PCA. To 
see which environmental variables are significant in their 
distribution, we examined the coefficients table, which 
shows the estimate of regression beta coefficients and 
the associated t-statistic and p-values. The species which 
showed a significant p-value are shown in Table 1 and the 
models for all species are reported in the Online Resource 
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1. The multiple regression analyses were performed using 
the software R 4.1.1 (R Core Team 2021).

To create a better representation of the empirical 
data (i.e., environmental variables, community metrics, 
and dominant species), interpolation maps were created 
(Azpurua and Ramos 2010) within the software ArcMap 
10.5®. Several methods and settings were tested, and the 
Inverse Distance Weighting (IDW) method resulted as 
the most reliable one to represent the sediment and biotic 
variable distribution in the CRE, and the Spline method 
to represent the water-related variables. We defined the 
interpolation settings as the following: cell size = 3, 
power = 2, number of points = 12, and the color scheme 
was represented by the color ramp as spectrum full light, 
with 30 classes and a classification method of equal inter-
vals. The metric coordinates were in accordance with the 
datum WGS84 (UTM 24S). The coverage of our sampling 
includes nearby sites (maximum distance of 1.8 km among 
transects) located in strategic regions to include the dif-
ferent environmental gradients (seawater and river input, 
connection to other estuaries, connection to mangroves, 
connection to the sewage treatment plant). Therefore, this 
coverage is appropriate for the interpolations that show the 
distribution of the sedimentary and water-related environ-
ments within the CRE. All the data used for the interpola-
tions is shared in Table S1 (environmental variables) and 
Table S3 (biotic variables).

Results

Water and Sediment Characterization

Abiotic data has been previously described and discussed 
by Laut et al. (2021c). The environmental assessment of 
the physical and (geo)chemical properties of the water and 
sediment is presented in Figs. 2, 3, 4, and 5 (see Table S1 
for detailed results).

The estuary mouth showed a salinity of ca. 37 and a pH 
of around 8.6. These prevailing marine conditions extended 
until the middle of the estuary (CH08 transect). Then salin-
ity and pH gradually decreased, reaching 1.40 and 7.41, 
respectively, in the upper estuary (Fig. 2). The tempera-
ture varied from 27.3 to 29.8 °C. The stations closest to 
the ocean had the lowest temperatures, whereas the inland 
regions had the highest ones. The DO showed a maximum 
of 6.60 mg/L at the mouth and a minimum of 0.00 mg/L in 
the region close to the Itacanoeira River. The Chl-a values 
varied from a minimum of 0.90 μg/L at the mouth to 15–45 
μg/L between the lower and upper estuary sectors. The trans-
parency ranged between 0.5 and 1.6 m, with the lowest value 
in the station beside the STP (CH10-C) in the upper estuary. 
The TDS showed a minimum of 1.77 g/L in the upper estu-
ary and a maximum of 36.9 g/L at the mouth. The NTU + 
varied between 0.90 and 61.7, with the highest values in the 
lower part of the estuary.

The CRE sediments were mainly represented by sand 
and some silty sands with OM ranging from 0.6% (CH03-
A) to 53% (CH10-C) (Fig. 3 and Table S1). The TOC and 
TS showed minimum values of 0.01% and 0.05%, respec-
tively, in the mouth (CH03-C), and a maximum in the central 
region of the estuary (TOC of 4.67% at CH09-B and TS of 
1.21% at CH06-B). The C/S ratio was higher in the area 
between the lower and upper estuary (Fig. 3).

Trace element concentrations are shown in Figs. 4 and 5 
and are listed in detail in Table S1. Higher concentrations 
of these elements were mainly found in the middle estuary, 
where the values reached 29.0 μg/g (As), 43.0 μg/g (Cr), 
114 μg/g (Cu), 497 μg/g (Mn), 37.6 μg/g (Ni), 877 μg/g 
(Pb), and 390 μg/g (Zn). Cadmium was commonly found 
in low concentrations throughout the estuary (up to 0.57 
μg/g). The concentrations of Hg were high throughout the 
estuary (up to 0.32 μg/g). The highest values of Cs (2.57 
μg/g) and Sr (475 μg/g) were found in the mouth region 
(Table S1).

Table 1   Significant environmental variables identified in the multiple regression analyses performed for species

Stars show the level of significance based on the p-value: (*) p-value < 0.05; (**) p-value < 0.01; (***) p-value < 0.001

Environmental 
variable

A. tepida B. doniezi C. excavatum P. clossi

T-value P-value T-value P-value T-value P-value T-value P-value

pH
Sal
DO 2.21 0.044 * −2.56 0.023 *
TOC
C/S 3.68 0.002 **
Sand −2.23 0.043 * 2.15 0.050 *
Mud
mCd −2.33 0.035 * −2.42 0.030 * 6.18 2.39E−05 ***
PLI 2.36 0.033 * −3.66 0.003 **
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Fig. 2   Interpolation maps showing the distribution of the water-related parameters measured at the interface between water and sediment in the 
Cachoeira River Estuary
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Fig. 3   Interpolation maps 
showing the distribution of OM 
(organic matter) (%), TOC (total 
organic carbon) (%), TS (total 
sulphur) (%), and C/S (carbon/
sulphur ratio) in the sediment of 
the Cachoeira River Estuary
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Fig. 4   Interpolation maps showing the distribution of the bioavailable (trace) elements Al, Cu, Fe, Mg, Mn, Pb, Sr, and Zn (in μg/g) in the sedi-
ment of the Cachoeira River Estuary
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Maximum values of CF of Cu, Mg, Mn, Ni, and Pb were 
found in the middle estuary, and maximum values of Cd, Hg, 
Mn, and Ni were found in the upper estuary. The PLI ranged 
between 0.1 and 7.2, in which CH03-A (close to the mouth) 
presented the lowest PLI and CH08-B (at the beginning of 
the upper estuary) the highest PLI (Table S1).

Foraminiferal Analysis

Forty-nine living benthic foraminiferal taxa were identified 
throughout the CRE, represented by 30 calcareous species 

and 19 agglutinated ones (Table  S3). The upper CRE 
included four stations with low (< 100 ind/50 mL) (CH09-
B, CH09-C, CH10-B, CH11-B) or barren FD (CH11-A and 
CH11-C). The only station with low FD in the lower part 
of the estuary was CH04-C (Fig. 6). The highest FD (3,500 
ind/50 mL) was found in CH08-A. The species list and all 
the community metrics are reported in Table S3. The H’ 
diversity was highest (1.55) at station CH01-C at the mouth 
of the CRE. This site also had the highest species rich-
ness (22 species) (Fig. 6). The lowest value of diversity 
was in the upper estuary, at station CH10-C (0.49). The 
calcareous species were dominant in most of the estuary 

Fig. 5   Interpolation maps showing the distribution of the bioavailable (trace) elements As, Cd, Cr, Cs, Hg, and Ni (in μg/g) in the sediment of 
the Cachoeira River Estuary
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and were replaced by agglutinated species in the innermost 
area (Fig. 6).

The CRE was dominated by Ammonia tepida, which 
presented high relative abundances of up to 89.1%. Three 
other species were identified in most of the stations with 
significant relative abundances: Ammonia parkinsoniana 
(up to 30.8%), Cribroelphidium excavatum (up to 40.4%), 
and Paratrochammina clossi (up to 100%). Haynesina ger-
manica was also found in several stations, but with lower 
relative abundances (up to 10%).

Multivariate Analyses

The PCA showed that ~62.1% of data variance can be 
explained by the first two principal components (factors). In 
particular, the eigenvalues of component 1 (horizontally, 40.8 
of inertia) and component 2 (vertically, 21.3 of inertia) are 3.7 
and 1.9, respectively. Sand, mud, TOC, PLI, mCd, and C/S 
are the predominant variables in the first component, whereas 
the major contributors to the second component are pH, salin-
ity, and DO (Fig. 7). On the basis of the distribution of these 

Fig. 6   Community metrics: FD (foraminiferal density) (ind./50 mL), S (species richness), and relative abundances (%) of the calcareous tests 
and the dominant species in the Cachoeira River Estuary
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environmental variables in the PCA plane, the first compo-
nent can be tentatively interpreted as a grain-size gradient, 
and the second component as the marine influence gradient 
(higher marine influence is defined as the higher influence of 
pH, salinity, and DO). Supplementary variables, namely the 
relative abundance of species and the diversity indices, were 
plotted over the PCA plane to reveal their relationships in rela-
tion to the first two components. In particular, diversity indices 
are positively related to the second component (i.e., the degree 
of marine influence), so the highest values of S and Fischer 
α indexes appear to be mostly found in the areas the highest 
marine influence of the estuary. Some of the species appear to 
be influenced by the grain-size gradient, such as C. excavatum, 
which shows relative abundances positively related with an 
increased percentage of fine sediments, which are enriched in 
TOC and pollutants. On the other hand, B. striatula exhibits 
the opposite pattern (Fig. 7). Additionally, some species show 
a preference for areas with less marine influence, such as P. 
clossi, A. parkinsoniana, Miliammina fusca, and Ammotium 
morenoi being placed towards negative values of the second 
component.

The multiple regression analyses revealed the significant 
environmental variables in the species distributions (Table 1), 
which were DO, C/S, Sand, mCd, and PLI. Only four species 
had their distributions significantly affected by those variables, 
and the mode in which they were affected (either positively or 
negatively) was particular to each species. For instance, the 
dominant species A. tepida was positively related to DO and 
negatively related to sand and mCd, whereas P. clossi was 
negatively related to DO and not related to any other environ-
mental variable. Although the species Bolivina doniezi is not 
present in high abundance in the estuary, it is found in many 
stations, and it shows significant association with sand and PLI 
and a negative association with mCd. The most striking result, 
however, was with the species C. excavatum, which showed a 
positive and very strong relationship with mCd and C/S.

Discussion

Environmental Characterization of the Estuary

The CRE system shows great environmental variability 
due to marine influence in the mesotidal regime, the fluvial 
input by many freshwater discharges, and the OM from 
several sources (e.g., mangrove vegetation natural deposi-
tion, STP discharges, households with poor sanitation).

On the basis of our data, it is possible to observe a 
higher salinity, lower pH, lower temperature, and higher 
TDS values in the lower estuary that are related to the 
enhanced marine influence (Fig. 2). The fluvial influence 
starts to be more evident around the transects CH07 and 
CH08, delimiting the upper estuary region, as documented 

in previous studies in the CRE (Souza et al. 2009; Silva 
et al. 2015; Laut et al. 2021c). Although this well-defined 
boundary could be identified based on water parame-
ters, the sedimentary system is much more dynamic and 
complex.

Relatively higher values of OM, TOC, and TS are asso-
ciated with the upper estuary. The increased content of 
organic material and higher Chl-a in the water match well 
with previous studies that classified the area as a eutrophic 
or hypertrophic region with higher input of nutrients and 
higher Chl-a concentrations (Silva et al. 2015). Despite 
this, high values of OM, TOC, and TS are also found in 
the lower estuary, mainly in connection with the Itaca-
noeira and Santana rivers (Fig. 3 and Table S1). Higher 
OM can be attributed to the contribution of the mangroves 
(Oliveira et al. 2013), but extreme values above 40% iden-
tify highly impacted areas characterized by diffuse sources 
(poor household sanitation around station CH06–B) and/
or point sources (the STP next to the stations CH09–C and 
CH10–C) of OM input (Laut et al. 2021c). The values of 
OM in the CRE are comparatively higher than those of 
other estuarine systems associated with mangroves along 
the coast of Brazil, such as the Potengi estuary, São João 
estuary, Paraíba do Sul Delta, Surui Estuary, and Itacorubí 
estuary, which revealed an OM range between 0.3 and 
14.3% (Laut et al. 2016b).

The TOC values found in the CRE are comparable to 
the values found in highly industrialized regions with 
significant organic input from commercial ports, domes-
tic sewage, and/or runoff from agricultural fields (e.g., 
Jobos Bay in Puerto Rico, TOC: 3.7–10.3%, Martínez-
Colón et al. 2021; and Guanabara Bay in Brazil, TOC: 
2.1–5.5%, Martins et al. 2020). However, the anthropo-
genic influence alone cannot be related to higher values 
of TOC everywhere. For instance, the Arade estuary in 
Portugal (0.62–1.81%; Laut et al. 2014) and the Walton 
backwater in England (0.07%–1.97%; Aston and Hewitt 
1977), located in temperate regions, are affected by high 
anthropogenic activity but show lower TOC values. Con-
sidering that TOC is a quantitative and not a qualitative 
(i.e., terrestrial or marine) estimation of the total organic 
carbon, the organic matter found in the CRE could also be 
refractory, originating from the mangroves. Therefore, it 
is likely that the high levels of TOC in the CRE come from 
a combination of both natural (mangroves) and anthropo-
genic (STP, urban area discharge) sources.

The CRE also shows similar TS values to those found in 
other impacted coastal ecosystems along the Brazilian coast 
(Laut et al. 2016b and references there included). The C/S 
ratio indicates the oxygenation conditions of the sedimentary 
environment. As proposed by Duleba et al. (2018), values 
of C/S > 5 indicate oxygenated bottom water and mostly 
oxic sediment; C/S between 5 and 1.5 defines sedimentary 
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Fig. 7   PCA ordination diagram 
based on the selected environ-
mental and foraminiferal (i.e., 
indices and species) variables 
(upper plot); scatter diagram 
plotting sampling stations (bot-
tom plot)
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deposits that undergo periods of anoxia, whereas C/S < 
1.5 suggests background water and anoxic sediment. Using 
this classification, six stations would be classified as oxic 
(CH01–C, CH08–A, CH10–A, CH10–B, CH11–A, and 
CH11–B), four as anoxic (CH02–A, CH03–A, CH03–C, 
and CH06–A), and the others as having experienced periods 
of anoxia. This trend correlates well with the low value of 
DO observed throughout most of the system and highlights 
the great spatial heterogeneity of the sedimentary environ-
ment. Overall, the fact that the CRE shows high OM and 
TOC as in other tropical polluted areas (e.g., Martins et al. 
2020; Martínez-Colón et al. 2021) suggests environmental 
degradation and the effects of STP discharges and OM of 
terrestrial origin in the ecosystem.

Trace Elements in the Sediment

The PLI, which gives an overall assessment of sediment 
trace element pollution, indicates progressive deterioration 
of environmental quality in the CRE. In fact, the PLI values 
shown in the present study are higher than in other polluted 
areas worldwide (Martins et al. 2015a, c; Damak et al. 2019; 
Francescangeli et al. 2020). The trace elements that are 
mainly responsible for this high PLI are the As, Cu, Hg, Ni, 
and Zn, concentrations of which exceed the US Environmen-
tal Protection Agency (US-EPA) Effects Range Low (ER-L), 
and Pb, with concentrations exceeding the Effects Range 
Median (ER-M) (Table S1). The ER-L indicates the con-
centration below which toxic effects are scarcely observed 
or predicted, while the ER-M indicates the concentration 
above which effects are generally or always observed (Long 
et al. 1995). Therefore, the Pb in the CRE already reaches 
toxic concentrations.

The proximity of the estuary to several agricultural fields 
of cocoa cultivation (mainly located upstream along the 
Cachoeira river; Cassano et al. 2009), which are associated 
with the use of chemical fertilizers, is likely an important 
source of trace elements in the CRE (Chepote et al. 2012). 
In the case of Zn, this metal that is present in many fertiliz-
ers (e.g., in the form of zinc sulfate) could also be enhanced 
by local fires in the agricultural areas (Chiba et al. 2011). 
In addition, Cu and Pb are also associated with agricultural 
activity, such as the use of several pesticides with arsenates 
and metal–organic compounds that could reach the estuary 
through percolation or runoff processes (Tiller 1989). Zn, 
Cu, and Pb also originate from urban activities (Dalto et al. 
2006).

Aside from cocoa cultivation and other agricultural 
activities (such as cattle breeding), industrial activities 
in Itabuna and Ilhéus, as well as their high urbanization, 
have been identified as sources of contamination in aquatic 
macrophytes along the CRE (Klumpp et al. 2002). In fact, 
the different metals were associated with specific sources 

such as agricultural (Cu), industrial (Cr), and urban (Al, 
Cu) sources (Klumpp et al. 2002). High urbanization has 
also been related to pollution by Hg in coastal environments 
(Ferraro et al. 2006, 2009; Mirlean et al. 2009) and could 
be related to high values around the CRE as well. There-
fore, there is a combination of several different pollution 
sources in the hydrographic basin of the Cachoeira River: 
an industrial hub including paint and dye factories, many 
agricultural fields with extensive use of pesticides and ferti-
lizers, and untreated and diffuse discharge of urban sewage 
(Manzini et al. 2010).

Besides the anthropogenic influence, another possible 
explanation for the high number of elements exceeding the 
US-EPA thresholds as well as the high PLI values could 
be the influence of the rainy season (conditions prevail-
ing during sampling). As previously shown as a relevant 
factor in other studies (i.e., in the Maracaípe River estu-
ary, Northeastern Brazil, Coimbra et al. 2015; in the Pearl 
River estuary, southern China, Ip et al. 2004; and in a New 
Caledonian lagoon, Dalto et al. 2006), the rainfall condi-
tions can enhance the mobilization of the metals in the 
sediments (Coimbra et al. 2015). In fact, Laut et al. (2021c) 
suggested an influence of sediment oxygenation, which can 
also increase with rainfall conditions and in regions under 
marine influence (Duleba et al. 2018). These observations 
therefore highlight the importance of more seasonal studies 
in the area.

Foraminiferal Assemblages’ Metrics and Estuarine 
Conditions

The living assemblage of the CRE was dominated by A. 
tepida but also represented by typical estuarine species from 
the South Atlantic, such as the calcareous A. parkinsoniana, 
Bolivina inflata, Bolivina striatula, B. doniezi, C. excavatum, 
Cribroelphidium poeyanum, and the agglutinated species 
Ammoastuta inepta, Ammoastuta salsa, Ammotium cassis, 
Ammotium morenoi (previously referred as Ammotium sal-
sum), Arenoparrella mexicana, Haplophragmoides wilberti, 
M. fusca, and P. clossi (Bonetti and Eichler 1997; Barbosa 
and Suguio 1999; Debenay and Guillou 2002; Duleba and 
Debenay 2003; Disaró 2006; Burone and Pires-Vanin 2006; 
Souza et al. 2010, Teodoro et al. 2010; Donnici et al. 2012; 
Laut et al. 2011, 2012, 2016b; Martins et al. 2016b).

The heterogeneous distribution of the foraminiferal assem-
blages is associated with the high spatial variability in the 
ecosystem of the CRE. Higher values of FD, S, and diversity 
(Fisher’s α and H’) indices are associated with the areas of 
higher marine influence (PCA, Fig. 7), as also observed in other 
estuarine ecosystems worldwide (e.g., the coast of Vendée, 
France, Armynot du Châtelet et al. 2004; the Arade Estuary, 
Portugal, Laut et al. 2014; and the Guadiana Estuary, Camacho 
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et al. 2015; Laut et al. 2016a). The lower FD throughout the 
estuary, with the dominance of very few species, is an indica-
tion of a system under environmental stress. Our results suggest 
that the stress is mainly triggered by anthropogenic sources. 
Both the community metrics and PCA reveal that the majority 
of the species are negatively related to the pollutants (i.e., PLI 
and mCd) and, in part, positively related to coarser grain size. 
Given the high affinity of trace elements for finer sediments (Ip 
et al. 2004; Gu et al. 2011), they could be acting as a trap for 
these elements, explaining the negative relation of the species 
distribution to the mud fraction. The complex combination of 
influencing factors such as marine influence, pollutant concen-
trations, and grain-size gradients highlights the importance of 
using a multivariate approach to identify the main parameters 
impacting the foraminiferal distribution.

A limited number of specimens (low FD) and a domina-
tion of the assemblage by agglutinated species are found in 
the uppermost part of the CRE (CH10 and CH11 transects) 
and this implies that the stronger fluvial influence makes 
the environmental conditions unfavorable for most of the 
foraminifera species. A similar trend was observed by Laut 
et al. (2021c) in the Almada Estuary, adjacent to the CRE, 
showing a clear relation between higher foraminiferal diver-
sity and the marine influence. Foraminiferal diversity is also 
reduced in the anoxic sites connected to the northwards Ita-
canoeira estuary (CH05-A, CH05-B, CH05-C). These sites 
correspond to a densely urbanized area and show high per-
centages of OM in the sediment, which could trigger high 
microbial activity and lead to very low DO. As a result, this 
region is dominated by the opportunistic species (A. tepida) 
and the anoxic-resistant species (P. clossi) (Table S3).

Foraminiferal Species and Environmental 
Conditions

The observed dominance of A. tepida in many different envi-
ronmental settings, disregarding the oxygen conditions, the 
grain size, or the marine (or river) influence, highlights why 
this species is often considered opportunistic with high toler-
ance to both natural stress and pollutants (Ruiz et al. 2005; 
Bouchet et al. 2007; Frontalini and Coccioni 2008; Frontalini 
et al. 2009; Debenay and Fernandez 2009; Souza et al. 2010; 
Martins et al. 2013, 2014, 2015a, b; Laut et al. 2014, 2016a). 
Ammonia tepida is constant throughout the system, even in the 
upper estuary where the dominance of this calcareous form was 
unexpected due to higher fluvial influence (e.g., Debenay et al. 
2003; Laut et al. 2014; Camacho et al. 2015). In addition, our 
results reveal that the trace elements present in the sediment do 
not have a decisive impact on the A. tepida distribution (PLI is 
not significant in the multiple regression analyses, Table 1). The 
exception was for Cu and Pb (Fig. 4), where the abundance of 
this species decreases as concentrations increase (Fig. 6). This 

exception is reflected in the significant negative relationship 
of A. tepida to mCd in the multiple regression analyses, since 
the mCd is directly linked to the higher CFCu and CFPb in the 
stations where A. tepida has a lower abundance.

The reduction in the relative abundances of A. tepida is 
associated with an increase in the relative abundances of 
C. excavatum and suggests a better adaptation of C. exca-
vatum to finer sediments enriched in TOC and pollutants 
(Fig. 7). This is also revealed by the opposite trend observed 
between A. tepida and C. excavatum in the multiple regres-
sion analyses. While A. tepida is negatively associated with 
mCd, C. excavatum shows a positive and strong association 
with the contamination index. Indeed, in the areas that C. 
excavatum is mainly reported (Fig. 6), there are the high-
est Cu and Pb concentrations and the highest mCd, which 
also shows a clear relation to C. excavatum in the PCA. 
Previous studies have related C. excavatum to higher TOC 
(Aveiro Lagoon, Martins et al. 2015a) and pollution result-
ing from industrial effluents and heavy metals in estuarine  
systems (Sharifi et al. 1991; Armynot du Châtelet and Debenay  
2010). However, in other studies, salinity was also an  
important environmental variable for C. excavatum and 
it was not possible to distinguish between the impact of 
pollution and the influence of salinity in their distribution 
(e.g., Debenay and Guillou 2002; Armynot du Châtelet and 
Debenay 2010). In the present study, however, this species 
does not show any relation to salinity or other indicators of 
marine influence. This is clear in the PCA and in the multi-
ple regression analysis (where the only significant environ-
mental variables for this species were C/S, mCd, and PLI). 
Therefore, our findings reveal that C. excavatum seems to 
respond more clearly to pollution than to salinity.

Haynesina germanica, in instead, shows a higher affinity 
for marine settings than pollution and a higher affinity for 
the lower estuary. In the present study, it is found in lower 
relative abundances, which is often the case in Brazilian 
estuaries (Souza et al. 2010; Laut et al. 2016b, 2021c) but 
very different than in temperate or Mediterranean regions 
where it is frequently dominant (Armynot du Châtelet 
et al. 2004; Horton and Murray 2007; Laut et al. 2014). 
Haynesina germanica was previously regarded as gener-
alist, associated with either intermediary zones between 
the upper and lower estuary (Debenay and Guillou 2002; 
Armynot du Châtelet et al. 2004; Laut et al. 2016b) or with 
higher marine influence (Huelva Coast, Spain, Ruiz et al. 
2005). Interestingly, H. germanica has also been regarded 
as a bioindicator of heavy metal pollution (Bergamin et al. 
2003; Romano et al. 2009; Frontalini et al. 2009; Laut et al. 
2014), but this is not indicated by our findings. Therefore, 
the factors controlling the distribution of this generalist 
species are still difficult to constrain, but it seems that H. 
germanica prefers relatively colder waters and marine 
conditions.
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Another species positively related to marine influence was 
E. gunteri (as also shown in Eichler et al. 2003; Martins et al. 
2013, 2014, 2015a, b; Laut et al. 2014). This cosmopolitan 
species (Debenay and Guillou 2002; Armynot du Châtelet 
et al. 2004; Laut et al. 2014, 2016a, 2021b) is shown in our 
study to be negatively related to pollutants (Fig. 7). There-
fore, our findings reveal E. gunteri as a potential indicator of 
good water exchange and reduced anthropogenic influence. 
This is, however, not the usual observation for this species, 
which has been previously associated with regions impacted 
by OM pollution (Eichler et al. 2007; Laut et al. 2014; Vilela 
et al. 2014). In the CRE, E. gunteri is not present in the 
regions with the highest OM percentages. Therefore, we can-
not observe a clear relationship between E. gunteri and OM 
since it occurs within a large range of OM from 0.6 to 23.7%. 
With all observations being considered, we believe that this 
species’ distribution is likely mainly affected by marine influ-
ence rather than OM pollution.

As for the agglutinated species Trochammina inflata, also 
related to a higher marine influence in the PCA, it was actu-
ally reported in a great range of salinity values in the CRE 
(from 2.75 in CH11-B to 37.0 in CH06-C). This reveals a 
tolerance of T. inflata to great salinity variations (also sug-
gested by Martins et al. 2013, 2014, 2015a; Laut et al. 2014). 
In the meantime, it is not possible to observe a clear relation-
ship between this species and pollutants in the multivariate 
analyses, and therefore, T. inflata is likely a better indicator 
of natural stress than anthropogenic stress.

The dominant agglutinated species in the CRE, P. clossi, 
is reported in other regions of the Brazilian coast normally 
associated with mangroves (Disaró 2006; Laut et al. 2012, 
2016c, 2021a), but often in lower relative abundances than 
in the present study. In the PCA, P. clossi is related to lower 
marine influence and in the opposite relation to DO. This 
pattern is confirmed in the multiple regression analyses, 
which revealed a significant negative relationship between 
P. clossi and DO. This is highlighted by its highest abun-
dance in strongly anoxic conditions in the CRE and suggests 
a tolerance (or even a preference) of this species to paralic 
environments.

Another species showing preference for the lower marine 
influence in the CRE is the dominant A. parkinsoniana, 
which has been previously related to intermediate estu-
ary zones around the globe (Debenay and Guillou 2002; 
Debenay et al. 2002; Laut et al. 2016a) and is sensitive to 
pollution by trace elements (Frontalini and Coccioni 2008; 
Coccioni et al. 2009). In the present study, however, there is 
no clear relation between this species and pollution by trace 
elements (PLI, mCd). It is also not clear if their distribu-
tion is affected by sediment grain size. Therefore, the factors 
controlling this species are still difficult to constrain, but our 
results suggest that this species prefers low salinity condi-
tions (16.0 in the upper estuary), and their use as an indicator 

of anthropogenic influence or trace element pollution should 
be treated with caution.

Finally, we highlight the importance of increasing the 
knowledge of the ecology of benthic foraminifera species 
to trace elements and organic pollutants in highly urbanized 
estuarine areas to enhance their potential as bioindicators. 
While for some species, it is clear to which environmental 
conditions they respond, for other species it is still difficult 
to constrain given the multiple sources of stress from both 
anthropogenic and natural causes.

Conclusion

This study reveals that the foraminiferal distribution in the 
Cachoeira River Estuary is mostly driven by grain size, pol-
lutants, and level of marine influence. In addition, increased 
runoff and input of freshwater due to the humid conditions 
typical of subtropical climates leads to highly mixed water 
and a heterogenic sedimentary environment. This dynamic 
system is associated with the heterogenic distribution of the 
living assemblages. The agglutinant species Paratrocham-
mina clossi shows a preference for anoxic conditions, whereas 
Cribroelphidium excavatum thrives in the areas most polluted 
by trace elements. In addition, the opportunistic calcareous 
species Ammonia tepida was not particularly impacted by the 
trace elements in the sediment, with the exception to Cu and 
Pb (indicated by the modified degree of contamination index). 
Interestingly, the sister species Ammonia parkinsiona, previ-
ously regarded as sensitive to trace element pollution, did not 
show a clear relationship with trace elements in the present 
study. Therefore, our findings reveal that while some species 
are good bioindicators of specific environmental conditions 
(i.e., trace element or organic pollution, grain size, marine 
proximity), other species are still difficult to constrain given 
the complexity of the environmental gradients in which they 
are found. Therefore, to enhance the potential of these spe-
cies to be used in further studies on coastal ecosystems under 
similar conditions, it is essential to increase knowledge of 
their ecology. This contribution represents the first assessment 
in South Bahia (NE Brazil) to evaluate living foraminifera 
communities and their relationships to trace element pollu-
tion as well as to physical–chemical and sedimentological 
parameters.
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