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ECOTOXICOLOGY IN TROPICAL REGIONS

Accelerated eutrophication and toxicity in tropical reservoir
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Abstract The aim of this study was to jointly show the results
of three independent ecotoxicological studies performed to
investigate pollutants in three Brazilian tropical reservoirs un-
dergoing accelerated eutrophication. In order to accomplish
this goal, the full toxicity identification and evaluation proce-
dure (TIE approach) was performed, at Pampulha (Minas
Gerais State) and Salto Grande and Barra Bonita reservoirs
(Sao Paulo State). Acute and chronic toxicity tests were per-
formed using the cladocerans Daphnia similis and
Ceriodaphnia dubia (exotic) and Daphnia laevis and
Ceriodaphnia silvestrii (native) as test organisms. Results
from TIE procedure stage I indicated the existence of nonpolar
organic and filterable compounds in the water from Pampulha,
probably cyanotoxins, and oxidants as part of the toxic agents.
TIE results for sediments identified ammonia (Pampulha and
Salto Grande), organic compounds (Pampulha), metals
(Pampulha, Barra Bonita, and Salto Grande), and acidity
(Salto Grande) as responsible for toxicity. Whole-sediment
remediation experiments for Pampulha reservoir confirmed,
through reproduction decrease, ammonia and organic com-
pounds as contaminants. Such pollutants represent threats to
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aquatic biota and must be prevented. Higher temperatures as
predicted from global climate change will severely affect trop-
ical shallow reservoirs, accelerating eutrophication, the release
of contaminants from sediments, and increasing toxicity.

Keywords Ecotoxicology - Freshwater contaminants -
Cladocerans - Cyanobacteria - Ammonia - Metals -
Remediation

Introduction

Thousands of potentially toxic compounds are found in the
world’s waters as shown by chemical analysis. A prime con-
cern with environmental safety is the toxic effect of pollutants
(Ankley and Schubauer-Beringan 1995; Manahan 2013).
Water quality issues are nowadays in the list of priorities of
almost every country in Earth, from the most developed na-
tions of the Northern Hemisphere to countries in the first steps
of industrial development in the South (Onda et al. 2012;
Cross and Latorre 2015).

As human population and technology exponentially in-
crease, meeting energy and material demands as well as han-
dling waste products safely and sustainably have become the
greatest challenge for mankind. Most substances contributing
to environmental toxicity are processed and released by man.
These include organic and inorganic chemicals, radionuclides,
herbicides, trace elements, and many other types of pollutants
(Manahan 2013).

Eutrophication, the nutrient enrichment of water bodies, is
perhaps the most widespread process affecting water quality
and limiting its use for drinking, irrigation, and leisure. It has
been shown to be the main driver of cyanobacteria abundance
and persistence (Codd 2000; Downing et al. 2001; Davis and
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Koop 2006), especially in the tropics and subtropics
(Reynolds et al. 2000; Chorus 2001).

Tropical reservoirs are usually shallow and frequently ex-
posed to high temperatures and nutrient loadings, favoring
cyanobacterial blooms and sediment anoxia (Codd 2000;
Huszar et al. 2000). Potentially toxic cyanobacteria have been
more and more detected in tropical freshwater environments
(Takenaka et al. 2007; Valério et al. 2008; Ferrao-Filho et al.
2009), related to changes in trophic state of the lakes and also
to global climate change (Larouque-Tobler et al. 2010;
Newcombe et al. 2012). As an example, a recent investigation
on the phytoplankton community of a Brazilian urban eutro-
phic system (Pampulha reservoir) has shown toxic strains of
Cylindrospermopsis raciborskii (Jardim et al. 2010) to in-
crease in density over the past few years. These findings indi-
cate a risk for aquatic biota and water quality, considering that
cyanotoxins play a powerful role under tropical climates
(Sotero-Santos et al. 2006; Monteiro et al. 2006; Molica and
Azevedo 2009; Vasconcelos et al. 2011) and present trends of
global climate change (Dodson 2010). Ecotoxicological stud-
ies are necessary in this context, especially if using native
organisms for evaluating water quality (Bohrer-Morel et al.
2005; Takenaka et al. 2007; Kuhl et al. 2010) and sediment
remediation (Janke et al. 2011; Yamada et al. 2012; Jeppesen
etal. 2014).

Beside the occurrence of cyanobacteria, eutrophic urban
reservoirs present a number of other toxic compounds.
Identification of such contaminants is a prerequisite for con-
trol and recovery and is important to determine the presence
and magnitude of toxicants (Maltby et al. 1995). The toxicity
identification and evaluation (TIE) procedures developed in
the 1980s combine toxicity tests and physical and chemical
analysis (USEPA 1991, 1992) or, in other words, chemistry
and ecotoxicology in order to identify the type of substances
responsible for the measured toxicity. They successfully iden-
tify compounds causing acute effects in more than 90 % of
toxic samples analyzed (USEPA 1992; Thomas et al. 2003)
and have been applied to water and sediments in marine and
freshwaters (Burgess et al. 1995, 1997; Anderson et al. 2010;
Greenstein et al. 2014) or effluents (Chan et al. 2003; Yu et al.
2003). Their utilization for water and sediment samples has
identified cationic metals, nonpolar organics, and ammonia,
among other contaminants (Schubauer-Beringan and Ankley
1991; Ankley and Schubauer-Beringan 1995; Van Sprang and
Janssen 1997; Ho et al. 2002; Araujo et al. 2006; Buratini et al.
2007; Nilin et al. 2007; Picone et al. 2008). In a recent study
carried out at Funil reservoir, Rio de Janeiro State, Brazil,
Matos et al. (2014), have also identified cyanotoxins among
the compounds involved in water toxicity.

The TIE procedures combine toxicity evaluation with iden-
tification and quantification of toxic compounds in three
phases: phase I characterizes physical and chemical properties
of toxic substances through manipulation, changing

bioavailability of compounds with similar properties. Phases
I and III provide quantification and confirmation of toxicants
identified in phase I (USEPA 1992).

In reservoir sediments, whose evaluation is still not re-
quired by Brazilian environmental agencies, some ecotoxico-
logical studies have shown ammonia as a major contaminant
(Araujo et al. 2006; Nilin et al. 2007; Matos et al. 2014).
However, most of such studies in Brazilian reservoirs have
so far evidenced water and/or sediment toxicity, with no indi-
cation of pollutants responsible for it. Our main goal was to
investigate the most probable toxic agents in the selected trop-
ical reservoirs presenting data we produced at relatively recent
but not on superimposed periods of time. There were specific
objectives for filling specific knowledge gaps as for Salto
Grande and Barra Bonita reservoirs or getting updated ecotox-
icological information as in the case of Pampulha reservoir.
They included a detailed study on water toxicity, emphasizing
toxic cyanobacteria, evaluation and identification of water and
sediment toxicants in such environments, and knowledge that
might be useful for management planning and remediation
actions.

Materials and methods
Studied reservoirs
Pampulha reservoir, Minas Gerais state

Pampulha reservoir is an urban eutrophic medium-sized res-
ervoir located in the metropolitan area of Belo Horizonte,
Minas Gerais state, at 19° 51’ S—43° 58 W, with an area of
1.82 km?, mean depth of 5.0 m, and retention time of 76.7 days
(Fig. 1). The reservoir receives high inputs of domestic and
industrial effluents from its tributaries. Nowadays, eutrophi-
cation and industrial waste contamination are still basic
problems.

Barra Bonita and Salto Grande reservoirs, Sao Paulo state

Barra Bonita and Salto Grande reservoirs are located in the
Tieté River basin (Fig. 1) at the most populated and industri-
alized area of Sdo Paulo state. Barra Bonita, the largest, locat-
ed at 22° 29’ S-48° 34’ W, has a flooded area of 324.84 kmz,
perimeter of 525 km, average and maximum depths of 10 and
30 m, respectively, total maximum volume of 10.6 x 108 m’,
and average retention time of 30 days. Its drainage basin has
an extension of 32,330 km? and its main tributaries, the rivers
Tiete and Piracicaba, receive great discharges of wastewater
from both urban centers and agricultural areas.

Salto Grande reservoir is formed by the Atibaia River, an
affluent of Piracicaba River, in the city of Americana, located
at 22° 44’ S—-44° 19" W, 530 m altitude with mean and
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Fig. 1 Map showing location of ‘
Pampulha, Barra Bonita, and N
Salto Grande reservoirs in

Southeast Brazil and the sampling

sites on each reservoir

1:400,000

3- Salto Grande reservoir, SP

maximum depths 0f 9.0 and 19.0 m, respectively. Mean reten-
tion time is 30 days, and its drainage basin encompasses
2650 km?>. Its main water source, the Atibaia River, receives
contributions from several small tributaries draining urban
centers.

Water and sediment samplings for ecotoxicological evaluation

Five-liter samples of sub-superficial water were monthly col-
lected in one sampling site of Pampulha reservoir with plastic
bottles and used for all acute and chronic toxicity tests (P1,
Figs. 1 and 2) between March 2010 and April 2011. For the
TIE procedure, both water and sediments were collected from
two sites (P1 and P2, Figs. 1 and 2) in April and December
2011, June 2012, and June 2014. Water samplings were col-
lected just as previously described and for sediment three to
ten samples were collected with plastic recipients, joined to
obtain 5 kg of sediment in each site, and homogeneized.
Samples were maintained in polystyrene boxes on ice for
transportation to the laboratory and then refrigerated at 4 °C
for 7 to 8 days, during which experiments were performed
(ABNT 2010).

The study in Pampulha reservoir was independent from the
one in Barra Bonita and Salto Grande reservoirs. Sampling
methods and experimental design were slightly different
(TIE with both water and sediment in Pampulha and only with
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1-Pampulha reservoir, MG

1:500

2-Barra Bonita reservoir, SP
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sediment in the other reservoirs) and test organisms also var-
ied. In both Barra Bonita and Salto Grande, sediment samples
were collected with an Eckman-Birge dredge (sampling area
0f202.2 cmz), homogenized in 10-L plastic bucket, stored in
plastic recipients at 4 °C, and used for elutriate preparation for
a maximum of 30 days. Sediment samples for TIE were col-
lected in June 2000 and October 2001, at one site in the res-
ervoir, near the entrance of Tieté River, considered the main
source of pollutant input from Sao Paulo city and surround-
ings. In Salto Grande, samplings were carried out at one site
near dam.

Zooplankton culturing for ecotoxicological tests

For toxicity tests of the water of Pampulha reservoir, the test
organisms used in the present study were cultured in natural,
non-reconstituted water, neutral pH, conductivity of 130.0 to
150.0 uS cm !, and hardness around 40.0 to 44.0 mg L
CaCO;. Test organism stock cultures were kept under con-
trolled temperature of 23 £ 1 °C (Daphnia similis) or
25 £ 1 °C (Daphnia laevis and Ceriodaphnia silvestrii) with
a photoperiod of 12 h.

In the case of Barra Bonita and Salto Grande reservoirs, the
test organism, Ceriodaphnia dubia, was cultured under
25 £+ 2 °C, reconstituted water, pH 7.0-7.6, conductivity of
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Experimental Design

D. similis
Acute Toxicity Tests — D. laevis
Monthly Tests C. silvestrii
®1)
Water | Sub-surface Chronic Toxicity Tests — C. silvestrii
TIE .. Lo
— Acute Toxicity Tests D. similis
(P1,P2)
TIE D. similis
— Pore water — —— Acute Toxicity Tests ——
®1) Y C. silvestrii
. Phase IIT . .. . ..
I  Whole sediment +—— Chronic Toxicity Tests C. silvestrii
(P1,P2)
Sediment
. TIE .. ,
= Elutriate — 1) —— Acute Toxicity Tests —— C. dubia

Acute Toxicity Tests C. dubia

Fig. 2 Diagram representing water and sediment experimental design, including TIE steps (phases I-11l) for Pampulha (white boxes), Barra Bonita

(black boxes), and Salto Grande (gray boxes) reservoirs

160.0 uS cm M, hardness of 40-48 mg L! CaCOs;, and pho-
toperiod of 16 h.

The organisms were daily fed with the alga Raphidocelis
subcapitata (10° cells per mL) and a mixture of fermented fish
ration + yeast, every 2 days. Sensitivity tests (48-h ECs,) were
conducted monthly with sodium chloride as reference toxicant
following ABNT standard protocol (ABNT 2010).

Pore water extraction and elutriate procedures

For sediment toxicity tests, pore water extraction was obtained
by centrifugation of sediments from all reservoirs for 30 min
at 3000 rpm (Giesy et al. 1988). Elutriate was prepared by
mechanical shaking of a suspension of water and sediment
in a ratio of 4:1 (v/w) for a period of 6 to 8 h (Pampulha)
and 12 to 16 h (Barra Bonita and Salto Grande). After settling,
the overlying water was transferred to dark glass bottles and
stored at 8 °C until use in toxicity tests and TIE (SETAC
1993).

Water and sediment toxicity tests

All toxicity tests using water and sediment samples were
performed with daphnid cladocerans. In the case of sedi-
ments, cladocerans, instead of benthic organisms, were
considered due to their higher (Giesy et al. 1990) or equal
sensitivity (Burton et al. 2005; Hoffman et al. 2002),
epibenthic behavior, and assuming, according to
Hoffman et al. (2002) and USEPA (2007), that they are
appropriate test organisms for sediment tests including

pore water, elutriate, as well as whole sediment. The sed-
iment studies conducted in 2000 and 2001 for Barra
Bonita and Salto Grande reservoirs adopted C. dubia,
using the standardized protocol available (ABNT 1995).
Besides D. similis, C. silvestrii, a native species, was
adopted as test organism for Pampulha sediment studies,
according to a Brazilian protocol more recently standard-
ized (ABNT 2005).

For acute toxicity tests, daphnids 24 h old were placed
in three or four replicates of 10 mL aqueous samples
(water, pore water. or elutriate) and five organisms per
vial, in 30-mL beakers. In the case of the monthly water
toxicity tests conducted for Pampulha reservoir, 20 mL of
raw water and 10 organisms (D. similis, D. laevis, and
C. silvestrii) per vial were exposed. The test concentra-
tions for all TIE phase I procedures were 100, 50, 25, and
12.5 %. The vials were incubated for 48 h at 24 + 1 °C,
and after which, immobility and/or mortality was record-
ed. The results were expressed as 48-h ECs, statistically
estimated by the trimmed Spearman-Karber method com-
puter version 1.5 (Hamilton et al. 1977) or as immobility/
mortality percentage at a given concentration (USEPA
1991; ABNT 2010).

Chronic toxicity tests were carried out with raw water
and whole sediments, using <24-h-old C. silvestrii and 10
replicates of water (monthly tests) and sediment/water
(1:4 weight/volume; TIE phase III) containing one neo-
nate per replicate, respectively. The tests were incubated
for 7-8 days, at 25 £ 1 °C with photoperiod of 12 h.
Every 2 days, 1/3 of test solution was renewed and the
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Fig. 2 (continued)

number of surviving animals and neonates recorded
(Burton and MacPherson 1995; ABNT 2010).
Differences between control group and samples were de-
termined by the Bonferroni test-TOXSTAT 3.0 computer
program (Gulley 1996).
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Post-exposure experiments

Immobile organisms from the monthly acute toxicity tests were
removed, fed, and kept in culturing water for 24 h to verify
recovery capacity. Results were expressed as percentage of
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mobile organisms. These procedures were based on Ferrdo-
Filho et al. (2010).

Toxicity identification and evaluation—phase [

Water samples from Pampulha and sediment samples
from Pampulha, Salto Grande, and Barra Bonita were
used for TIE procedures. Water aliquots were subjected
to the standardized physical or chemical treatments to re-
move, modify, or make unavailable substances or groups
of substances (USEPA 1991, 2007). Each subsample had
its toxic effect tested. We determined whether there was
absence, reduction, or maintenance of effects compared to
baseline tests (without manipulation) of acute toxicity car-
ried out for D. similis (Pampulha sub-superficial water),
C. dubia (elutriate from Barra Bonita and Salto Grande),
D. similis, and C. silvestrii (pore water from Pampulha).

For sub-superficial water and pore water from Pampulha,
the TIE procedures were pH adjustment tests (pH 3 and 11),
graduated pH tests (pH 6 and 9), solid-phase extraction with
C18 columns (pH 3, initial pH, and pH 9), filtration tests in
cellulose acetate filters with 0.45 um (pH 3, initial pH, and pH
11), aeration tests (pH 3, initial pH, and pH 11), and sodium
thiosulfate and ethylenediamine tetraacetic acid (EDTA) addi-
tion tests (Fig. 2).

The procedures used for the sediment elutriate from
Barra Bonita reservoir were graduated pH tests (pH 7,
pH 6, and pH 8), aeration tests (pH 3, initial pH, and
pH 11) and EDTA addition tests. The procedures used
for the sediment elutriate from Salto Grande reservoir
were graduated pH tests (pH 6, pH 7, and pH 9), adjust-
ment pH tests (pH 7, pH 11), and solid-phase extraction
with C18 columns (pH initial, pH 9) (Fig. 2).

Test results without toxicity were expressed as non-toxic
(NT). Data analysis for all phases included 48-h ECs, and
confidence intervals (95 % CI) estimated statistically by the
trimmed Spearman-Karber method computer version 1.5
(Hamilton et al. 1977) or as immobility/mortality percentage
at a given concentration (USEPA 1991; ABNT 2011). After
the analysis, toxic units (TU) were calculated as 100/ECsy.

Toxicity recovery tests

After extraction of adsorbed pollutants in C18 column, col-
umns were eluted with 2 mL of methanol and these extracts
were tested to evaluate toxicity recovery of D. similis during
24-h exposure time. Otherwise, after filtration, filters were
ultra-sonicated for 1 h with the dilution water in an ultrasound
bath apparatus or with culturing/dilution water in neutral pH
or pH 3 (for metals) and the sonicated extract was tested to
evaluate toxicity recovery.

Toxicity identification and evaluation—phases II/II1

Phase 1II (identification) for water from Pampulha included
the quantification of cyanotoxins. For Barra Bonita and
Salto Grande, phase II included quantification of ammonia
and metals. Phase III (toxicity confirmation procedures) in-
cluded acid-volatile sulfides (AVS), simultaneously extracted
metals (SEM), and removal of ammonia via natural zeolite
(Fig. 2).

Cyanotoxin quantification

During the second and third TIE procedures, water samples
from Pampulha reservoir, collected in December 2011 and
June 2012, were filtered in C18 column and eluted in acetic
acid 500 uM. The quantification was made by high-
performance liquid chromatography (HPLC) by the post-
column derivatization method (Oshima 1995) in a
Shimadzu/CLASS VP apparatus with fluorescence detector
(RF-10A XL) adjusted to 330 nm of excitation and 390 nm
of emission, using a 20-uL loop, reverse column Merck LC-
18 (Lichrocart® 150 mm X 4.6 mm &, 5 pum).

Microcystins were also quantified by HPLC-MS/MS, af-
ter water sample filtration in C18 column and elution in
methanol 100 %, according to Spoof et al. (2003).
Conditions were as follows: column Kinetex 2.6 pn C18
100 A (50 x 2.10 mm); mobile phase A, 5 mM ammonium
acetate in water and 0.1 % formic acid; mobile phase B,
5 mM ammonium acetate in acetonitrile and 0.1 % formic
acid; flow rate, 450 mL min'; injection volume, 10 mL; and
gradient, 0 to 2 min 85 % A and 15 % B, 6 min 65 % A and
35 % B, 10 min 15 % A and 85 % B, and 15 min 85 % A
and 15 % B. The mass spectrometer was fitted with an
electrospray ionization source (Li et al. 2009) operated in
positive ion mode.

Metal and ammonia quantification

The metal concentrations were determined by the method of
Salomons and Forstner (1984). The simultaneous extraction
of AVS and metals was based on procedures by Allen et al.
(1993). The AVS was quantified spectrophotometrically by
methylene blue method (APHA 1992) using a HACH
Spectrophotometer, DR/2010.

The ammonia concentrations were measured spectrophoto-
metrically, using a Hach DR/2010 spectrophotometer (Hach,
Loveland, CO, USA). Ammonia compounds combine with
chlorine to form monochloramine that reacts with salicylate,
forming 5-aminosalicylate, which is oxidized in the presence
of a catalyst (sodium nitroprusside) to form a colored com-
pound (Besser et al. 1998).
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Experiments on remediation

Total sediment samples (100 g each) were used in three treat-
ments on remediation experiments using activated carbon and
synthetic zeolite with specificity for ammonia as chelating
compounds: in treatment I, 20.0 g of each compound was
added; in treatments II and III, 10.0 and 7.5 g were, respec-
tively, added. Procedures were based on TIE protocol for total
sediment (USEPA 2007). Statistical analysis was performed
by Tukey’s method of multiple comparisons-TOXSTAT 3.0
computer program (Gulley 1996).

Results
Monthly water toxicity tests

Water tests carried out with samples from Pampulha reservoir
from March 2010 to April 2011 showed acute toxicity effects
(immobility) on D. similis and D. laevis in all months, except
in August and September 2010 for both species and January
2011 for D. laevis (Figs. 3 and 4). After each assay, the spec-
imens of D. similis and D. laevis were transferred to culture
water and did recover from immobility in most post-exposure
experiments (Figs. 3 and 4), except in November 2010.

In the case of C. silvestrii, sub-surface raw water acute
toxicity effects were detected only in November 2010 (data
not shown). Moreover, although with no acute toxicity effects
found for both Daphnia species, chronic toxicity assays con-
ducted with sub-surface raw water samples from September
2010 and January 2011 resulted in significant decrease on
C. silvestrii reproduction (Fig. 5).

Water TIE experiments

Water TIE results from Pampulha conducted in April 2011
(sampling sites P1 and P2), December 2011 and June 2012
(P1) and May—June 2014 (P2), are presented in Tables 1 and 2.
No toxic effects were detected in May—June 2014 (P1) and
December 2011 and June 2012 (P2).

The main TIE results for site P1 in April and December of
2011 and June 2012 were toxicity reduction after aeration and
sodium thiosulfate treatment, filtration, and extraction in C18
column and pH adjustments. These results indicated volatile
and oxidable compounds (April 2011), acid and basic organic
compounds (April 2011 and June 2012), nonpolar organic
compounds’ pH dependency (December 2011), and filterable
compounds in all three periods (Table 1).

For site P2, the results indicated nonpolar organic and vol-
atile compounds in April 2011 (toxicity reduction with filtra-
tion and C18 extraction at initial pH and pH 3 steps) and
organic acids and bases, nonpolar organics, and filterable
compounds in May—June 2014 (total toxicity reduction for
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pH 3 and pH 11 adjustments, filtration, and C18 column ex-
traction at initial pH) (Table 2).

Cyanotoxin quantification

Cyanotoxin analyses through C18 column elution suggested
traces of saxitoxins and detected microcystins (183.0 ug L™")
in December 2011 and saxitoxins (2.49 ug Eq STX L™') in
June 2012.

Sediment TIE experiments
Pampulha reservoir

The 48-h ECs for the baseline toxicity tests with pore water
performed with D. similis and C. silvestrii in June 2012 con-
firmed the toxic effects for both organisms, although higher
effects on C. silvestrii. The TIE phase I results showed that
toxicity was totally removed at pH 6 in pH graduated test and
at pH 3 in pH adjustment tests for D. similis and at pH 9 in pH
graduated test and addition of EDTA for C. silvestrii, indicat-
ing ammonia, metals, and organic pH-dependent compounds
as possibly responsible for sediment toxicity (Table 3).

A chronic whole sediment TIE for C. silvestrii was carried
out with the sediments from sites P1 and P2 of Pampulha
reservoir in July 2014 and 2015, to determine ammonia,
metals, or organic compounds (remediation experiments).
The results presented in Table 4 showed an increase in repro-
duction of C. silvestrii after addition of zeolite resin and acti-
vated carbon (Tukey test=3.53, p< 0.05), and the reduction of
toxicity indicated that toxicity was caused by organic com-
pounds (site P2) and ammonia (site P1).

Barra Bonita and Salto Grande reservoirs

For Barra Bonita TIE phase I, the values obtained for 48-h
ECsg in the toxicity tests with elutriate performed with
C. dubia before and after the TIE steps are presented in
Table 5. Toxicity was totally removed after graduation pH
tests at pH 6 and 9, addition of EDTA, and aeration tests in
pH 3 and pH 11. In the case of Salto Grande, according to the
values obtained for 48-h ECs in the toxicity tests performed
with C. dubia, before and after the TIE steps, toxicity was
removed after graduated at pH 6, 7, and 9, filtration in pH
11/7 and extraction in C18 column (Table 5).

The solubilization of the sediment caused a strong acidifi-
cation of the sample (pH 3.2), and in this condition the toxicity
remained constant, independent of the TIE manipulations.
After correction to pH 7, the toxicity was reduced after filtra-
tion at pH 11, extraction in C18 column at pH 9 (without
recovering in the methanol extract), and pH gradient test at
pH 7 (NT) and pH 9 (48-h ECso = 44.5 %) (Table 5).
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elutriate fractions of Salto Grande was 3.2 mg L' (Table 7).
To confirm ammonia as the compound responsible for the
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Fig. 5 Total neonates and mean fecundity of Ceriodaphnia silvestrii in
chronic toxicity tests for sub-surface raw water carried out in September
2010 and January 2011 (asterisk: statistical differences between treatment
and control, p < 0.05)

toxicity, the solubilized fractions were treated with zeolite res-
in. Ammonia concentration after contact with the resin was
2.2mg L', corresponding to a reduction of about 32 %, com-
pared to the initial concentration (3.2 mg L.

Discussion
Water pollution in tropical reservoirs—an overview

Water is such an essential resource that nowadays its quality
and conservation are perhaps one the greatest challenges of
the twenty-first century (Western and Pearl 1989; Tundisi
2003). Water pollution became a widespread phenomenon in
the tropics due to the exponential population growth and jeop-
ardizing anthropic activities which more and more compro-
mises water quality and multiple uses of water resources.

Tropical reservoirs are among the water bodies with accel-
erated rates of degradation, both qualitative and quantitative,
being presently a subject of great concern, since neither ad-
vanced technology nor economical resources will possibly
allow their societies to cope with the dimension of problems
to be generated by water scarcity (Wetzel 1991; Tundisi 2003;
Vorosmarty et al. 2005). They are in most cases water bodies
for multiple uses simultaneously serving urban and rural water
supply, irrigation, hydroelectricity, and aquaculture (Brasil
2005), taking also into account that eutrophication and con-
tamination of freshwaters affect biodiversity (Tundisi et al.
1998; Vorosmarty et al. 2010; Robin et al. 2013) as well as
human health (Pouria et al. 1998; Azevedo et al. 2002;
Giannuzzi et al. 2011).

@ Springer

Such problems become more evident in Southeast Brazil,
considering that the reservoirs selected for this work are locat-
ed in Sao Francisco and Parana River basins, regions of
highest population density and greatest industrial and agricul-
ture activities. Urban reservoirs are more directly exposed to
severe water and sediment pollution and reservoirs down-
stream can be affected by water quality of upstream reservoirs
(Tundisi 1993, 2001). In order to attend initial purposes for
their creation, the conservation of water resource quantity and
quality is a basic necessity, although representing a big chal-
lenge (Tundisi 2003).

The results obtained and discussed subsequently constitute
one such attempt.

Pollutants and toxicity evaluation of Pampulha reservoir
water

This urban reservoir constructed for public water supply and
recreation in the 1960s stopped providing such ecosystem
services after no more than a decade, receiving domestic and
industrial pollution there on. Analyses of water samples from
Pampulha reservoir in 1998 (Torres 1999; Rietzler et al. 2001;
Beato et al. 2003; Pinto-Coelho et al. 2003) and 10 years later
(Sales 2009) showed that there was considerable increase in
the concentration of metals after a decade.

Most metals present in the sediments, mainly copper, zinc,
and iron, were much above the limits established by our
National Environmental Agency (Brasil 2005). High iron con-
centrations are probably related to the eutrophic condition.
Anoxic conditions increase the solubility of this metal and
the release of sediment bound phosphate, boosting
cyanobacteria bloom development and toxin release, leading
to the vicious circle of toxicity and accelerated water and
sediment quality degradation.

Our results from ecotoxicological tests evidenced loss of
water quality in the sub-superficial layer of Pampulha reser-
voir since acute toxicity on D. similis and D. laevis were found
in most experiments carried out in the years 2010 and 2011.
Cyanobacterial blooms in that period were dominated by
C. raciborskii and Planktothrix isothrix, which occurred
throughout 2010 (Figueredo, personal communication), ex-
cept in August, coincidently a period in which our monitoring
showed no toxic effects for any tested organism.

Nevertheless, tested specimens did recover from immobil-
ity after being transferred to non-toxic culture water in the
post-exposition experiments, in average 88 % for D. similis
and 91 % for D. laevis indicating similar sensitivity for both
species. Considering that D. laevis is an indigenous species
occurring in Pampulha reservoir, its use as a test organism
must be recommended. Moreover, our results confirmed the
existence of neurotoxic effects in both cases, probably related
to cyanobacteria present, C. raciborskii and P. isothrix. These
two species are known to be potentially toxic, causing
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Table 2  TIE phase I results for sub-surface water samples of the final compartment of Pampulha reservoir using D. similis as test species

April 2011

May-June 2014

TIE steps 48-h ECso (95 % CI)

TU Reduction TIE steps

48-h ECs0(95 % CI) TU Reduction

Baseline test 72.48 % (NA) 14

Baseline test 1 m

100 % (NA) 1.0

Aeration 61.56 % (51.66-73.36) 1.6 pH adjustment (pH 3) NT - -8

C18 solid-phase extraction NT - pH adjustment (pH 11) NT - -8
(initial pH)

Baseline test 56.57 % (NA) 1.8 Filtration (initial pH) NT - -2

Filtration (initial pH) 28.95 % (NA) 35 -2 C18 solid-phase extraction (initial pH) NT — -2

Graduation (pH 9) 56.57 % (NA) 1.8 Baseline test 5 m 100 % (NA) 1.0

pH adjustment (pH 3) 59.44 % (NA) 1.7 pH adjustment (pH 3) NT - -8

Filtration (pH 3) 28.28 % (NA) 3.5 -2 pH adjustment (pH 11) NT - -2

C18 solid-phase extraction 23.78 % (NA) 42 -2 Filtration (initial pH) NT - -8
(pH 3)

pH adjustment (pH 11) 47.57 % (38.47-58.82) 2.1 C18 solid-phase extraction (initial pH) NT - -8

Aeration (pH 11) 100 % (NA) 1.0 -2 Baseline test 10 m 100 % (NA) 1.0

Filtration (pH 11) 56.57 % (NA) 1.8 pH adjustment (pH 3) NT - -2

C18 solid-phase extraction 56.57 % (NA) 1.8 pH adjustment (pH 11) NT - -2
(pPH 9)

EDTA 56.57 % (NA) 1.8 Filtration (initial pH) NT - -2

Sodium thiosulfate 56.57 % (NA) 1.8 C18 solid-phase extraction (initial pH) NT - -2

EDTA 10 m 100 % (NA) 1.0
Toxicity recovery tests Toxicity recovery tests
Methanol (initial pH) NT Methanol (initial pH) 1 M NT
Methanol (pH 3) NT Methanol (initial pH) 5 M NT
Methanol (initial pH) 10 M NT

Suspected compounds: nonpolar organics; volatile compounds

Suspected compounds: organic acids and bases; nonpolar organics; filterable
compounds

TIE steps, 48-h ECs, values, toxic units (TU), suspected compounds, and toxicity recovery tests are shown. Data in bold are references for all the other

values in the table
NA not available, NT non-toxic
# Significant reduction (p<0.05)

neurotoxic effects on zooplankton organisms (Ferrao-Filho
et al. 2010; Silva 2012; Restani and Fonseca 2014).

A similar recovery from exposure to a bloom of toxic
cyanobacteria was obtained for the tropical cladocerans
Daphnia gessneri and Moina micrura when exposed to raw
water of Funil reservoir (Rio de Janeiro State, Brazil) contain-
ing a bloom of C. raciborskii strain, a STX producer. Changes
in the swimming behavior and recovery in culture water are
usually indicative of neurotoxic effects (Ferrao-Filho et al.
2007, 2008, 2014).

The occurrence of Cyanobacteria toxins in eutrophic trop-
ical reservoirs is nowadays a matter of great concern for both
freshwater biota protection considering that saxitoxins and
microcystins can cause a decrease in survival and reproduc-
tion of cladocerans (Ferrao-Filho et al. 2009) and for human
health (Pouria et al. 1998; Azevedo et al. 2002; Dorr et al.
2010; Giannuzzi et al. 2011; Mowe et al. 2015).

Saxitoxins detected by ELISA analyses in Pampulha
reservoir water by Jardim et al. (2010) at concentrations
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of 0.34 pg Eq STX L™ can be considered enough to
cause acute toxic effects on cladocerans. Thus, the con-
centration of STX found in the present study (2.49 pg Eq
STX L") for Pampulha reservoir water was much higher
than the one previously recorded by Jardim et al. (2010)
and close to the highest values found by Ferrdo-Filho
et al. (2010) at Funil reservoir (between 0.3 and
3.0 ug Eq STX L"), which can cause immediate death
of cladocerans in nature.

Moreover, such concentration is close to the maximum
limit established by our legislation (Regulation 2914/2011)
for drinking water (3.0 ng Eq STX L1 (Brasil 2011),
therefore preventing its use for water supply, direct recrea-
tion, and even irrigation. The same was observed for
microcystin concentration (183.0 ug L™') from the second
water TIE performed for Pampulha reservoir, which is
much higher than the limit permitted by legislation in terms
of potability (1.0 pg L' MC), thus compromising the main
use of reservoir water as initially planned.
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Table 3  TIE phase I results for pore water samples of Pampulha reservoir using Daphnia similis and Ceriodaphnia silvestrii as test species in

June 2012

TIE steps D. similis

48-h ECs (95 % CI) TU Reduction

TIE steps C. silvestrii

48-h ECs (95 % CI) TU Reduction

Baseline test 74.58 % (NA) 1.3
Graduation (pH 6) NT - -8
Graduation (pH 9) 70.71 % (NA) 1.4
Aeration (initial pH) 70.71 % (NA) 1.4
Filtration (initial pH) 70.71 % (NA) 1.4
C18 solid-phase extraction 70.71 % (NA) 1.4

(initial pH)
Baseline test
pH adjustment (pH 11)
Filtration (pH 11)
Aeration (pH 11)

67.31 % (61.33-73.87) 1.5
86.6 % (82.52-90.88) 1.2 PR
61.24 % (57.21-65.55) 1.6
88.4 % (82.58-94.64) 1.1

pH adjustment (pH 3) NT - -2
Baseline test 73.49 % (NA) 14
EDTA 67.41 % (52.67-86.28) 1.5
Sodium thiosulfate 73.49 % (NA) 1.4

Suspected compounds: ammonia; acid organics

Baseline test 22.19 % (16.89-29.15) 4.5

Graduation (pH 6) 26.79 % (21.62-33.21) 3.7
Graduation (pH 9) 12.5 % (NA) 8.0 -2
Aeration (initial pH) <12.5 % (NA) -
Filtration (initial pH) 25 % (NA) 4.0
C18 solid-phase extraction 25 % (NA) 4.0

(initial pH)
Baseline test
pH adjustment (pH 3)
Filtration (pH 3)
Aeration (pH 3)
Baseline test
pH adjustment (pH 11)

32.99 % (28.92-37.62) 3.0
50 % (NA) 2.0 PR
<12.5 % (NA) -
35.36 % (16.55-75.55) 2.8
32.02 % (28.25-36.30) 3.1
2529 % (21.15-3024) 3.9

Filtration (pH 11) 35.36 % (NA) 2.8
Aeration (pH 11) 35.36 % (NA) 2.8
Baseline test 12.5 % (NA) 8.0
EDTA 26,29, and 31.5 % - -2
Sodium thiosulfate 12.5 % (NA) 8.0

Suspected compounds: metals; acid organic

TIE steps, 48-h ECsq values with confidence intervals (CI), toxic units (TU), and suspected compounds are shown. Data in bold are references for all the

other values
NA not available, NT non-toxic, PR partial reduction
* Significant reduction (p<0.05)

The low toxicity of Pampulha water for C. silvestrii in the
present study was possibly due to the fact that this small cla-
doceran is not able to ingest the filamentous potentially toxic
cyanobacteria occurring in Pampulha reservoir. It was never-
theless affected once in acute toxicity tests and twice in chron-
ic toxicity tests, what might indicate indirect exposure effects
(possibly exudated cyanotoxins). This native species was
found to be the most sensitive test organism in the study by
Moreira et al. (2014). Ferrdo-Filho et al. (2014) have also
shown that small and medium cladocerans (like
Ceriodaphnia richardi, D. gessneri, and Diaphanosoma
spinulosum) are resistant to cyanobacteria. They also did not
find negative effects on clutch size and total number of oft-
spring when these cladocerans were exposed to 80 pg L™ of
C. raciborskii biomass. In contrast, in the same study, negative
effects for those reproduction parameters were found for
D. similis and M. micrura, at 12.5 ng Eq STX L' showing
that the vulnerability to the toxins was species-specific.

Many studies have evidenced the occurrence of
cyanobacteria toxic strains in tropical and subtropical reser-
voirs, as well as in freshwater and saline lakes at different
regions of Brazil (Sant’anna et al. 2008; Di Bernardo et al.
2010; Soares et al. 2013) as more and more water bodies

become eutrophicated. Although Microcystis aeruginosa
was widely the most representative among the toxic species
(Azevedo et al. 1994; Matthiensen et al. 1999; Sant’anna et al.
2011; Bortoli et al. 2014), in the last decade, C. raciborskii is
becoming frequent in many regions of the country, including
the southeast region (Barbosa et al. 1999; Dellamano-Oliveira
et al. 2008; Gomes et al. 2013).

Toxicity of Pampulha reservoir water assessed by TIE
phase I procedures indicated organic and filterable com-
pounds as responsible for most water toxicity. In consid-
ering C18 column extraction step, toxicity recovery tests
carried out with eluted methanol extracts confirmed the
presence of nonpolar organic compounds that are pH de-
pendent. Although such compounds as well as the volatile
and oxidable ones could not be confirmed by the absence
of chemical analysis, aeration at pH 11 could have indi-
cated ammonia, considering that at this pH most ammo-
nium is in the volatile form (NH3). This step also indicat-
ed surfactants, commonly found in sanitary and industrial
effluent waters.

At initial pH, there was no toxicity recovering in meth-
anol extracts, in any of the two sampled sites, indicating
that C18 column worked as a filter, therefore indicating

@ Springer
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Table 4 Chronic TIE results for

Ceriodaphnia silvestrii with Sampling period  Treatment Neonates/female  Toxicity =~ Suspected compounds
addition of zeolite resin and (mean values)
activated carbon to whole ]
sediment samples from sites P1 July 2014 Site P1 ) 7.0 ] Ammonia
and P2 of Pampulha reservoir in Site P1 + zeolite 12.0° PR
July 0f 2014 and 2015 Site P2 5.0 Organic compounds
“significant increase (p<0.05) Site P2 + activated carbon ~ 10.0* PR
July 2015 Site P2 4.0 Organic compounds
Site P2 + activated carbon ~ 9.2* PR

that the toxicity is related to filterable compounds. This
was further confirmed by the filtration step, since the tox-
icity of all samples was removed after filtration and re-
covered in the extracts of sonicated filters.

The extracts had toxic effects on D. similis and on
C. silvestrii. In this case, the water toxicity on D. similis was
associated to ingestion of cyanobacteria cells and that on
C. silvestrii to the toxins released by breaking of cells after
sonication. Based on these results, toxicity to D. similis could
be attributed to cyanobacteria cells as well as toxins, also
corroborated in the third water TIE procedure for Pampulha
reservoir, after elution from C18 column and STX
quantification.

Ecotoxicological results obtained for Pampulha reservoir
water match results obtained for other Brazilian reservoirs,
such as Funil reservoir in Rio de Janeiro State (Ferrao-Filho
et al. 2009) and Ibirité reservoir in Minas Gerais state (Rietzler
et al. 2010; Matos et al. 2014). The study conducted in Ibirité
reservoir confirmed cyanotoxins by C18 post-column test and
its recuperation by methanol extraction from the column
(Botta etal. 2010). Microcystins were detected and considered
responsible for the toxicity to D. similis.

Toxicity identification and evaluation for Pampulha
reservoir sediments

Sediment studies of Pampulha reservoir have shown that high
inputs of pollutants along the years have resulted in acute and
chronic toxicity on benthic and epibenthic organisms (Rietzler
and Viegas 2002; Sales 2009; Braidotti 2014). This led us to
investigate the contaminants involved.

TIE phase I results obtained indicated that the main toxi-
cants for the pore water at point 1 were ammonia for D. similis
(toxicity reduction on pH 6 graduation test), metals for
C. silvestrii (toxicity reduction on EDTA tests), and acid or-
ganic compounds for both species (toxicity reduction on pH 3
adjustment). Toxicity reduction after pH 3 adjustment could
also indicate ammonia, considering that this compound is less
toxic at low pHs, reinforcing previous indication of its toxicity
to D. similis.

Although these compounds have not been confirmed in
phase II by chemical analysis, the treatment of whole sediment
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with resin zeolite and activated carbon (USEPA 2007) per-
formed in 2014 and 2015 partially removed the chronic tox-
icity, reinforcing the suggestion that the toxicants were ammo-
nia and organic compounds.

Phillips et al. (2006), when conducting a TIE study related
with remediation using a nonpolar carbonaceous resin
(Ambersorb 563®) in parallel with powered coconut charcoal
(PCC), were able to confirm that sediment toxicity was caused
by organic contaminants in an agricultural area on the central
California coast. Both compounds were able to reduce bio-
availability of organic contaminants. However, Ambersorb,
unlike charcoal, could be isolated from the sediment, eluted
with methanol, and tested for toxicity recovery. Thus, the sig-
nificant toxicity observed by the authors in the dilution water
spiked with methanol eluate confirmed toxicity caused by
organic contaminants.

Toxicity identification and evaluation for Barra Bonita
reservoir sediments

In the case of Barra Bonita reservoir, the toxicity reduction
after aeration and adjustment/aeration steps in pH 11 and pH 3
indicated the presence of volatile or oxidable compounds with
pH-dependent toxicity, such as ammonia and H,S, contami-
nants commonly found in tropical reservoirs (Janke et al.
2011). However, the simultaneous reduction of toxicity at
pH 6 and pH 8 in the pH gradient tests ruled out the presence
of ammonia and hydrogen sulfide (USEPA 1991).

Metals can also be detected at pH graduation step, from 6 to
9 (USEPA 1991). Considering that lead and copper toxicity
for C. dubia is higher at pH 6, while zinc, nickel, and cadmium
are higher at pH &, the toxicity reduction after EDTA treatment
and pH graduation tests (pH 6 and pH 8.5) could be related to
copper and/or plumb (pH 6) and nickel, zinc, and/or cadmium
(pH 8).

The SEM, AVS, and their ratios showed metals in excess
contrasted to sulfide, indicating toxicity of metals (non-bio-
logical criterion), thus confirming TIE results. Although only
partial, the TIE carried out for the sediment of Barra Bonita
reservoir indicated nickel and zinc as responsible for toxicity,
which was then confirmed by metals/SVA ratio.
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Table 5 TIE phase I results for sediment elutriate samples of Barra Bonita and Salto Grande reservoirs using Ceriodaphnia dubia as test species

Barra Bonita

TIE steps 48-h EC50 (95%CI) TU Reduction
Initial test 61.2% (NA) 1.6
Aeration (initial pH) 100% (NA) 1.0 PR
Aeration (pH3) NT - *
Aeration (pH11) NT - *
Graduation (pH6) NT - *
Graduation (pH8) NT - *
EDTA NT - *
Suspected compounds: metals; volatile organics
pH dependent (pH3 and pH11): ammonia, sulfide
Salto Grande

TIE steps 48-h EC54 (95% CI) TU Reduction
Initial test (3.2) 22% (16.4 — 34.3) 4.5
Graduation (pH6) 84% (NA) 1.2 *
Graduation (pH7) NT <1 *
Graduation (pH9) 44.5% @5.0-

69.7) 22 *
Initial test (3.2) 22% (16.4 — 34.3) 4.5
Aeration (initial pH) 33% (28.3 - 37.8) 3.0
Filtration (initial pH) 32% (22.8 —44.9) 3.1
pH adjustment (pH7) NT <l *
pH adjustment (pH11) (3.2) 31% (23.6 — 39.9) 32
Aeration (pH11) (3.2) 31% (23.6 — 39.9) 3.2
Baseline test 33% (22.8 - 44.9) 3.0
Filtration (pH11) (3.2) 52% (39.3 - 68.1) 1.9
Filtration (pH11) (7.0) 100% 1.0 ®
Baseline test (3.9) 53% (41.3 - 65.4) 1.9
C18 solid-phase extration (initialpH) 53% (41.3 -65.4) 1.9
C18 solid-phase extration (pH9) NT <1 *
EDTA 53% (41.3 - 65.4) 1.9
Sodium Thiosulfate 53% (41.3 - 65.4) 1.9

Suspected compounds: ammonia, acids, metals.

TIE steps, 48-h ECs, values with confidence intervals (CI), toxic units (TU), and suspected compounds are shown. The data presented in bold are

references for others results
NA not available, NT non-toxic, PR partial reduction
* Significant reduction (p<0.05)

According to Sibley et al. (1996), the non-biological toxic-
ity criterion provided by metals/SVA relationships (ratios) is
based on two assumptions: (1) link between sulfides and cat-
ionic metals Cd, Cu, Pb, Ni, and Zn in terms of molarity is
(1:1) and (2) affinity of these metals for sulfide-binding sites is

stronger than that of iron, the latter usually associated to sul-
fides in aquatic environments. This provides a competitive
advantage for metallic sulfide formation. Considering propor-
tionality for sulfide formation, when ratio metal/SVA is lower
than 1, binding sites will be higher than metal quantities.

@ Springer



13306

Environ Sci Pollut Res (2018) 25:13292—-13311

Table 6  Concentrations (1g gfl) of simultaneously extracted metals (SEM) and acid-volatile sulfide (AVS) and their ratios (pmol gﬁl) in sediment

elutriate fractions of Barra Bonita and Salto Grande reservoirs

Barra Bonita

Metals (ug g'1)

AVS

June/ 2000 Cadmium Copper Lead Nickel Zinc (ugghH
0.87 192 -- 789.6 422.6 132
[SEM]/[AVS]
Cadmium Copper Lead Nickel Zinc
<1 0.73 0.92 1.7 2.3
Salto Grande Metals (ug g'1) AVS
October/ 2001 Cadmium Copper Lead Nickel Zinc (uggh
<LQ 32.96 78.8 12.1 11.5 1590
[SEM]/[AVS]
Cadmium Copper Lead Nickel Zinc
-0.001 0.01 0.008 0.04 0.0033

[SEMJ/AVS > 1: toxic; [SEM]/AVS < 1: non-toxic

These will be all bound, thus not available and no toxicity is
therefore expected. On the other hand, if the ratio is higher
than 1, there will be more metals than binding sites, meaning
more metals in pore water and sediment toxicity. This was
exactly the situation verified for Barra Bonita reservoir
sediments.

Toxicity identification and evaluation for Salto Grande
reservoir sediments

Regarding Salto Grande reservoir, the toxicity observed at pH
9 graduated test (48-h EC 5o 0f 44.5 %) suggested the presence
of ammonia, which besides being a contaminant commonly
found in aquatic environments (Russo 1995; Janke et al. 2011)
is one of the most toxic ionic compounds at high pH, due to
the predominance of its unionized form (NH;) which is more
toxic than the cationic form (NH,*) (USEPA 1991). The ob-
served decrease in toxicity after pH adjustment/aeration at pH
11 and return to pH 7 reinforced this hypothesis.

The total ammonia concentration detected in the elutriate
fractions of Salto Grande sediment was 3.2 mg L'
Considering that at pH 9 36 % of this ammonia should be
NHj, the calculated concentration of NH; in the sample would
be 1.2 mg L™". According to USEPA (1991) and Ankley et al.
(1990), the 48-h ECs, for C. dubia ranges from 0.78 to

2.88 mg L', Thus, the toxicity might be due to ammonia.
Several studies have shown that the toxicity of sediment pore
water or of elutriate of sediments is due to ammonia (Ankley
etal. 1990; Ankley and Schubauer-Beringan 1995; Whiteman
1996; Van Sprang and Janssen 1997; Araujo et al. 2006).

The solubilized sediment fractions of Salto Grande treated
with zeolite resin showed a toxicity reduction of 20 % for the
more concentrated sample (Table 7). Besides ammonia, the
toxicity of Salto Grande sediment was therefore related to
the physiological effects of acidity.

The toxicity reduction after filtration on pH 11 and toxicity
recovering after filters sonication at pH 3 suggested the pres-
ence of metals. Although the treatment with EDTA did not
change the toxicity of the elutriate fractions, the metals copper
and zinc could be responsible for some of the sediment toxic-
ity observed, once the concentrations detected in elutriate frac-
tions (127.0-149.0 and 327.0-434.0 ug L', respectively)
were above or around the ECs, for Ceriodaphnia species
(11.0-25.0 and 420.0 pg L', respectively). However, the
sulfide present in the reservoir sediment acted as metal
controller.

The results showed an excess of AVS in the sediment an-
alyzed (Table 6), so that the metals present were not available
and therefore non-toxic (D1 Toro et al. 1992; Allen et al. 1993;
Ankley 1996; Berry et al. 1996; Besser et al. 1996; Sibley

Table 7 Immobility (%) of

Ceriodaphnia dubia exposed to Sample features Without zeolite With zeolite

different sediment elutriate

concentrations from Salto Grande Sample concentration (%) 100.0 50.0 25.0 100.0 50.0 25.0

reservoir, before and after Ammonia concentration (mg L") 32 1.6 0.8 22 1.1 0.5

treatment with zeolite resin pH 34 4.9 6.5 75 75 72
Immobility (%) 100.0 100.0 27.0 80.0 6.0 0
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et al. 1996; Wang and Chapman 1999). Likewise, the results
obtained by Araujo et al. (2006) for Rasgdo reservoir, SP,
showed that, despite the relatively high concentrations of total
metals, the ratio metal/SVA was lower than 1, and metals were
not available. However, in acid conditions, metals can repre-
sent a risk of toxicity.

Toxicity and the loss of water quality in tropical reservoirs

In natural environments, the occurrence of low pH and
metals constitutes a potential source of toxicity. There
are many factors, natural or not, capable of changing the
pH in lakes and reservoirs: dredging activities and humic
and fulvic acid production via organic matter decomposi-
tion. These might be lethal to aquatic biota, directly or
indirectly via metal toxicity. The tendency of sediments
to produce acids depends on the balance between its acid-
producing potential and its buffering capacity, represented
respectively by the oxidation of sulfide and organic matter
and by the carbonate content of the sediment (Calmano
et al. 1993; Chuan et al. 1996). Changes in the oxygen
content and redox potential caused by the solubilizing
process in laboratory could also be responsible for lower-
ing the pH. It might simulate a phenomenon that may
occur in natural environments, due to microbiological
and chemical processes at the sediment—water interface
or in the sediment itself.

Most pollutants of anthropogenic origin are absorbed
by particles of organic matter and tend to accumulate in
the sediment, leading to detrimental effects on species and
communities in water and sediment (Burton et al. 2003).
We have shown evidences, from toxicity experiments and
from chemical analyses and TIE procedures, that
Pampulha reservoir has been continuously exposed to eu-
trophication and contamination by different pollutants. Its
water and sediment quality is deteriorated to such an ex-
tent that lethal and sub-lethal effects on sensitive native
and non-native invertebrate species were repeatedly
demonstrated.

To assess the full impact and find solutions to the prob-
lem of toxic cyanobacterial blooms in the water and per-
sistent pollutants in the sediment, a long-term biological
monitoring program using different techniques and a
variety of test organisms should be undertaken, as
recommended by Chapman and Hollert (2006) and
Ingersoll et al. (2015).

In the present study, the TIEs performed with the sediment
of the three reservoirs indicated organic compounds, ammo-
nia, and metals as responsible for the toxicity of pore water,
whole sediment, and elutriate. These results were similar to
the results obtained by Ho and Burgess (2013), in a review
including 36 peer-reviewed TIE studies from 67 sediments,
performed in the last 20 years. The results summarized by the

authors showed that the three most frequent classes of toxi-
cants were organic compounds, cationic metals, and ammo-
nia. Considering pore water studies of freshwater sediments,
approximately 76 % of all sediments had a non-ionic organic
chemical, 57 % had a cationic metal, and 24 % had ammonia,
singly or in some combination, while for whole sediment,
90 % of all sediments tested had organic chemical toxicity,
singly or in combination with another toxicant.

The findings that toxic compounds in the sediments of the
reservoirs studied here do not greatly differ from those in
temperate reservoirs indicate that trivial domestic and indus-
trial wastes were involved. A positive aspect is that in this case
itis possible to apply at least partially from the knowledge and
experience developed for remediation of temperate water bod-
ies (UNEP 2001a).

A major constraint for keeping water quality in tropical
reservoirs, on the other hand, is the fact that eutrophica-
tion goes faster in tropical than in temperate regions
(UNEP 2001b). Global climate changes may intensify
sediment—water column exchanges leading to fast worsen-
ing of water quality of shallow reservoirs around the
world (Jeppesen et al. 2014). Tropical countries must
therefore have greater concern and urgently make much
greater efforts in order to prevent further water and sedi-
ment pollution, especially in water bodies for water sup-
ply, considering that remediation is always more difficult
and costly.

Conclusions

The toxicity of the water of Pampulha reservoir for sensitive
species of invertebrates was experimentally demonstrated,
evidencing the risk to aquatic biota and its relationship with
toxic cyanobacteria in the reservoir.

Sediments of all three reservoirs, Pampulha, Barra Bonita,
and Salto Grande, were found to be polluted and toxic to
invertebrates. Toxicity identification and evaluation approach
applied to water in Pampulha and to sediment of all three
reservoirs indicated as main pollutants and most probable tox-
icant agents: ammonia in Pampulha and Salto Grande, organic
compounds in Pampulha, and acidity in Salto Grande reser-
voir and metals in all reservoirs.

It is suggested that the toxicity and consequent loss of water
and sediment quality in these tropical reservoirs are all related
to one and same problem, accelerated eutrophication.

The treatment of Pampulha whole sediment with zeolite
with specificity for ammonia and organic compounds reduced
the sediment toxicity, representing a possible remediation tool.

For Barra Bonita, metals were found responsible for the
toxicity detected in its sediments and the ratio of total metals
to acid volatile sulfide confirmed this evidence.
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In the case of Salto Grande, besides acidity, ammonia may
have also contributed to the toxicity. For metals, even present,
the ratio of total metals to AVS indicated an excess of AVS and
therefore the metals would not be available to cause toxic
effects. However, the coupling of low pH and the presence
of metals might be a potential factor of toxicity here.

Thus and again, the compounds and chemical toxicants
present in the sediments evaluated are all related to the accel-
erated eutrophication and contamination.
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