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ABSTRACT

This study sought to assess the ecological risks of sediments from the northern portion of an estuarine protected
area (Cananéia-Iguape-Peruibe Protected Area — CIP-PA). The CIP-PA is located on the southern coast of Sdo
Paulo State, Brazil and is influenced by former mining activities along the Ribeira de Iguape River (RIR). We
used a tiered approach based on multiple lines of evidence (geochemical analyses, toxicity tests, and whole
sediment toxicity identification and evaluation) in order to assess environmental quality. The sediments present-
ed a heterogeneous composition, but the samples collected close to the RIR exhibited higher concentrations of
metals (Cd, Cr, Cu, Pb) and toxicity. Multivariate analysis showed that toxicity was associated with metals,
mud, organic matter, and CaCO3; quantities. The whole-sediment toxicity identification evaluation approach
indicated that ammonia and metals were responsible for sediment toxicity. Overall, we concluded that the
sediments collected at depositional areas from the northern portion of the CIP-PA presented high levels of metals,
which originated from former mining areas located in the upper RIR basin, and that this contamination had toxic
effects on aquatic invertebrates. The tiered approach was useful for identifying the degradation of sediment
quality and also for indicating the causes of toxicity. Because the CIP-PA is an important estuarine protected
area that is ecologically at risk, large-scale measures are required to control the sources of contamination.
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1. Introduction

Ecological risk assessment (ERA) is a process that evaluates the
likelihood that adverse ecological effects may occur or are occurring as
a result of exposure to one or more stressors (USEPA, 1992). ERA has
been used to understand and predict the relationships between
stressors and ecological effects in order to evaluate human-induced
changes that are considered ecologically undesirable (USEPA, 1998).
Thus, ERA focuses on adverse effects generated or influenced by
anthropogenic activity, and often involves the assessment of chemical,
physical, or biological stressors or aspects.

ERA has been frequently conducted as a tiered approach. The assess-
ment process offers more information that contributes to legislative and
scientific decisions. ERA identifies stressors, their origins, and interac-
tions between stressors and ecological variables, and it is also used to
evaluate the ecological effects of the stressors identified (USEPA,
2000). Although ERA can be employed to assess the risks of a range of
environmental stressors, it has been used mainly to evaluate possible
risks associated with the contamination of aquatic ecosystems
(Choueri et al., 2010; Chapman and Anderson, 2005).

Because environmental risks depend on the nature of the stressors
and their interactions with the specific abiotic and biotic components
of the ecosystem, each ERA should be conducted following specific
steps. However, two major elements must be included in any ERA:
characterization of effects and characterization of exposure (USEPA,
1998). When assessing ecological risks due to contamination, chemical
or geochemical methods provide information on the nature and degree
of contamination, while ecotoxicological methods detect the occurrence
of potential biological effects (Adams et al., 1992; Petrovic and Barcelo,
2004) and provide information about both effects of and exposure to
contaminants (Castro et al., 2006; Antunes et al., 2008; Chapman and
Anderson, 2005).

Due to their relative simplicity, reliability, and affordability,
ecotoxicological bioassays are considered one of the best ways to evalu-
ate the effects of single and multiple contaminants and estimate their
toxic potential in the environment (USEPA, 2002; Castro et al., 2006).
When toxicity tests are combined with chemical analyses, they provide
much more powerful information for scientific and legislative decision-
making. However, both chemical and ecotoxicological approaches have
limitations. The direct quantification of contaminants does not neces-
sarily reflect the bioavailability to biota or the biological effects, nor
does it allow for the results of interactions of multiple contaminants to
be evaluated (Chapman et al., 1998; Meyer, 2002). Moreover, the
range of measured contaminants is often limited due to both economic
and technical restraints; thus, chemical measurements have often been
restricted to the most common substances (Choueri et al., 2010).
Meanwhile, ecotoxicological techniques may be influenced by con-
founding factors, and their application may be limited to a very small
number of test protocols (with few test-species). In other words, the
test conditions may not fully represent the exposure conditions in the
natural environment.

In order to deal with limitations inherent to each technique alone,
ecological risk assessments of sediments have used multiple lines of
evidence (LOE) (Chapman et al., 2002; Choueri et al., 2010), and may
incorporate new techniques to provide more information for decision-
making processes (Chapman and Hollert, 2006).

In recent years, more advanced techniques have been developed to
identify active toxicants in contaminated sediments. Of these tech-
niques, sediment toxicity identification and evaluation (TIE) has been
the most frequently adopted (Anderson et al., 2006). The TIE approach
involves a suite of procedures that are designed to decrease, increase,
or transform the bioavailable fractions of contaminants in order to
assess their contributions to the toxicity of the sample (Aradjo et al.,
2013). This approach was first developed in the United States, in the
1980s to be employed within the US Clean Water Act as part of efforts
to identify and remove toxic chemicals from municipal and industrial

effluents discharged into the environment. In the 1990s, researchers
started to use TIE to evaluate sediment interstitial waters, and later,
this technique was adapted for use with whole sediments (Ho and
Burgess, 2013; USEPA, 1992; USEPA, 2007). When assessing sediment
quality using TIE, the three most frequently characterized classes of
toxicants are nonionic organics, cationic metals, and ammonia.
Sediment TIE has the potential to become a new LOE in ERA, as it
provides information on the causes of toxicity (Aragjo et al., 2013).

The use of multiple LOEs, including sediment TIE, provides a
sensitive approach for detecting environmental disturbances and also
enables estimates of environmental risks in slightly to moderately
contaminated sites (Nipper et al., 1998), including marine protected
areas influenced by external sources of contamination (Aratjo et al.,
2013).

This study used a tiered approach based on LOEs to assess the
ecological risks of sediments from the northern portion of the
Cananéia-Iguape-Peruibe Protected Area (CIP-PA), an estuarine
protected area that is located on the southern coast of Sdo Paulo State
in Brazil.

2. Materials and methods
2.1. Study area

The CIP-PA comprises the Cananéia-Iguape-Peruibe (CIP) Estuarine
Complex and the cities of Iguape, Cananéia, and Ilha Comprida (Fig. 1).
This region is considered to be of international importance and was
included within the Atlantic Rainforest Biosphere Reserve by UNESCO.
Brazilian legislation has also placed the region in a protection category
that was established to achieve a sustainable balance between the
anthropic uses of the area's natural resources and the protection of the
natural ecosystems (Moraes, 2004).

The estuarine complex is formed mainly by barrier islands and
estuarine channels, which together form a complex net of water bodies.
The banks of these water bodies are occupied by a set of fragile ecosys-
tems that require protection, especially in the case of the mangroves,
mudflats, and other wetlands (Schaeffer-Novelli et al., 1990). The
hydrodynamic circulation of the area is influenced by tidal waves,
winds, and the contributions from several rivers (Miranda et al,, 1995;
Myao and Harari, 1989), the most significant of which is the Ribeira de
Iguape River (RIR) located in the northern portion of the CIP-PA.

The region has experienced significant changes over the past 150
years, especially after the construction of an artificial channel (known
locally as Valo Grande) that connected the river to the estuary (see
Fig. 1). This channel redirected approximately 70% of the RIR water
flow toward the interior of the estuarine complex, thus modifying the
freshwater-saltwater balance within the estuary and discharging large
amounts of suspended solids in the area. Because residues from former
mining activities are deposited on the riverbanks from the upper
portion of the RIR (Guimardes and Sigolo, 2008a, 2008b; Kummer
etal, 2011), unknown amounts of metals were continuously introduced
into the river.

Since then, the RIR has been a major contributor of both nutrients
and contaminants to the CIP estuarine complex (Mahiques et al.,
2009), especially in the portions influenced by RIR discharges. The RIR
still possesses a secondary (former) natural mouth known as the
Barra do Icapara, which opens into the Atlantic Ocean near the city of
Iguape and which is located at the border between the CIP-PA and the
marine protected area of the southern coast (the local acronym for
which is the APAMLS). As a consequence of these RIR contributions,
metals have accumulated in the sediments (Aguiar et al., 2008;
Mahiques et al., 2009), and some elements have been found at
concentrations comparable to those observed in polluted industrial
areas (Aguiar et al., 2008; Guimardes and Sigolo, 2008a, 2008b;
Mabhiques et al., 2009).



566

B.G. Campos et al. / Science of the Total Environment 544 (2016) 564-573

P4
Sites  Latitude Longitude
Pl 24°39'45.85"S 47°24'21.68"W
P2 24°40'40.22"S 47°24'51,39"W
P3  24°40'36.14"S 47°26'8.24"W
P4 24°41'37.71"S 47°27'12.99"W
P5 24°42'0.11"S 47°30'24.12"W
P6  24°43'9.97"S  47°33'44.04"W

Fig. 1. Map of the studied area showing the northern portion of the Cananéia-Iguape-Peruibe Protected Area (CIP-PA); the sampling sites; the Barra do Icapara (A) and the Valo Grande

Channel (C).

2.2. Study design

This study was designed to employ a tiered approach in order to
provide information to complement an ERA. Four tiers were used to
characterize exposures to stressors and the effects associated with
them (Fig. 2). The first step (Tier 0) addressed the identification of
environmental stressors and was essentially a review of the literature
on contamination in the RIR and the CIP-PA, as well as that on the pri-
mary sources of contaminants. The second step (Tier 1) was established
to identify possible environmental alterations in sediment quality and
was based on sediment toxicity tests. According to Campos et al.
(2014) and Antunes et al. (2008), toxicity tests alone may provide

relevant information on environmental quality, though they cannot
establish causative relationships with stressors. Next, we used a combi-
nation of sediment toxicity tests with geochemical analyses (Tier 2) in
order to observe possible relationships between the contaminants
(stressors) and the toxicity (effects). A fourth step was then conducted
to confirm which chemicals were responsible for the disturbance (Tier
3) in which whole-sediment TIE (phase 1) techniques were used.

2.3. Literature review

The first step of this investigation consisted of a broad review of the
literature concerning contamination by metals in the RIR and the CIP-PA

ECOLOGICAL RISK ASSESSMENT OF SEDIMENTS - TIERED APPROACH |
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Fig. 2. Design of the ecological risk assessment to evaluate sediments from the CIP-PA based on the use of different lines of evidence organized within a tiered approach.



B.G. Campos et al. / Science of the Total Environment 544 (2016) 564-573 567

(stressor identification and characterization). This review included
articles, theses and dissertations, and technical reports. Its purpose
was to identify the primary sources of contamination in the RIR and to
understand the historical processes involved in the sources of contami-
nation and the occurrence of other significant changes in the region.
This review provided information about the fate of contaminants
discharged into the RIR and their transference to estuarine and marine
environments.

2.4. Sediment sampling

Two sampling campaigns were performed in which the sampling
stations were distributed along the northern portion of the CIP-PA
around the city of Iguape (Fig. 1). The sampling stations were distribut-
ed as follows: P1 was located in the natural mouth of RIR (the Barra do
Icapara), while P6 was placed in the artificial mouth of the RIR (the Valo
Grande Channel). Stations P2 to P5 were located between P1 and P6.
The control sediment was collected further south in the CIP-PA, close
to Cardoso Island in the city of Cananéia, a clean site that is not
influenced by the RIR (Cruz et al., 2014). Sediments were stored in the
laboratory for no longer than 2 months, as recommended by interna-
tional protocols (USEPA, 2001) The first campaign was conducted in
May 2012 and consisted of 5 sampling stations (P2 to P6). Sediments
collected in this campaign were used in the Tier 1 phase (screening).
The second sampling campaign was conducted in March 2013 and
included sediments from P1 to P6; the collected sediments were used
in Tier 2.

Sediment samples were collected using a 0.026 m? stainless steel
“Van Veen” grab sampler, and kept on ice in thermal boxes. In the
laboratory, the aliquots for the ecotoxicological assays were stored at
4 °C, while those for the geochemical analyses were stored at —20 °C.
Aliquots of sediment samples for the sediment texture analyses were
separated and left to dry at 60 °C for three days before use.

2.5. Sediment properties

The sediment grain size distribution was analyzed using a two-step
sieving process (Mudroch and Macknight, 1994): the first step
consisted of wet sieving 100 g of previously dried sediments through
a 0.062-mm mesh to separate the silt and clay (mud) fractions; the dif-
ference between the initial and the final weights represented the mud
fraction. The second step consisted of dry sieving the material retained
on the 0.062-mm mesh into a set of sieves (< scale) in order to separate
different classes of sands. The classification method was based on the
scale established by Wentworth (1922). Calcium carbonate was
determined according to the protocol described by Grant-Gross
(1971), which consists of sample digestion by hydrochloric acid (HCI)
30 volumes, followed by a new weighing and the calculation of the
weight difference. Organic matter (OM) quantities in the decarbonated
sediment samples were estimated using the ignition method (Luczak
etal, 1997); 5 g of dry sediment aliquots from each sample was separat-
ed and incinerated in a muffle furnace (500 °C) for 4 h. Organic matter
quantities were determined by calculating the difference between
initial and final weights. The textural classes, OM, and CaCOs quantities
were expressed as percentages.

2.6. Acute sediment toxicity tests

The sediments were tested for acute toxicity by using the 10-day test
with the amphipod Tiburonella viscana (Melo and Abessa, 2002; ABNT,
2008). The preparation of each chamber test required approximately
2 cm of test sediment, 750 mL of seawater, and 10 amphipods; three
replicates were prepared for each sample. During the experiments, the
temperature was kept constant at 25 + 2 °C, and the lighting and
aeration were regulated as well. The animals did not receive additional
food during the tests. At the end of the experiments (after 10 days), the

number of survivors in each replicate was counted, and the missing
animals were considered dead (Melo and Abessa, 2002). The following
physical-chemical parameters of the overlying water in the test
chambers were monitored and measured throughout the experiment:
pH (digital pH meter Lutron PH-206), temperature (digital thermome-
ter), dissolved oxygen concentration (Digimed DM4P), salinity (211
hand refractometer), and ammonia concentrations (Thermo Orion 952
electrode combined with pH meter).

2.7. Chronic sediment toxicity tests

The chronic toxicity tests on the sediments were conducted using
the Nitroca sp. copepod as a test-organism and following the protocol
developed by Lotufo and Abessa (2002). Four replicates were prepared
for each sample. Sediments were introduced into high-density 30-mL
polyethylene test chambers, forming a layer of approximately 0.4 cm;
20 mL of filtered sea water were then added to each test chamber,
and, finally, 10 healthy ovigerous females were introduced into each
replicate. The test system was regulated to 25 + 2 °C for 7 days. At the
end of the experiment, the contents of each test chamber were fixed
through the addition of 1 mL formaldehyde (4%) and Rose-Bengal dye
(0.1%). Offspring (nauplii and copepodits) and adult counts were used
to determine the sub-lethal effects on reproduction.

2.8. Chemical analyses (AVS-SEM)

The extraction and determination of AVS and SEM concentrations
were performed according to procedures described by Allen et al.
(1991). Acid extraction of metals from sediments followed the tech-
nique recommended by the USEPA (Allen et al., 1991) for wet sediment
samples. The extraction included digestion with hydrochloric acid (HCl
6 M) in a closed system for the generation of H,S. During this procedure,
sulfides were converted into hydrogen sulfide (H,S) by reacting with
cold HCL. The H,S produced reacted with N, N-dimethylphenyl-p-di-
amine (DMPD) in the presence of ferric chloride (FeCls) and was quan-
tified using UV-visible spectrophotometry. The remaining solution after
sulfide removal was filtered, and the metals (Cd, Cu, Ni, Pb, Fe, Mn and
Zn) were quantified using induced coupled plasma optical emission
spectrophotometry, or ICP-OES (Spectro, model Ultima 2) in duplicate
samples. Finally, the SEM/AVS ratio was calculated using the molar con-
centrations of AVS and simultaneously extracted metals, or SEMs (Cd,
Cu, Nj, Pb and Zn) (Di Toro et al., 1992). Considering that the SEM/AVS
model has been employed to predict the lack of toxicity in spiked and
field-contaminated sediments by some specific elements that form
metal sulfides more stable than FeS — Cd, Cu, Ni, Pb and Zn (Di Toro
et al.,, 1992), we applied the model to these five metals, as supported
by the theoretical basis accepted in the literature (as reviewed by
Ankley et al., 1996). Ankley et al. (1996) recommended that research
is also needed to establish the technical basis for SQC for elements
other than the five treated by Di Toro et al. (1992), such as Hg, Ag, As
and Cr. According to Di Toro et al. (1992), if the ZSEM/AVS ratio presents
values below 1.0, the metals are expected to be immobilized by the ex-
cess of sulfides and the sediments should therefore not be toxic. The an-
alytical reproducibility of duplicate analysis was within 20% for metals,
with the exception of some very low levels of Cu and Zn
(<1.0 mg-kg™ "), which presented reproducibility within 50%. The QA/
QC procedures also involved the use of blanks and standard reagents
(PA).

2.9. Whole-sediment TIE

Whole sediment TIE (Phase I) was conducted based on the protocol
developed by the USEPA (2007), with adaptations (Aradjo et al., 2013).
In this step, only the sediment from the P6 station was used, as it
exhibited toxicity and the highest concentrations of metals. Two
sediment dilutions were prepared with the whole sediment (100%
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and 50%); the P6 sediment was mixed with the control sediment (in a
ratio of 50% each) to dilute the P6 sediment. To remove ammonia,
treatment with the macroalgae Ulva lactuca was employed. The
macroalgae had been collected at rocky shores from clean areas and
kept under constant aeration for four days with a photoperiod of
16:8 h (light: dark). Next, 0.6 g of the algae was placed into the test-
chambers 24 h prior to the beginning of the toxicity test in order to
achieve equilibrium, and they were removed immediately before the
start of the test. Fenton reagent was used to immobilize metals, at a
proportion of 0.5 mmol of Fe*?2 to 50 mmol of H,0, (i.e., by adding
0.018 g of FeSO,4 and 1.35 mL of H,0, to each test chamber). The
reaction was sustained for 24 h in order to achieve equilibrium, at
which point the reagent was removed. The replicates were washed
with dilution water to remove traces of Fenton solution that could
interfere with the experiments, and the chambers were filled again
with dilution water. For organic toxicants, treatment consisted of the
use of coconut charcoal. The charcoal was kept in a vacuum system for
18 h with deionized water; 0.6 g of hydrated charcoal was then added
to each test chamber. The organisms were added 24 h later. Finally,
the sediments were tested for chronic toxicity using the copepod
Nitocra sp. according to the protocol developed by Lotufo and Abessa
(2002).

2.10. Statistical analyses

The results of the toxicity tests were first checked for normality
and homoscedasticity using the Chi-square test and Bartlett's test,
respectively. The results were then compared to their respective
controls using Student's t-test for paired samples (Zar, 1996).
Pearson correlations were applied to observe possible correlations
between the toxicities and the geochemical variables. The TIE data
was analyzed using a two-factor analysis of variance (ANOVA)
(USEPA, 2007).

Principal components analysis (PCA) was used to explore relation-
ships between Tier 2 variables. The data matrix used in the PCA involved
the seven sampling stations (P1 to P6 and the control site) as objects
and 12 variables (Cd, Cr, Cu, Fe, Mn, Pb, Zn, %Mud, %0M, CaCO3, amphi-
pod survival and copepod fecundity) as descriptors. As previously
mentioned, concentrations of metals were measured in duplicate,
sediment properties were measured once, and ecotoxicological results
were presented as means calculated from 3 to 4 replicates). As there
were missing values for the AVS, we decided to not include this param-
eter (or the SEM/AVS ratios) in the data matrix. For those results below
the detection limits, the respective values were the DLs in the dataset.
Prior to the multivariate analyses, variables were log;o-transformed
and standardized to the mean values. To establish significant
associations among variables, a 0.45 factor loading cutoff was used,
which is higher than minimum values proposed by Comrey and Lee
(1992) and used by Choueri et al. (2010). According to Hair et al.
(1987), principal component loadings greater than 0.40 or less than
—0.40 are considered more important, and loadings greater than 0.50
or less than —0.50 are considered very significant. Similarly,
Tabachnick and Fidell (1989) suggested that loadings greater than
0.45 or less than —0.45 are fair. All statistical analyses were performed
with the free PAST software.

3. Results
3.1. Tier 0 — stressor identification

The CIP estuarine complex has been considered uncontaminated by
some authors (Azevedo et al., 2012); however, other studies have
reported moderate to high concentrations of metals in sediments from
the region (Cruz et al., 2014), especially close to the Valo Grande
Channel (Aguiar et al., 2008; Mahiques et al., 2009; Saito, 2002;
Guimardes and Sigolo, 2008b). In the northern portion of CIP estuarine

complex, there is a consensus that the mining and metallurgical activi-
ties that took place in the upper parts of the RIR basin represent the
main source of metals, and that the Plumbum Company was the main
contributor of Pb, Cu, Zn and Cr to the system (Guimardes and Sigolo,
2008a; Piedade et al., 2014), along with a set of mines that were spread
out across the region.

Mining and metallurgic activities were concentrated in the Upper
Ribeira Valley, and for many decades the region was considered the
largest producer of Pb of Brazil (Cunha, 2003, Di Giulio, 2006). Accord-
ing to Guimardes and Sigolo (2008a), nine mines operated in the region,
mainly excavating Pb and generating metal-rich residues. During the
operation of these activities (=40 years), the RIR basin become the
final destination for metals that were carried downstream. Cassiano
(2001) estimated the amount of residues from mining and stated that
Plumbum alone released approximately 5.5 tons per month of toxic
elements (As, Cd, Cu, Cr, Pb and Zn) directly into the RIR during that
period. Although mining activity in the region ceased in the mid-
1990s, close to 177,000 tons of Pb mining residues (tailings, slags)
were left close to the company's facilities (Piedade et al., 2014) and
are still deposited on the riverbanks. They are therefore an important
source of contamination due to weathering processes, floods carriage,
drag by rainfall, and percolation through the groundwater, among
others (Andrade et al., 2009; Barros et al., 2010; Cotta et al., 2006;
Gongalves and Carvalho, 2006; Kummer et al., 2011; Piedade et al.,
2014). Abessa et al. (2014) compiled the information on the composi-
tion of the mining residues affecting RIR contamination levels and re-
ported that both the tailings from local mines and the slags from the
Plumbum plant included Pb, Cu, Cr, Zn and Ba, among other elements.
Piedade et al. (2014) and Kummer et al. (2011) provided detailed
information on the residues and the soils around the Plumbum factory,
and showed that Pb concentrations reached up to 52,000 mg-kg ™. The
authors also showed that the former chimneys were a significant source
of metals, and that the emitted dust particles were between 20% and
65% Pb. Part of this Pb was considered mobile and bioavailable, with
the ability to spread to waters the soil biota (Kummer et al., 2011;
Duarte et al., 2012).

However, the physical and chemical characteristics of the waters
from the RIR do not favor the solubilization of metals (Melo et al.,
2012; Corsi and Landim, 2003; Abessa et al., 2012; Morais et al.,
2013). Thus, metals are carried downstream and deposited in the
suspended solids (Guimaraes and Sigolo, 2008b). In addition to metal
contamination, sewage may represent an important source of contam-
ination: only 48% of Iguape households are integrated into the munici-
pal system for sewage collection, treatment and disposal (Morais and
Abessa, 2014).

In summary, metals (especially Pb) constitute contaminants of
interest in the CIP-PA. They originated in mining and metallurgical
activities located in the upper RIR basin. They are still carried into this
estuarine complex today, and they are largely adsorbed by the
suspended fine particles.

Table 1

Composition of the sediments from the CIP-PA and results of the acute and chronic
sediments toxicity test using Tiburonella viscana and Nitocra sp., respectively. Asterisks
(*) indicate significant differences (p < 0.05).

Station Sand Mud OM CaCo4 Fecundity Survival (T.
(%) (%) (%) (%) (Nitocra sp.) viscana) (%)
P2 98.46 0.78 0.04 0.71 26.8 + 6.4 733+ 1.2
P3 43.88 50.03 1.11 5.00 215+ 1.4 26.6 + 25.0°
P4 98.40 0.76 0.04 0.78 258 +£2.2 26.6 + 25.0*
P5 2.02 88.43 0.14 9.96 12.6 £ 1.7* 70.0 + 10.0
P6 7.73 85.43 1.04 734 12.2 + 1.3* 16.0 £+ 6.0*
Control 79.42 7.62 5.33 7.64 276+ 1.2 81.1 £ 6.0
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Table 2
Amounts of organic matter (OM), calcium carbonate (CaCO3), mud, and sand (in dry
weight) in sediments from the CIP-PA.

Sample OM (%) CaCOs3 (%) Mud (%) Sand (%)
P1 0.38 1.24 0.03 98.35
P2 0.42 1.20 133 97.06
P3 0.26 135 239 96.00
P4 0.21 0.85 0.77 98.17
P5 6.45 8.21 85.00 0.35
P6 9.44 5.94 74.93 9.68
Control 533 7.62 19.87 67.18

3.2. Tier 1 — screening for environmental quality

The sediment sample compositions were found to be heterogeneous
(Table 1): sediments from P5 and P6 were muddy and rich in CaCOs,
while samples from P2 and P4 were predominantly sandy; the sample
from P3 was composed of sandy mud. The levels of organic matter in
the sediments were low, though relatively higher values were found
at P3 and P6. In terms of toxicity (Table 1), samples from P3, P4, and
P6 were considered acutely toxic (p < 0.05), whereas those from P5
and P6 exhibited chronic toxicity for Nitocra sp. (p < 0.0001). Chronic
toxicity was found to be correlated with mud (r = 0.98, p < 0.05) and
CaCOs (r = 0.95, p < 0.05), whereas acute toxicity was not found to be
significantly correlated with the sediment properties measured. These
results indicate the possibility that environmental disturbance is the
cause of sediment toxicity, especially in the region around P6 (at the
mouth of the Valo Grande Channel).

3.3. Tier 2 — relationships between stressors and effects

Because the results from the first survey provided evidence of envi-
ronmental disturbance, a second survey was conducted (see Table 2). In
this campaign, the sediments from P1, P2, P3, and P4 were mainly sandy
(predominance of fine and very fine sands) with low concentrations of
organic matter (between 0.21% and 0.42%). The sediments from P5 and
P6 were muddy, with higher concentrations of organic matter (OM
values between 6.45% and 9.44%). The calcium carbonate quantities in
the samples ranged from 0.03% to 8.21%, with the highest values
observed in sediments from P5 and P6. In comparison to the previous
campaign, sediments from P3 exhibited changes in texture, and the
OM quantities were higher at P5 and P6. Reasons for the sediment
texture alteration in P3 probably are related to seasonal phenomena
which alter the sedimentation within the estuary, as waves and currents
generated by storms, and floodings on the RIR. However, further studies
should conducted to explain the influences of the river regime and
climatic conditions on the distribution of sediments within the CIP-PA.

The sediments with the highest concentrations of metals were:
P6 > P5 > P2 > P1 > Control > P3 > P4 (Table 3). Samples from P5 and
P6 presented much higher concentrations of the majority of the
elements analyzed. When compared to the control sediment, samples

Table 3

from P5 and P6 contained high amounts of Cd, Cr, Cu, Fe, Mn, Pb, and
Zn. Table 3 shows the results of the AVS-SEM approach. It is important
to highlight the sample from P2, which exhibited a 3SEM/AVS ratio
higher than 1 (1.38), as well as the sample from P6 for which the
SSEM/AVS ratio (0.98) was close to the threshold for toxicity prediction.
The sediments from P1 and P5 did not generate results because the
amounts of sulfides in the sample were below the analytical detection
limits. The samples from P3, P4, and P6 and the control all exhibited
excess amounts of AVS; thus, toxicity would not be expected in these
samples.

During the acute toxicity test, physical and chemical parameters of
the overlying waters in the test chamber were within the acceptable
range (see supplementary material) reported by Melo and Abessa
(2002). Organisms exposed to the control sediment exhibited high
survival rates, as did those exposed to sediments from P1, P2, P3, P4,
and P5 (Fig. 3A). Sediment from P6 induced 100% mortality in the
organisms exposed to it and was considered acutely toxic (p < 0.0001).

In the chronic sediment toxicity test, the physical-chemical parame-
ters recorded showed that the salinities ranged between 16 and 18, that
pH ranged from 7.04 to 8.12, and that the dissolved oxygen levels
ranged between 3.66 and 5.36 mg-L™'. The sediments from the P4,
P5, and P6 sites were toxic (p < 0.05) (Fig. 3B). The fecundity rates of
Nitocra sp. in the chronic sediment toxicity test were negatively corre-
lated with the concentrations of Cu (r = —0.88; p = 0.017), Cd
(r = —091; p = 0.013), Pb (r = —0.89; p = 0.021), and Zn
(r = —0.86; p = 0.029), results which suggest that chronic toxicity
could be influenced by the concentrations of metals.

The PCA showed that the first two axes explained more than 94% of
the variances (Table 4). The first axis showed associations among most
of the metals, OM, muds (e.g. silt and clay particles), CaCOs, and the
toxicities (negative correlations with amphipod survival and copepods
fecundity). These results reinforce the probable relationships between
muds, metals, and the negative effects on biota. The second axis linked
together the toxicities and the amount of CaCOs. This analysis also
found P5 and P6, with their high amounts of mud, metals, OM, CaCOs,
and toxicity, to be distinct from the control sediment (lower levels of
metals, higher levels of OM, CaCOs, and fines) and from P1, P2, P3 and
P4 (sandy sediments, low levels of metals, moderate to higher levels
of OM, fines, and CaCOs); these results are detailed in Fig. 4.

3.4. Tier 3 — confirmation phase (whole-sediment TIE)

When the whole-sediment TIE approach was used, the treatments
were found not to be effective in removing the toxicity of the undiluted
sediment samples (Fig. 5) compared to their respective controls.
However, when the diluted sediment (50% dilution) was tested, the U.
lactuca treatment produced a significant decrease in toxicity (p <
0.05). The Fenton reagent produced a non-significant reduction in
toxicity (about 20% reduction). The treatments with U. lactuca and
Fenton reagent caused significant increases in fecundity rates in the
control sediments as well (p < 0.05). In fact, levels of ammonia in the
baseline sample ranged between 3.5 and 6.5 mg-L~!, which are

Results of the AVS/SEM analysis, quantification of simultaneously extracted metal (SEM) concentrations in mg-kg ™', and acid volatile sulfide (AVS) concentrations in mmol-kg . To cal-

culate the Y SEM/AVS, only Cd, Cu, Ni, Pb, and Cr were used.

Sample AVS Cd Cu Fe Ni Pb Zn Cr SSEM/AVS
(mmol-kg~") (mg-kg™") (mg-kg™") (mg-kg™") (mg-kg™") (mg-kg™") (mg-kg™") (mg-kg™")

P1 ND <0.01 0.76 1558.23 <001 2.14 <0.04 0.76 ND

P2 0.049 <0.01 0.45 925.13 <001 0.74 3.76 0.46 138

P3 0.045 <0.01 0.17 629.78 <001 0.82 0.77 036 041

P4 0.012 <0.01 0.16 589.16 <001 0.89 <0.04 032 0.65

P5 ND 0.13 9.83 16,217.97 <001 29.04 31.16 7.80 ND

P6 0.87 0.16 10.95 15,200.87 <001 33.41 33.57 9.13 0.98
Control 1.03 <0.01 0.16 2460.77 <0.01 1.83 11.62 130 0.64

ND: not detectable (values below detection limits).
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Fig. 3. Toxicity of sediments from the CIP-PA: (A) acute toxicity for the amphipod Tiburonella viscana; and (B) chronic toxicity for the copepod Nitocra sp., using the fecundity (no. offspring/
females) as the endpoint. Asterisks (*) indicate significant difference from the control (p < 0.05).

considered toxic to marine invertebrates (Aratjo et al., 2013; Lee et al.,
2000). Treated samples with U. lactuca presented reduced concentra-
tions of ammonia (<2.0 mg-L™!). The results of the whole-sediment
TIE suggest that ammonia and metals were responsible for sediment
toxicity.

4. Discussion

As previously mentioned, the literature indicates that mining
activities that were once performed in the upper RIR are still the main
source of metals that reach the CIP-PA (Mahiques et al., 2009; Saito,
2002; Guimaraes and Sigolo, 2008b; Abessa et al., 2014; Morais et al.,
2013). It has also been established that metals that are introduced into
the system are associated with suspended fine particles (Guimaraes
and Sigolo, 2008b), especially through the Valo Grande Channel
(Schaeffer-Novelli et al., 1990; Tessler, 1988; Saito, 2002). Fine sedi-
ment particles (e.g. clays and silts) are known for having a higher
electro-chemical affinity to metals, and thus for favoring the processes
of sorption, complexation and co-precipitation between contaminants
and the sediment (Moore et al., 1989). In aquatic environments, metals
usually tend to sink to the bottom and accumulate in the sediments
(Tam and Wong, 2000), and the concentrations are often greater in
fine sediments than they are in coarse sediments.

In our investigation, sediments collected close to the Valo Grande
Channel were finer and presented higher concentrations of metals,
results which indicate that these areas favor the precipitation of
metal-enriched particles. Sediments from these areas were also found
to be toxic to invertebrates, and these toxicity levels were found to be
associated with the contamination. Thus, Tier 1 was able to identify
the presence of environmental disturbance in the area studied, though
the lack of chemical data made the conclusive establishment of cause-
effect relationships impossible. Toxicity tests have been used as a first
tier in ecological risk assessments of other contaminated sediments
(Castro et al., 2006), since they provide a rapid and integrated measure
of the toxicological significance of sediment-bound contamination
(Long et al., 2001; MacDonald et al., 1992). Thus, the toxicity tests
alone suggested that environmental quality was negatively affected by
contamination in the CIP Estuarine System.

Because toxicity tests cannot indicate the causes of toxicity, Tier 2
was employed so that geochemical and ecotoxicological analyses
could be performed. Acute toxicity was observed only in sediments
from P6 (Valo Grande), whereas chronic toxicity occurred in sediments
from P4, P5, and P6, with a decreasing gradient from P6 (Valo Grande)
toward the sea. This gradient was also accompanied by gradients of
chemical contamination and sediment texture, since sediments from
P6 and P5 were muddy and presented much higher concentrations of

metals. When compared to other coastal regions of Brazil, the
concentrations of metals in sediments from the CIP-PA were lower
than those reported in heavily contaminated areas, such as the Santos
Estuarine System (Luiz-Silva et al., 2006), the Guanabara Bay (except
for Pb) (Neto et al., 2006), and the Todos os Santos Bay (except Pb)
(Krull et al., 2014). However, CIP-PA contamination levels were above
those found in the Paraguacu Estuary (Barros et al., 2008) and Camamu
Bay (Hatje et al., 2008).

The exploratory analysis clearly indicated associations among
metals, muddy particles, organic matter, and toxicities. The results of
the analysis suggest that metals were linked to the toxicity levels
observed. These findings corroborate the other studies that observed
associations between fine sediment particles and metals (Abessa et al.,
2005; Lacerda et al., 2007; Liu et al., 2003), and were expected for the
Valo Grande Channel vicinities (Guimaraes and Sigolo, 2008b; Morais
et al.,, 2013). In fact, this region has been reported as contaminated by
metals since the 1980s (Eysink et al., 1988). Some authors have
reported that areas under influence of mining activities present
environmental fragilities or sediment contamination (Salomons, 1994;
Cesar et al.,, 2004; Fialkowski et al., 2003; Angelo et al., 2007; Karbassi
et al., 2008; Yau and Gray, 2005). Meanwhile, Besser et al. (2009)
have found that chronic toxicity can occur even when Pb concentrations
are below reference values.

On the other hand, the AVS/SEM approach was inconclusive for 2
samples (P1 and P5). For the others, the low XSEM/AVS values
(generally <1.0) suggested that most of the sediment samples would
not expected to be toxic due to the excess of AVS in relation of SEM.

Table 4

PCA results regarding sediment properties, chemical analyses, and toxicities in samples
from the CIP-PA, Sdo Paulo, Brazil (AmpSurv: amphipod survival rate; CopFec: copepod
fecundity).

PC1 PC2
Eigenvalues 8.95 1.05
Variances (%) 84.24 9.88
Cumulative Vars (%) 84.24 94.13
cd —0.96 —0.20
Cr —0.99 —0.02
Cu —0.94 —0.17
Fe —0.98 0.10
Mn —0.97 0.10
Pb —0.97 —0.08
Zn —0.92 0.26
AmpSurv 0.70 0.61
CopFec 0.76 0.63
OM —0.93 0.25
CaCO5 —0.84 0.49
Mud —0.94 0.25
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Fig. 4. Bi-dimensional ordination of PCA results using geochemical and ecotoxicological data obtained from sediments from the CIP-PA (PC1 x PC2).

According to Di Toro et al. (1992), the higher the SSEM/AVS value the
greater the potential toxicity of the sample. Thus, because toxicity was
observed in some samples, the AVS-SEM approach was not completely
consistent with the toxicity results. This phenomenon may be due to
the fact that the AVS-SEM analysis considers the bioavailable fraction
of metals to be composed only of elements dissolved in the interstitial
water; the fraction adsorbed by particles would not be bioavailable.
However, as shown in studies on Nitocra lacustris and Nitocra spinipes
(Decho and Fleeger, 1988), benthic copepods ingest sediment particles,
diatoms, and bacteria; thus, the ingestion of sediment particles could
activate the immobilized metal and be toxic (Aragjo et al., 2013). In
this sense, the AVS/SEM approach may not be effective in predicting
sediment toxicity.

Because Tier 2 was not conclusive in determining the causes of
toxicity, the whole-sediment TIE was employed on the sample from
P6 in order to determine the causes of the toxicity (Tier 3). At 100%
dilution, TIE treatments were not effective in reducing or removing
toxicity. At 50% dilution, however, there was a significant increase in
fecundity rates in the U. lactuca treatment. This difference indicates
that ammonia is one of the causes of sediment toxicity. According to
Ankley et al. (1996), ammonia is a natural compound of aquatic
sediments; it comes from the natural degradation of organic nitrogen
compounds by microbial activity. Thus, estuarine environments could
naturally present high levels of ammonia in their sediments. In addition,
the P6 sample region is near the city of Iguape, so the sewage and urban
drainage may contribute to the high ammonia concentrations in these
sediments. The treatment with the Fenton reaction also reduced toxicity
levels (20% reduction), suggesting that metals are also responsible for
toxicity. In a recent TIE study conducted in another Brazilian marine

401 a .
Baseline

=

Coconut Charcoal
E= Fenton Reaction
D Ulva lactuca

Number of Nauplii
and Copepodits/ Female

Samples

Fig. 5. Results of the whole-sediment TIE test indicating the mean fecundity rates of
Nitocra sp. “a” indicates significant difference (p < 0.05) between the treatments and
their respective baselines. “b” indicates a significant difference between the treatments
and their respective controls.

protected area, Aradjo et al. (2013) found similar results: toxicity was
caused by a combination of metals and ammonia. Ankley et al. (1996)
and Lee et al. (2000) each stated that ammonia can interact with
other contaminants, such as metals and that this interaction produces
synergic effects and increases toxicity. Thus, in naturally stressed
environments such as estuaries, the effects of contaminants can be
exacerbated, and toxicity among the benthic biota can be observed
even when concentrations of contaminants are moderate and below
legal limits. Implications from this fact reflect the need for further
studies focusing the toxicity produced by the combination of ammonia
with the various contaminants that can be present in coastal sediments.

Finally, this study provided information that indicates that the
region of the CIP-PA under direct influence of the discharges of the RIR
receives input from metals from the former mining areas located in
the upper RIR basin. The metals accumulate in the sediments from
depositional areas within the CIP estuarine complex and may reach
toxic levels; moreover, when combined with natural compounds, such
as ammonia, metals induce adverse effects on the biota in the region.
The tiered approach based on ecotoxicological and chemical approaches
was therefore considered suitable for determining the extent of
contamination of the CIP-PA and for establishing the causes of the
toxicity. The use of the tiered approach revealed the ecological risks of
sediments near the Valo Grande Channel. Also, this study highlights
the importance of the influence that external factors have on environ-
mental protection areas. As Salm et al. (2000) affirmed, when the
management of a protected area does not properly address the
surrounding areas, protection may not be successful.

5. Conclusion

Sediments collected at depositional areas within the northern
portion of the CIP-PA were found to be contaminated by metals that
originated at former mining areas located in the upper RIR basin. The
concentrations of metals found are capable of inducing toxic effects on
benthic crustaceans exposed to the sediments. These effects occur
largely because of the synergistic effects of the combination of metals
and ammonia. The tiered approach, which included a TIE approach in
Tier 3, is enough to indicate sediment contamination levels and the
causes of toxicity. Therefore, it enables the estimation of the
environmental risks to the region studied. Additionally, this investiga-
tion showed that, due to the presence of ammonia, sediment toxicity
may occur even when contamination levels are low to moderate. This
finding suggests that ammonia-rich environments may be especially
vulnerable. Because the CIP is an important estuarine protected area,
legal measures are required to control the contamination sources
located upstream.
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