
lable at ScienceDirect

Chemosphere 208 (2018) 207e218
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Embryo toxicity assay in the fish species Rhamdia quelen (Teleostei,
Heptaridae) to assess water quality in the Upper Iguaçu basin (Parana,
Brazil)

Izabella de Andrade Brito a, b, *, Juan Ramon Esquivel Garcia c,
Alexandre Barbosa Salaroli d, Rubens C�esar Lopes Figueira e, C�esar de Castro Martins f,
Alexandre Cordeiro Neto e, Paloma Kachel Gusso-Choueri g, Rodrigo Brasil Choueri h,
Sabrina Borges Lino Araujo b, i, Ciro Alberto de Oliveira Ribeiro a, **

a Laborat�orio de Toxicologia Celular, Departamento de Biologia Celular, Universidade Federal do Paran�a, Caixa Postal 19031, CEP 81531-970, Curitiba, PR,
Brazil
b Programa de P�os-Graduaç~ao em Ecologia e Conservaç~ao, Setor de Ciências Biol�ogicas, Universidade Federal do Paran�a, Caixa Postal 19031, CEP 81531-980,
Curitiba, Paran�a, Brazil
c Estaç~ao de Piscicultura Panam�a, Est. Geral Bom Retiro, CEP 88490-000, Paulo Lopes - SC, Brazil
d Instituto Oceanogr�afico da Universidade de S~ao Paulo, Praça do Oceanogr�afico, 191, 05508-900, S~ao Paulo, SP, Brazil
e Centro de Estudos do Mar, Universidade Federal do Paran�a, Caixa Postal 61, 83255-976, Pontal do Paran�a, PR, Brazil
f Departamento Acadêmico de Química e Biologia, Universidade Tecnol�ogica Federal do Paran�a, Curitiba, Paran�a, Brazil
g Núcleo de Estudos em Poluiç~ao e Ecotoxicologia Aqu�atica, Universidade Estadual Paulista, S~ao Vicente, S~ao Paulo, Brazil
h Departamento de Ciências do Mar, Universidade Federal de S~ao Paulo, Santos, S~ao Paulo, Brazil
i Departamento de Física, Universidade Federal do Paran�a, 81531-990, Curitiba, Paran�a, Brazil
h i g h l i g h t s
� The lethal andnon-lethal effects described suggest the presence of toxicity in water.
� Chemical analyses showed a high level of pollution in all studied sites along the River.
� Theoretical modelshowed that pollutants can reduce the fish population density including risk oflocal extinction.
� The present studysuggest an elevated risk to biota and for human populations.
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a b s t r a c t

The Iguaçu River is one of the largest and most important rivers in the Southern of Brazil. The Upper
Iguaçu Basin is responsible for water supply (80%) of the Metropolitan Region of Curitiba (MRC). After
crossing a large urban region, the river is polluted by domestic and industrial sewage, but despite of that
few ecotoxicological studies have been performed in order to evaluate the water quality from Iguaçu
River. The aim of the present study was to investigate the risk of exposure of Iguaçu water to biota and
also human population. In this terms, was utilized the survival effect and the morphological deformities
in larval embryos of Rhamdia quelen, a native South America species. The results showed a high level of
pollution in all studied sites along the Upper Iguaçu River including PAHs and toxic metals such as lead.
The lethal and non-lethal effects described in earlier stages of development suggest an elevated risk to
biota. This data was corroborated by the theoretical model, showing that the pollutants present in water
from Iguaçu River may further reduce the fish population density including risk of local extinction. The
present study reflect the needs to conduct in-depth research to evaluate the real impact of human ac-
tivities on the endemic fish biota of Iguaçu River including the risk for human populations.
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1. Introduction

According to the UNESCO (2015), the lack of water affects 40% of
the world's population. In developing countries, the combination of
demand and water quality degradation has resulted in a critical
problem (Setti et al., 2001). The watercourses of rivers when tra-
verse major cities in general loss the self-purification capacity
leading to profound changes to the aquatic biota where the
consequence may be the loss of biodiversity (Shepp and Cummins,
1997; Tundisi, 2011), also described by the Millennium Ecosystem
Assessment (2005).

Forbes et al. (2001) reported that a major criticism of standard
ecotoxicological tests is the difficulty in translating the experi-
mental results or effects to populations. According to Beketov and
Liess (2012), this is an important challenge in the field of aquatic
toxicology where the causal relationships between exposure to
contaminants and the ecological consequences in nature must be
identified. The use of, many smaller-scale studies as microcosms
and mesocosms have confirmed that many relevant factors are still
necessary to understand the effects on large spatial scales.

Fish embryo testing in ecotoxicological studies has been largely
utilized as an accepted method in different models. Studies have
been performed using the zebrafish (Danio rerio), the Japanese
medaka (Oryzias latipes), and the fathead minnow (Pimephales
promelas). According to Embry et al. (2010), the life cycle stages of
fish (through the embryo-larval stage) may represent a way to
establish definitive testing strategies and will provide another op-
tion for the acute testing of juvenile or adult fish. In Germany, fish
embryo tests are required for wastewater effluent testing as part of
the guideline referred to as DIN 38415-6 (2001).

The Iguaçu River Basin is the largest in Paran�a State (Vitule and
Abilhoa, 2009), but according to IBGE (2008; 2010) is the second
most polluted urban river of Brazil. The subbasin of the Upper
Iguaçu River where the studied sites are concentrated is within a
highly urbanized regionwith approximately 3.2 million inhabitants
(IBGE, 2012). Approximately 60% of this population is currently
served by a sewage system, and only 48% have access to both
sewage collection and sewage treatment systems (Pegorini et al.,
2003). Porto (2007) described the irregular urbanization of areas
containing wetlands and fountainheads as another important fac-
tor in the decline of the water quality reserved for public supply.
The Upper Iguaçu Basin is used for 78% of total water supply in
Curitiba Metropolitan Region (CMR) (Abilhoa and Boscardin, 2004;
SEMA, 2010). Additionally, an economic and ecological importance
is attributed to Iguaçu River due to the endemism of about 75% of
the total fish species (Zawadzki et al., 1999). Baumgartner et al.
(2012) described 106 fish species in the Iguaçu basin and Silur-
iformes is themost abundant order. The current study considers the
native Neotropical catfish Rhamdia quelen (Siluriformes) (Quoy and
Gaimard, 1824), a well-known species largely utilized in fish farms,
easy adapted to laboratory conditions presenting a high phyloge-
netic proximity to endemic Siluriformes species from Iguaçu River.

The aim of the present studywas to investigate thewater quality
of the Iguaçu River and discuss the risk of exposure to the endemic
native fish species and human populations. Thus, qualitative and
quantitative analyses of most of the Persistent Organic Pollutants
(POPs) and toxic metals were performed in five studied sites along
the upper Iguaçu River affected by urban activities. Additionally,
biomarkers were applied to the early stages of development of
R. quelen in order to identify the risk of exposure experienced by the
local biota and also by human populations. A theoretical model
(Brito et al., 2017) was applied in order to assess information of the
impacts on the species population density, related with the water
quality and the toxic responses from the early stages of develop-
ment of R. quelen species.
2. Materials and methods

2.1. Studied area

The Upper Iguaçu River basin is located at MRC Southern of
Brazil and consists of approximately thirty main tributaries ac-
cording to the Environmental Institute of Paran�a (IAP, 2009) used
for water human supply. In the present study were utilized five
sites representing 40 km of the urban region surrounding the river.
The criterion used to choose the studied sites was the most ur-
banized region and the main tributaries of the Iguaçu River (Fig. 1).

2.2. Water sampling

The water was sampling in all studied sites (December 2014)
considering 30 cm depth in the water column and refrigerated for
transport to the Cellular Toxicology Laboratory at the Federal Uni-
versity of Paran�a. In laboratory the samples were immediately
filtered through a paper filter (12 mm in porosity) to remove sus-
pendedmaterial and preserved at 4 �C. Before experiments, the test
solutions were prepared after 33% and 50% dilution in reconstituted
water (0.0065 g/L CaCl2, 0.1335 g/L MgSO4, 0.0004 g/L KCl and
0.0105 g/L NaHCO3) (ASTM, 1993).

2.3. Chemical analysis

2.3.1. Organic pollution extraction procedures
Water samples (1 L each) from the studied sites were stored in

sterile amber vials and filtered using filter paper with a porosity of
0.50 mm. The extraction procedures used were those described by
Mater et al. (2004).

For solid phase extraction, cartridges the water samples were
conditioned with 10mL of hexane, 10mL of dichloromethane, and
10mL of methanol (high performance liquid chromatography).
Next, 1000mL were passed through C18 cartridges (Cleanet C18eS
SPE, Agilent Technologies) at a speed of 6e8mLmin�1, dried under
a nitrogen flow, and then eluted with 10mL of hexane, 10mL of a
mixture of dichloromethane/hexane (1:1), 10mL of a mixture of
dichloromethane/ethyl acetate (1:1), 5mL dichloromethane, and
5mL of ethyl acetate. The resulting extract solution was placed in a
rotary evaporator at 40 �C and dissolved in 21mL of acetonitrile,
with a total pre-concentration of 500 times.

2.3.2. Polycyclic aromatic hydrocarbon (PAH) determination
After extraction, the organic extract was injected into a gas

chromatograph (Agilent Technologies 7890) connected to a triple
quadrupole mass detector (Agilent Technologies 7000) with a HP-
5MS capillary column (30m� 0.25mm x 0:25 mm). The initial
oven temperature was 70 �C for 4min, followed by an increase of
15 �C min �1 to 150 �C, plus a posterior increase of 3 �C min�1 to
225 �C. The temperaturewas then raised 5 �Cmin�1 to 310 �C, and it
remained at 310 �C for 10min, for a total of 61.33min of analysis.
The injector temperature was set at 290 �C, and injection was
performed in pulsed splitless mode, with 1 mL injected. The source
temperature of the detector was 250 �C.

For PAHs quantification, an external calibration curve was used
with concentrations of 0.01, 0.10, 0.50, 0.75, 1.00, 2.00, 5.00, and
10.00 mgmL�1, which were prepared from a solution of 16 priority
PAHs (Supelco and Sigma-Aldrich Co.) according protocols from the
US EPA.

2.3.3. Determining polybrominated biphenyls (PBDEs),
polychlorinated biphenyls (PCBs), and organochlorine pesticides
(OCs)

Quantities of PBDEs, PCBs, and OCs in water was determined
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Fig. 1. Location of the 5 studied sites along the Upper Iguaçu River Basin in Paran�a State, Southern of Brazil. (S1) Headwaters, (S2) S~ao Jos�e dos Pinhais, (S3) Fazenda Rio Grande, (S4)
Araucaria and (S5) Guajuvira. As reflected in the data from IAP (2009), S1 is located at the formation of the Iguaçu River; S2 is characterized by the confluence of two major tributaries
and downstream a sewage treatment plant; S3 crosses the industrial area of Curitiba; S4 is located after the confluence with the Barigui River and is characterized by intense industrial
activities, including an oil refinery; and S5 is located 15 km downstream from the industrial region of Araucaria and receives all of the effluent from the greater Curitiba region.
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using an Agilent 7890A gas chromatograph (Agilent Technologies,
Palo Alto, CA, USA) connected to an Agilent mass spectrometer
detector (Agilent 5975C inert MSD with Triple-Axis Detector). The
gas chromatography column used was an HP-5 fused silica column
(length 30m, ID 250 mm, film thickness 0.25 mm). The oven tem-
perature was programmed to begin at 100 �C for 1min, increasing
by 5 �C min�1 to 140 �C (holding this temperature for 1min), then
increasing by 1.5 �C min�1 to 250 �C (holding for 1min), and finally
increasing by 10 �C min�1 to 300 �C (holding for 10min). The
quantification of the analytes was based on a mixture of surrogate
standards of PCB 103 (Ce103 N) and PCB 198 (Ce198 N) (both from
AccuStandard, New Haven, CT, USA), which was added before
sample extraction.
The organochlorine pollutants were identified through a com-
parison between the retention times based on the chromatographic
peaks of the samples and those of external standard solutions using
a known composition of 48 PCB congeners, 24 organochlorine
pesticides, and 6 polybrominated biphenyls.

Data acquisition was performed in selected ion monitoring
(SIM) mode, and the Agilent Enhanced G1701 CA ChemStation was
used to perform the measurements. PBDEs, PCBs and OCs were
identified by matching the retention times to ion mass fragments
from a standard mixture at different concentrations (1, 5, 10, 20, 80,
100, 150, and 200-pg mL�1).

The quality assurance procedures included analyses of proce-
dural blanks, surrogate recovery, and reference material (Wade and
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Cantillo, 1994). Procedural blanks were performed for each group of
approximately nine samples using 20 g of sodium sulphate anhy-
dride heated to 450 �C before extraction and analyzed in the same
way as the samples were. The peaks found showed no external
interference. The mean surrogate recoveries, which were based on
the relationship with an internal standard (TCMX) added at the end
of laboratory analyses, were found to be between 50 and 90% for
PCB 103 and PCB 198.

2.3.4. Chemical analysis of metals
Thewater samples used for the chemical analysis of metals were

kept in sterile, 1 L polyethylene bottles, fixed in nitric acid (HNO3)
1:1, and kept under refrigeration at 4 �C. The treatment used for to
determine metal content was inductively coupled plasma-atomic
emission spectrometry (ICP-OES), according to the protocol from
the US EPA 6010C (EPA, 2007). The equipment used was an ES-710
Varian ICP-OES.

2.4. Embryo-larval toxicity testing using R. quelen

Fertilized eggs from R. quelen were obtained from a local fish
farm (www.pisciculturapanama.com.br) and transported to the
Cellular Toxicology Laboratory at the Federal University of Paran�a.
The embryos were maintained at a temperature of 24 �C, and only
viable eggs were selected for study using a stereoscope microscopy
Olympus (� 0.67 to 6.7).

For each tested solution from the study sites, ninety-six eggs 8 h
post fertilization (hpf), a period which reflects the gastrula stage
(Rodrigues-Galdino et al., 2010), were individually transferred into
96-well culture plates according to MacPhail et al. (2009). Each
well-contained 200 mL of tested solution prepared from each study
sites samples (33% and 50% dilutions). A control group using only
reconstituted water was assembled. The experiment was con-
ducted in triplicate, with 288 embryos per tested solution and for
each exposure time (24, 48, 72 and 96 hpf), thus totaling 2880
embryos per assay.

Every 24 h, 100 mL (corresponding to 50% of the total volume) of
the tested solutions from all of the 96 wells was changed to pro-
mote better levels of water oxygenation and ammonia removal.
Hatching rates were determined 24 hpf. Embryo-larval survival was
accepted at 96 hpf, and deformities were counted at 24, 48, 72, and
96 hpf. The embryo-larval were incubated at a constant tempera-
ture of 24 �C.

For hatching and survival rate analysis, the embryo-larval were
counted individually in 96-well plates using a Leica® DM/IL inver-
ted light microscope. For the morphological evaluation, embryo-
larval were collected and immersed in Karnovisky's fixative solu-
tion (glutaraldehyde 2.5%, paraformaldehyde 2.5% in 0.1M sodium
cacodylate buffer, 0.001M CaCl2, pH 7.2). After the fixative period
(24 h), samples werewashed with a 0.1M sodium cacodylate buffer
(2x), 10min each, and then stored in 1-mL plastic Eppendorf® vials
at 4 �C until analysis. In order to determine toxic effects such as
morphological alterations, damages, or deformities, the embryo-
larval were carefully transferred to microbiology well plates and
photographed using a Sony® Cyber-Shot camera in an Olympus®

light microscope. The deformities were classified into four cate-
gories according to Powers et al. (2011): (1) spine deformities (kink
in tail, kyphosis or lordosis; (2) fin deformities (stunted or
damaged); (3) facial/cranial deformities (oral deformities, eye
swelling or absence of eyes); and (4) deformities of the thorax
(cardiac edema, distension or body atrophy).

The experiments were certified by the Committee for the Ethics
for Animal Experiments from the Biological Sciences Department of
the Federal University of Parana (CEUA/BIO) in agreement with the
Brazilian Guidelines for the Care and Use of Animals for Scientific
and Teaching Purposes established by the Brazilian National
Council for Control of Animal Experimentation (CONCEA), also
within the international guidelines for animal experimentation.

2.5. Statistical analyses

Survival rates and deformities were analyzed using two-way
ANOVA after confirmation of normality. Kruskal-Wallis tests were
used to analyze the differences between the control and each of the
samples. In addition, one-way ANOVA was performed to verify
differences among the five sampled areas in terms of the values the
chemical concentrations obtained. Statistical tests were performed
in Prism 5.0 software (GraphPad, San Diego, EUA) assuming a value
of p< 0.05 for statistical significance.

2.5.1. Principal component analysis (PCA)
The integration method sought to highlight associations among

the variablesmeasured in this study (both toxicity and contaminant
levels) in water samples from Iguaçu River study sites that were
diluted at two different concentrations (33% and 50%). Associations
among the variables that indicate exposure (levels of metals and
PAHs) and effects (mortality and spine, cranial and thorax de-
formities) were assessed using factor analysis with principal
component analysis as the extraction method (FA/PCA). The vari-
ables were autoscaled (standardized) in order to be treated with
equal importance. The variables selected for interpretation were
those associated with the factors with a loading �0.50, a value that
is more conservative than the loading cut-off recommended by
Tabachnic and Fidell (1996). The relevance of the associations
observed at each of the five sampling points (cases) was estimated
by calculating the factor score from each case for the centroid of all
cases for the original data. All of the statistical and multivariate
analyses were performed using the Statistica software tool (Stat
Soft, Inc. 2013; version 12). The differences between the survival
curves of the control bioassay and each river water dilution (33%
and 50%) were analyzed using the log-rank test (Mantel-Cox test) at
a 5% significance level. The concentrations of Co, Cr, Ag and of PCBs
were not included in the PCA, because these substances were not
detected in the samples from any of the study sites located in the
upper Iguaçu River.

2.6. Modeling data

A theoretical model described by Brito et al. (2017) based on
individual-based models (IBMs) was used to assess the relationship
between exposure to toxicity in the early stages of R. quelen and the
impacts on the population dynamics of the species. The model
considers three phases: Phase (A) is the embryo-larval stage, which
corresponds to the first 96hpf that is characterized by the presence
of the yolk vesicle. The only selection pressure imposed here is a
constant survival rate, SA. The impact of the pollutants in this phase
is modeled by reducing the value of SA. Phase (B) is the juvenile
phase, which is measured from the complete absorption of the yolk
(96 hpf) to one year of age. In this phase, the individuals begin
exogenous feeding and horizontal swimming movements, but they
are not yet reproductive. Durant phase B individuals forage locally
and compete for resource. The survival rate in this phase, b, is then
density dependent and its maximum value, b, corresponds to the
maximum survival rate in the absence of interspecific competition.
The impact of pollutants in this phase was modeled by reducing b,
which means that individual survival probability decreases
regardless of the number of competitors. Phase (C) is the repro-
ductive adult phase, which include individuals from 1 to 21 years
old that reproduces annually. Adults may die from natural causes
and survival individuals may reproduce according to its age. It is

http://www.pisciculturapanama.com.br
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assumed a constant annual survival rate, SC. As in the previous
phases, the impact of the pollutants in this phase is modeled by
reducing the value of SC. Since it is not known the real pollutant
effect on juvenile and adults, we suggest to investigate different
impact intensities ranging from the maximum impact, where the
survival rates are zero, to the minimum impact where the survival
rates corresponds to the values without pollutants: SAmax¼ 0.6
(Ferreira et al., 2001), bmax¼ 0.8 (Piaia and Baldisserotto, 2000),
SCmax¼ 0.65 (Gubiani et al., 2012). In this study, was used the value
of SAmax¼ 0.63, because it was the survival value of larvae kept in
reconstituted water (experimental control). It is also allowed to
investigate the scenario where it is supposed that the pollutants
affect the three phases with the same intensity I: SA ¼ I x 0.63, b¼ I
x 0.8 and SC ¼ I x 0.65, where I¼ 1 means no perturbation of the
pollutant and I¼ 0 maximal perturbation.

Here the model was parameterized with data from the lowest
dilution (33%) groups considering that individuals with deformities
reduced the survival rate because they lost the ability to respond to
environmental stressors. As proposed by the original study (Brito
et al., 2017), for each parameter combination, was considered an
initial population composed of 20 individuals and then computed
the relative population density, which was define as the adult
population size divided by the average population size in a non-
perturbative scenario (without pollutants). Was investigated the
scenario where: (i) the pollutants affect larvae and juveniles
(computing all combinations when 0� SA� 0.63 and 0� b� 0.8);
(ii) the pollutants affect larvae and adults (computing all combi-
nation when 0� SA� 0.63 and 0� SC� 0.65); (iii) the pollutants
affect the three phases with the same intensity (I), where I was is
the ratio I ¼ SA/0.63 (consequently b¼ I x 0.8 and SC ¼ I x 0.65).

3. Results

The distribution of the 16 PAHs and the total concentrations of
PAHs (from 2.03 to 5.10 mg L�1) among the studied sites presented a
Table 1
Detection of PAHs and metals in water from the five studied sites from Upper Iguaçu Rive
Council of Environment - CONAMA). The values are expressed in mg L�1 and mg/L.

PAHs (mg/L) S1 S2 S3

Acenaphthene (Ace) LOD* LOD LOD
Acenaphthylene (Acy) 0.87 0.74 0.74
Naphthalene (Nap) 0.61 0.44 2.68
Fuorene (Flu) 0.48 0.48 0.51
Phenanthrene (Phe) LOQ LOQ LOQ
Anthracene (Ant) LOQ LOQ LOQ
Fuoranthene (Fluo) LOD LOD LOD
Pyrene (Pyr) LOD LOD LOD
Chrysene (Chry) 0.51 0.57 0.52
Benzo[a]anthracene (BaA) 0.62 0.70 0.64
Benzo[k]fluoranthene LOD LOD LOD
Benzo[b]fluorantene LOQ LOQ LOQ
Indene[1,2,3-cd]pyrene LOD LOQ LOD
Benzo[g,h,i] pyrene LOD LOD LOD
Dibenzo[a,h]anthracene (DahA) LOD LOD LOD
Benzo[a]pyrene (BaP) LOD LOD LOD
P

(PAHs) 3.09 2.93 5.08

Metals (mg/L) S1 S2 S3

Copper (Cu) 0.019 019 0.013 0.011
Manganese (Mn) 7.845 4.543 5.231
Zinc (Zn) 0.412 0.144 0.089
Iron (Fe) 1.700 1.410 1.447
Cobalt (Co) <MQLa <MQL <MQL
Chrome (Cr) <MQL <MQL <MQL
Silver (Ag) <MQL <MQL <MQL
Lead (Pb) <MQL <MQL <MQL

*LOD¼ Limit of detection; LOQ¼ Limit of quantification; (�) Not present levels defined
a Method quantification limit (MQL). The value can only be in the form of trace. below
large variation (Table 1). Site 5 was found to have the lowest con-
centration of PAHs in water, while sites 3 and 4 presented the
highest values of these compounds. Naphthalene was the com-
pound that presented the highest concentration (2.68 mg L�1) at S3.
Acenaphthylene, naphthalene, fluorene, and chrysene were found
at all of the study sites, but benz[a]anthracene was identified at S1,
S2, S3, and S4. Anthracene and phenanthrene were found only at
S4. In general, compounds that have a lower molecular weight, or a
weight between 2 and 3 aromatic rings (acenaphthylene, naph-
thalene, and phenanthrene), were found at higher concentrations
at all of the study sites. An exception was benz[a]anthracene that
was also found in high concentrations.

The parameters provided by Resolution nº 357/2005 of the
Brazilian National Environment Council (CONAMA) were used for
comparison purposes. This agency described the concentration
limits for certain PAHs, such as chrysene and benz[a]anthracene,
and in the current study, these PAHs were found at values above
legal limits at all of the study sites (>0.05 mg L�1) (Table 1).

The PBDEs, PCBs, and OCs were found at values below the
detection limit for analysis in water at all of the study sites. The
analysis of metals (Cu, Mn, Zn, Fe, Co, Cr, Ag, Cd, and Pb) are shown
in Table 1. Copper presented values higher than the legal limits
established by Brazilian legislation at sites S4 and S5 while man-
ganese and iron were also found above legal limits at all of the
study sites. Zinc was found at higher values at S1 and lead was
found at higher values at S4 and S5.

The hatching rate of R. quelen embryos (24 hpf) exposed towater
from all of the Iguaçu River study sites was higher at both dilutions
(33% and 50%) when compared to the literature and control group.
The control presented the lowest hatching rate and also presented a
statistically significant difference (p< 0.05) at 50% dilution at S3
and S4 (Table 2).

The embryo-larval survival rate among specimens exposed to
water from the Iguaçu River study sites decreased as exposure time
increased at both dilutions. Mortality was found to be high at all of
r. The values were compared with Brazilian legislation (Resolution nº 357 of National

S4 S5 LOD LOQ CONAMA (mg/L)

LOD LOD 0.84 2.80 e

0.77 0.65 0.17 0.57 e

0.60 0.38 0.05 0.18 e

0.53 0.46 0.11 0.38 e

0.89 LOQ 0.25 0.84 e

1.15 LOQ 0.30 1.01 e

LOD LOD 0.81 2.71 e

LOD LOD 1.71 5.70 e

0.52 0.55 0.14 0.46 0.05
0.64 LOQ 0.16 0.53 0.05
LOD LOD 0.81 2.70 0.05
LOQ LOQ 0.55 1.82 0.05
LOD LOD 0.66 2.19 0.05
LOD LOD 5.21 17.35 0.05
LOD LOD 2.22 7.41 0.05
LOD LOD 0.87 2.91 0.05

5.10 2.03 e e e

S4 S5 CONAMA (mg/L)/L)

0.009 0.007 0.009mg/L
4.869 3.944 0.1mg/L
0.043 0.041 0.18mg/L
1.327 1.059 0.3mg/L
<MQL <MQL 0.05mg/L
<MQL <MQL 0.05mg/L
<MQL <MQL 0.01mg/L
0.016 Co 0.015 0.01mg/L

by law.
the detection limit with values in ppb or ppt.



Table 2
Percentage of hatching and survival of R. quelen embryo-larval (individuals with andwithout deformities) exposed towater from the five studied sites from Upper Iguaçu River.

Hatching (24 hpf) Survival (96 hpf)

Sites Dilution 33% Dilution 50% Dilution 33% (without deformities) Dilution 33% (with deformities)c Dilution 50% Dilution 50% (with deformities)

1 99 86 38 30 56 50
2 98 98 55 48 49 36
3 89 99 50 4 52 45
4 95 99 49 45 56 53
5 98 93 41 31 42 40

Control 88a 88 68b 63 68 63

a According to Andreatta (1979) in artificial cultivation systems, the hatching rate of eggs can approach 90%.
b According to Ferreira et al. (2001) in artificial cultivation systems, the embryo-larval survival can approach 60%.
c Dilution 33% (with deformities)3¼ SA.
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the studied sites when compared to the control, which presented a
63% survival rate. The difference in the embryo-larval survival rate
between dilutions and the control was significant after 96 hpf,
indicating that exposure time is a significant factor that affects
mortality rates among exposed individuals (Table 2). These differ-
ences were statistically significant between the control group and
the 33% dilution group from S1 and S5; they were also statistically
significant between the control and the 50% dilution group from S5.

The embryo-larval survival rate among specimens exposed to
water from the Iguaçu River decreased as a factor of exposure time
and dilution concentration. The same result was observedwhen the
Fig. 2. Deformities frequency observed in embryo-larval of R. quelen after 96 hpf of exposure
Larvae with normal aspect and without alterations. e¼ eye, f¼ embryonic fin, g¼ gill arche
malformation related to skeleton or muscle structure (arrows). (B) Showed a severe kink
damages. (E) Lordosis. (F) Damage in the vertebrate column and body atrophy. Scale: 1.0m
mortality rate was compared to that of the control group but the
difference in the embryo-larval survival rate between dilutions and
control groups was found after 96 hpf.

The survival rate was not different among the studied areas, and
S1 and S4 presented the lowest survival rates at 33% dilution (38%
and 41% respectively) while at 50% dilution, S5 presented the
highest mortality rate.

The most common deformities were described as spinal, cranial,
and thorax (Fig. 2). However, the major deformities were the spinal
alterations, such as lordosis, kyphosis, and kinks in tails affecting
the locomotion system. No significant differences in deformities
to water from the five studied sites in Upper Iguaçu River 33% and 50% of dilutions. (A)
s, h¼ heart (pericardial cavity), y¼ yolk, b¼ barbells. (B, C, D) Cardiac edema (<) and
in tail. (C) Larvae with lordosis and body atrophy. (D) Cranial and vertebrate column
m.
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were observed among the studied sites (p< 0.05). Nonetheless,
individuals exposed to water from S5 (33% dilution) presented the
largest number of lesions. Among the thoracic deformities, cardiac
edema was the most frequent, particularly when exposed to 50%
dilution from S1, S2, and S3 (Fig. 2).

The results of the principal component analysis (PCA) presented
3 factors (F1, F2, and F3). The first (F1) explained 36.1% of associa-
tions, while F2 explained 27.87% and F3 explained 25.89% (Table 3).
According to the Kaiser criterion, only factors that explained more
than 10% of the total variance were presented and discussed. The
variables associated with a particular factor loading above 0.55
were considered relevant.

The concentration of metals (Cu, Fe, Mg, Zn) and the PAH ace-
naphthylene in the water were associated with F1 (positive loading
values). The water from S1 and S3 were found to have higher scores
Table 3
Sorted rotated factor loadings of 20 variables on the three principal factors of the five
studied sites from Upper Iguaçu River. Only variables with loadings ˃ 0.55 (in bold
text) were considered components of the factors.

% Variance F1 F2 F3

36.10 27.87 25.89

1 Cu 0.89 0.20 0.33
2 Fe 0.97 0.22 0.09
3 Mg 0.95 �0.21 0.19
4 Pb ¡0.56 �0.47 ¡0.59
5 Zn 0.83 �0.05 0.46
6 Acenaphthylene 0.95 0.02 �0.08
7 Naphthalene 0.26 0.04 �0.14
8 Fluorene 0.29 0.15 ¡0.91
9 Phenanthrene �0.06 �0.10 ¡0.94
10 Anthracene �0.06 �0.10 ¡0.94
11 Chrysene ¡0.71 0.51 0.43
12 Benz[a]anthracene 0.37 0.89 �0.26
13 Mortality 33% 0.25 ¡0.86 0.37
14 Spine 33% �0.40 ¡0.79 0.45
15 Cranial 33% 0.45 �0.47 0.76
16 Thorax 33% ¡0.68 0.46 0.51
17 Mortality 50% ¡0.84 �0.09 0.53
18 Spine 50% �0.08 0.95 0.20
19 Cranial 50% �0.19 0.91 0.26
20 Thorax 50% 0.47 0.70 0.40

Fig. 3. Example of temporal evolution of relative population size. The dark blue line shows t
the groups exposed to water from the studied sites of the Upper Iguaçu river; S1 (light blue l
S3 (orange line): SA¼ 0.43, b¼ 0.55 and SC¼ 0.44; S4 (red line): SA¼ 0.45, b¼ 0.57 and SC¼
asymptotic behavior before 20 generations.
for this factor, so these variables can be understood to be at higher
concentrations at these points. Lead and chrysene concentrations
in the water were still associated with F1 but with negative values,
as were high mortality at 50% dilution and thoracic deformities at
33% dilution. The strongest associations were at S5 and S2.

Associated with F2 (positive loading values) were the PAHs
chrysene and benz[a]anthracene as were the spinal, cranial, and
thoracic deformities (50% dilution); the highest score was observed
at S2. F2 (negative loading values) also presented a relationship
withmortality and spinal deformities at 33% dilution; however, this
relationship was not associated with pollutant concentrations.
These associations were more frequently observed at S5 and S1.

F3 (positive value loadings) was associated with the embryo-
larval mortality rate (50% dilution) and cranial and thoracic de-
formities (33% dilution). Variables associated positively with this
factor were most relevant at S1, S2, and S5. Concentrations of PAHs
such as fluorene, phenanthrene, anthracene, and lead were asso-
ciated F3 with negative values and were most relevant at S4. The
estimated factor scores from all of the study sites are presented in
Table 3, in which the prevalence of every component from each site
is quantified and used to confirm the factor description.

Experimental data revealed the intense impact of pollutants on
embryo-larval (phase A) of R. quelen specimens exposed to water
from the Upper Iguaçu River study sites. Thus, according to the
theoretical model used, the impact on the early stages of devel-
opment can interfere with the population density. Fig. 3 shows the
evolution of this impact on the early life cycle stages of R. quelen
over 200 years if the species’ exposure to water from the Upper
Iguaçu River study sites continues. In a non-disturbed scenario in
the absence of pollutants, the density increases to maximum den-
sity, where it oscillates around a fixed value that represents the
population average. When all of the Upper Iguaçu River study sites
are considered, population density decreases relative to the control
conditions.

When was considered the impact of exposure to Iguaçu River
water only on phase A, a major decline in the number of individuals
in embryo-larval stages can be observed (less than 50% survival in
all areas), but an impact on population density does not occur
(Fig. 4; b or SC are at maximum values). Even when was considered
S1
S2
S3
S4
S5

he control situation where no pollutants are considered while the other lines represent
ine): SA¼ 0.30, b¼ 0.38 and SC¼ 0.31; S2 (green line): SA¼ 0.48, b¼ 0.61 and SC¼ 0.50;
0.46 and S5 (black line): SA¼ 0.31, b¼ 0.39 and SC¼ 0.32. The population achieve its



(A) (B)

Fig. 4. Phase diagram of R. quelen population dynamic as function of embryo-larval, juveniles and adult survival rate. The colors from red to blue color indicates extinction to highest
density in absence of environmental perturbations. (A) Shows the population impact when the perturbation occurs during the embryo-larval and juvenile stages while (B) shows
the population impact when the perturbation occurs during embryo-larval and adult stages. The vertical lines indicate the embryo-larval survival rate obtained in each studied site
(S1, S2, S3, S4 and S5) of the Iguaçu River. The dot line shows a hypothetical situation where the juveniles and adults are proportionally impacted as the embryo-larval, and the lines
intersection correspond to the described for Fig. 4.
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only individuals exposed to water from S1 and S5, which had the
lowest survival rate (SA¼ 0.30 and 0.31), the population tends to
reach maximum density in adulthood.

When was considered the impact that embryo-larval exposure
has on the juvenile stage (phase B), the propagation of effects is
low; the population is still quite resistant to disturbances (blue area
in Fig. 4A). For most SA and b combinations, population density is
similar to population density in the absence of pollutants. Only
when survival values for both stages are very low are a decline in
population density and the risk of local extinction is observed.

The scenario represents themost important results of modeling:
the impact of exposure to water from the Iguaçu River studied sites
are also considered into adulthood (phase C). The effect of pollut-
ants on the embryo-larval stage is equivalent to the effect on adults.
The exposure to water from the five study sites was found to have a
strong effect on the size of the population (red area of Fig. 4B). S2
presented the highest embryo-larval survival rate; but population
density remained close to 30% (intersection lines), a result which
indicates that the impact propagates strongly when the adults
stage is considered.

However, when we consider the pollutants affect the three
phases with the same intensity (I), any reduction in the probability
of survival reduces the population size (Fig. 3), where, in S1 the
impact is I¼ 0.48 (SA¼ 0.30, b¼ 0.38 and SC¼ 0.31); in S2 is I¼ 0.76
(SA¼ 0.48, b¼ 0.61 and SC¼ 0.50); in S3 is I¼ 0.68 (SA¼ 0.43,
b¼ 0.55 and SC¼ 0.44); in S4 is I¼ 0.70 (SA¼ 0.45, b¼ 0.57 and
SC¼ 0.46) and in S5 is I¼ 0.49 (SA¼ 0.31, b¼ 0.39 and SC¼ 0.32).
4. Discussion

The absence of a pollution gradient for the presence of con-
taminants within the studied area of the Iguaçu River is explained
by multivariate sources, but the presence of toxic metals and some
organic pollutants in the water confirms the impact of urban and
industrial activities on the river and the occurrence of run-off
pollution. All the study sites located in the Upper Iguaçu River are
highly impacted mainly by industrial and urban sewage. S1 is
impacted by urban sewage and by the largest sewage treatment
plant in the region (the Atuba Sul WWTP), which releases
approximately 1.120 L s�1 of treated effluent within the Iguaçu
River (Franco, 2010). According to IAP (2009), this area are histor-
ically classified as highly polluted. The mortality rates observed
among embryo-larval after their exposure to water from S1 at 33%
dilution corroborates this data. It is important to note, however,
that the second-highest mortality ratewas found among specimens
exposed to water from S5, which was more significantly impacted
by PAHs than by metals. This data reflects the high complexity of
the impact of these chemicals on the river.

Total PAHs concentration in the water from the study sites
confirms that there is a constant release of this class of pollutants
into the water; the values found reflect the impact of urban activ-
ities on the decreased water quality of the Iguaçu River. The most
highly represented compounds were those of the pyrogenic class,
including as acenaphthylene, and naphthalene. According to Zhang
et al. (2004), these PAHs can be generated by the pyrolysis of wood
or by coal burning, but Blanchard et al. (2004) described that the
hydrolysis of organic matter originating from municipal sewage
after wastewater treatment contributes to the increased levels of
low-weight PAHs. Studies by SUDERHSA (1997) and COMEC (1999)
indicate the fact that raw sewage dumped into the Iguaçu River is a
source of PAHs. This data is logical, given with the presence of the
27 WWTPs distributed along the Iguaçu River and its tributaries
(SANEPAR, 2015). In addition, emissions from human activities,
incineration by-products from industrial and municipal waste, oil
spills and oil derivatives and, in particular, the combustion of
biomass and fossil fuels (Baird and Cann, 2008), all strongly
contribute to PAHs concentrations in water.

The PAHs with a high molecular weight, such as chrysene and
benz[a]anthracene, were also quite abundant and over legal limits
established by Brazilian Legislation at all of the study sites except
S5. According to Soclo et al. (2000), these compounds are most
frequently associated with fossil fuel burning; a correlation, which
would explain their occurrence at, sites with high automotive
vehicle traffic. Benz[a]anthracene represented 23e43% of the total
amount of PAHs identified in the water from the Iguaçu River study
sites. The occurrence of this compound is of great concern due to
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the known carcinogenic potential ascribed to the molecule (WHO,
1998). Additionally, the fact that the highest concentrations of
PAHs were found in water from S3 and S4 reflects the negative
participation of the two major industrial areas of greater Curitiba.

Guo et al. (2009) report that, once they are released in thewater,
most PAHs spread as diffuse pollution and are deposited in the
sediment because of their hydrophobic characteristics. This
behavior would explain the lower level of these compounds at S5.
This data is corroborated by Leite et al. (2011) who reported that the
PAHs were found to be more concentrated in the sediment of
Iguaçu River and particularly in the city of Araucaria (S4), which has
large oil refinery. Still, the ubiquity of PAHs in the samples studied
indicates a wide distribution of these compounds in all environ-
mental compartments. Their high persistence and the tendency
toward PAH bioaccumulation (Neff, 1979) reflect the fact that these
compounds are an important class of pollutants in the Iguaçu River
and that the local biota and human population are therefore at risk
of exposure. According to the United States government, PAHs
require a set of regulations to protect people from the possible
health effects, and laws have been established to limit people is
eating, drinking, or breathing of PAHs (ATSDR, 1995).

The amounts of polybrominated biphenyls (PBDEs), poly-
chlorinated biphenyls (PCBs), and organochlorine pesticides (OCs)
were found in the current study at values below detection limits
(0.5e0.1 mg.L�1). A large number of these contaminants represent a
class of persistent organic pollutants that are of global concern, and
they remain in most environmental matrices (water, sediments,
soil, and air) (Breivik et al., 2002), and also in sewage, even after
treatment (Yao et al., 2014). The high lipophilicity of these com-
pounds may explain the absence of their detection in the water
matrix, where filtration could prevent the detection of molecules
associated with organic matter or even with microbiota. Leite et al.
(2011) described a similar situation, particularly around S2 and S4,
though below the concentration effect threshold (TEC). Thus, we
cannot rule out the possibility that low concentrations of these
compounds increase the risk of exposure among the biota of the
Iguaçu River, a possibility which would also explain some of the
results of this study.

The metal concentration observed in the headwaters around S1
could be explained by the release of treated sewage into this
location, which is particularly common in the Atuba River. This
release into the Atuba River negatively affects the quality of the
Iguaçu water. According to the IAP (2009), this area has historically
presented sewage pollution, with high levels of toxic metals (Pb, Ni,
and Cr). S3 is close to an intense industrial area where only 68% of
sewage is treated andwhere only 82% of households are served by a
sewer system. This region of the river is also impacted by pollutants
from an inactivate landfill and from the leachate of an old treatment
plant. The detection of lead and other metals in water from S4 and
S5 is explained by the proximity of a high concentration of factories,
including an oil refinery as well as the proximity of a very intense
flow of automotive vehicles on the many highways nearby. This
region was seriously affected by an oil spill in 2000, in which
approximately four million liters of oil were spilled into the Iguaçu
River along a 50 km extension (Katsumiti et al., 2013).

The higher hatching rates that occurred at both of the dilutions
concentrations studied show that the chemical conditions of the
Iguaçu River do not interfere with the initial stage of the species'
development. However, the experimental design used does not
allow for further discussion; only the eggs were exposed, which is
an example of periodic exposure. A more complex study exposing
the previous generation is necessary for an evaluation of the effects
of Iguaçu water on egg development and, consequently, on the
hatching rate. When the embryo-larval were exposed after hatch-
ing until 96 hpf, the effects of chemicals present in the water from
Iguaçu River were eminent. A significant mortality rate was
observed as a dependent variable, a result which shows that the
pollutants present in the river can decrease the survival rate of
R. quelen embryo-larval. These conditions were observed at all of
the study sites, a finding which suggests that the differences in
chemical concentration among the sites did not significantly
interfere with this parameter. A decreased survival rate among
fishes in the embryoelarval stages has been reported by others and
has been explained by the fishes’ high sensibility to chemical pol-
lutants (Kendall et al., 2001). According to the same authors, this
kind of approach has been successfully adopted in the laboratory on
a small scale in order to reproduce field conditions. Thus, the cur-
rent study used chemical analysis andmodeling as a promising tool
for assessing the quality of the water from the Iguaçu River.

Skeleton deformities such as lordosis, scoliosis, and kinks in tails
were the most frequently observed morphological effects on
embryo-larval exposed to water from the Iguaçu River (S1) at 33%
dilution and on those from S2 at a higher dilution (50%). This site in
particular experiences a greater impacted from metals, but not
from PAHs. In general, the sites with higher concentrations of
metals in the water presented lower survive rates 96 hpf, and the
concentrations exceeded those established by Brazilian law. The
results therefore suggest that embryo-larval survival depends on
toxic metal concentration in water, particularly when the metals
are cooper, zinc, and manganese. This result is in accordance with
the findings described by Adema-Hannes and Shenker (2008)
when Coryphaena hippurus embryos were exposed to copper.
Additionally, the same authors identified the development of
edema and of skeletal and yolk sac deformities, while Debruyn et al.
(2007) described an increase in the occurrence and severity of
multiple skeletal deformities such as lordosis and scoliosis in Cor-
egonus clupeaformis embryo-larval exposed to PAHs. Though most
organic pollutants were found under detection limits in the current
analysis, the effects of these pollutants and of others that were not
investigated cannot be ruled out in the explanation of the de-
formities seen among embryo-larval of R. quelen.

The cranial abnormalities found in embryo-larval exposed to
30% diluted water from S1 and S3 are consistent with high levels of
metals and of PAHs, respectively. This kind of parameter was re-
ported by Debruyn et al. (2007) in larvae fish exposed to pesticides.
Thorax injuries were more frequent in embryo-larval exposed to
more highly diluted samples (50%) from sites that experienced a
greater impacted frommetals (S1, S2, and S3), especially in the case
of the cardiac edema. Similar results were described by Carls and
Rice (1988) among larvae fish were exposed to PAHs. In the cur-
rent study, S1, S2, and S3 presented the highest benz[a]anthracene
concentrations, a finding which suggests that this kind of pollutant
could be associated with this deformity.

The FA/PCA revealed relationships between the variables asso-
ciated with the same axis (factor). When the variables from S1were
analyzed separately, a higher mortality rate, high concentrations of
metals, and a relatively high amount of PAHs (3.09) were observed.
These findings were corroborated by the FA/PCA and the factor
scores for S1, since the analysis revealed that metals (Cu, Fe, Mg and
Zn) and acenaphthylene in F1 were associated with toxicity re-
sponses in F2 (mortality and spinal deformities) and in F3 (mor-
tality and cranial deformities). Although these variables were not
associated with the same factor, these results suggest that the low
quality of water at this site is correlated with mortality and with
thorax deformities.

S2 revealed an important association between toxicity re-
sponses and some individual PAHs. F2 was the factor with the
highest score, and the highest frequencies of deformities (spinal,
cranial, and thoracic deformities) were associated with high levels
of benz[a]anthracene. Though F1 and F3 presented lower scores,
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they were still found to have relevant toxicity endpoints - cranial
deformities in F3, and thorax deformities and mortality in F1 e the
latter of which were found to be associated with relatively high
chrysene levels. S3 also had a positive score for F1 (which, as
explained before, reflected metals and acenaphthylene to be asso-
ciated with toxicity responses) and moderate toxicity responses
associated with benz[a]anthracene (as shown by the low positive
score of F2). It is important to consider that, though naphthalene
was not found to be associated with toxicity response in the FA/
PCA, it was found at the highest levels at S3.

S4 showed high of relevance of variables associatedwith F3with
negative loadings, including lead, fluorene, phenanthrene, and
anthracene. F2 was also found to be moderately relevant (with a
lower score) in terms of spinal deformities and mortality at 33%
dilution at S4.

S5 presented negative scores for F1, which represents high fre-
quencies of thorax deformities and mortality at 50% dilution
associated with lead and chrysene. The negative score for F2 and
the positive score for F3 reinforce the toxicity at this site, since
higher mortality (at 33% dilution), deformities in the spine (both in
F2), and cranial deformities (in F3) were all found to be associated.
Mortality and frequency of the lesions are therefore thought to be
associated with the pollutant concentration, a finding that suggests
that the toxic responses observed in individuals may share a cause-
and-effect relationship with the pollutants measured. Thus, it can
be concluded that heavy metals and organic pollutants generally
result in early embryonic mortality and embryonic malformations.
It is difficult to identify the substances responsible for physiological
or behavioral disorders, though injuries can be linked to exposure
to environmental stressors (VonWesternhagen et al., 1988), as well
as to the temperature and physical-chemical parameters of the
water (Prochazka, 2009).

In summary, FA/PCA results suggest that, at S1, metals (Cu, Fe,
Mg and Zn) and PAHs (acenaphthylene) can be found at higher
levels and that, though they were not associated with the same
factor, mortality and deformities (spine and cranial) were also
relevant. At S2, several toxicity endpoints (mortality and de-
formities of the spine, cranium, and thorax) at both sample di-
lutions (33% and 50%) were relevant; these responses were
associated with some PAHs (chrysene and benz[a]anthracene). This
situation indicates that such compounds may have contributed to
the toxicity levels observed. However, it is important to note that
the concentrations of these compounds in the water varied only
slightly among the sampling sites, a finding which indicates that
other contaminants could also be responsible for this toxicity. S3
and S4 presented weak relationships between the measured con-
taminants and toxicity; at S3, metals presented moderate relevance
and at S4, lead and some PAHs (fluorene, phenanthrene, and
anthracene) were important variables. Finally, at S5, lead and
chrysene were associated with mortality (50% dilution) and, even
when the samples were diluted at 33%, these contaminants were
associated with thorax deformities. At S5, mortality and spine
deformity were also relevant.

Individual-based models (IBMs) have been applied with
increasing frequency to environmental toxicology studies (Grimm,
1999), mainly due to their practical functionality in conservation
studies. Thus, the modeling was applied to ecology in the present
work to evaluate the impact of pollutants on embryo-larval catfish
in order to make projections about future damages to populations.

The use of modeling tools is therefore scarce despite the support
they offer to environmental management and conservation studies.
The current modeling results are an additional and essential
parameter for reiterating the evidence of the observed impacts of
chemicals on the Iguaçu River and the consequent decrease in
water quality. When the models were applied to the scenarios,
pollutants were found to put limited pressure on phase A but more
pressure on phase B. In other words, the effects of chemicals pre-
sent in the Iguaçu River on embryo-larval and juvenile populations
of R. quelen is not as evident in terms of potential extinction as
when the effects on the population are considered. Another study
conducted in 2014 (unpublished results) revealed that the exposure
of embryo-larval to the same Iguaçu water without dilution resul-
ted in a 100%mortality rate in all of the samples from the sites used
in the current study. The early mortality rates observed in embryos
clearly reflect the low quality of the water from the Iguaçu River.
The current data, which is corroborated by other studies on Iguaçu
River water quality (Machado et al., 2014a; b; Gallotta and
Christensen, 2012), demonstrated that the presence of chemicals
due to human activities potentially endangers the native fauna due
to the negative effects on health, survival, and reproductive success.

When the scenario in which the pollutant pressure affects the
juvenile phase (B) was analyzed, a higher mortality rate was
observed than that of the juveniles in the absence of pollutants.
However, it is thought that the population will be able to recover
the balance over the years in this scenario. Meanwhile, when the
propagation effect of pollutants on adult R. quelen specimens was
analyzed, individual oscillations were found to be quite sensitive.
When specimens were exposed to water from S2, a higher embryo-
larval survival rate was observed, though the population density
was found to be below 50%. This result differs from those of S3 and
S4 d populations exposed to those pollution conditions were
found to have a density below 40%. At S1 and S5, population density
fell below 10%.

According to Lande (1993), smaller populations are more sen-
sitive to stochastic events. This idea likely explains the extinction
predicted in the models that used populations exposed to water
from S1 and S5. Thus, both internal mechanisms (demographic
stochasticity) or external mechanisms (environmental stochas-
ticity) could be the cause (Pimm et al., 1988). Although stochasticity
may indicate the probability of the size of a given population
(Renshaw, 1991), the modeling allows us to discern between
different stochastic processes, such as the persistence or extinction
of a population. This finding is important, since individual vari-
ability may be crucial for the regulation and persistence of a studied
population (Uchmanski, 1999). Additionally, this parameter can be
used in the evaluation of future scenarios by measuring the risk of
exposure and broadening the set of ecotoxicological tests in order
to achieve a better understanding of the presence of chemicals in
aquatic environments.

Sewage discharge regulation in Brazil follows Resolution 357/
2005 by the Environment National Council (Brazil, 2005). However,
as described by McKean (1980), many other substances that are
present in sewage as a result of urban or even industrial activities
are not covered under the current legislation. Water quality
monitoring based only on physical and chemical parameters and
some biological aspects results in an incomplete diagnosis and may
obscure the real conditions and water quality (Lied and Rodrigues,
2011).

The Upper Iguaçu River was classified by Brazilian Legislation
(Brazil, 2005) as source of water for human supply after adequate
treatment and protection of the aquatic biota. So, the present study
points to at least two problems: (I) it is urgent that a monitoring
program be developed to evaluate the current risk of exposure
experienced by the biota and the human populations along the
Upper Iguaçu River through parameters other than those estab-
lished to Brazilian legislation, and (II) the country needs to consider
using other biological parameters in order to investigate water
quality.

Many studies have reported that the current treatment is not
satisfactory. Nieto (2000) described that 66.7% of the effluent from
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industrial activities still presents risk of exposure after treatment.
The same situation was described by Knie and Lopes (2004) in a
study on the treatment of leachate from the largest landfill in
Curitiba, located downstream from S3, and also by and Hamada
(2008) in a study on household and industrial waste. In general,
these studies showed the inefficiency or only partial success of the
sewage treatment methods that are currently in use in the region.
In conclusion, the important findings of the current study highlight
points that could be strategic for environmental management
policies.

5. Conclusions and future directions

The five sampled areas of the upper Iguaçu River (S4 and S4 in
particular) were found to have copper, manganese, zinc, iron, and
lead concentrations above the legal limits established by Brazilian
law. The water was also found to have high concentrations of PAHs
d particularly acenaphthylene, naphthalene, fuorene, chrysene
and benz[a]anthracene d at all of the sites. This finding is indica-
tive of contamination by both treated and untreated domestic
sewage, industrial waste, and diffuse sources of pollution, such as
the drainage that originates in the surrounding urban areas.

The highest mortality rate was observed at S1, where the Iguaçu
River is formed. This finding means that the water quality of the
tributaries is highly compromised. Thus, the sampled areas did not
reflect a contamination gradient, a factor which is reflected in the
high mortality rate of embryo-larval at all 5 sites. This mortality
rate also indicates that the water quality does not meet the pa-
rameters required for environmental and human health safety.

The Iguaçu River is extremely important, particularly because
the subbasin of the river (the area under study) includesmost of the
water supply sources in use by the human populations in the re-
gion. This is therefore a very critical situation, and urgent urban
planning and environmental recovery measures are needed to
prioritize the watersheds used for the local water supply.

Densely populated areas and the large cities that they surround
have a variety of impacts on water quality. This impact is reflected
in the irreversible effects on local rivers, which include the
extinction of local species and high degrees of contamination that
prevent the water's use for human supply. The disappearance of
species recorded in the main channel of the river presents only a
small part of the problem; the main warning signs are the loss of
biodiversity and limitations to the services that the water source
can provide, since the headwaters of the Iguaçu River are a strategic
hotspot for the drinking water supply used by the greater Curitiba
area.
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