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a  b  s  t  r  a  c  t

The  responses  of  a  large  suite  of  biochemical  and  genetic  parameters  were  evaluated  in  tissues  (liver,  gills,
muscle  and  erythrocytes)  of  the  estuarine  guppy  Poecilia  vivipara  exposed  to waterborne  copper  in salt
water  (salinity  24  ppt).  Activities  of  antioxidant  enzymes  (superoxide  dismutase,  catalase,  glutathione
reductase,  and  glutathione  S-transferase),  metallothionein-like  protein  concentration,  reactive  oxygen
species  (ROS)  content,  antioxidant  capacity  against  peroxyl  radicals  (ACAP),  and lipid  peroxidation  (LPO)
were  evaluated  in  liver,  gills,  and  muscle.  Comet  assay  score  and  nuclear  abnormalities  and  micronucle-
ated  cell  frequency  were  analyzed  in peripheral  erythrocytes.  The  responses  of these  parameters  were
evaluated  in  fish  exposed  (96  h)  to environmentally  relevant  copper  concentrations  (5,  9  and  20  !g L−1).
In control  and  copper-exposed  fish,  no  mortality  was  observed  over  the  experimental  period.  Almost  all
biochemical  and  genetic  parameters  proved  to be  affected  by waterborne  copper  exposure.  However,
the  response  of catalase  activity  in liver,  ROS,  ACAP  and  LPO  in  muscle,  gills  and  liver,  and  DNA  dam-
ages  in  erythrocytes  clearly  showed  to be dependent  on  copper  concentration  in  salt water.  Therefore,
the  use  of  these  parameters  could  be  of relevance  in the  scope  of  biomonitoring  programs  in salt  water
environments  contaminated  with  copper.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metals are environmental contaminants of great concern
(Phillips, 1980; Nemerow, 1991; Heath, 1995; Langston and
Bebianno, 1998). They are naturally ubiquitous in aquatic envi-
ronments, but their concentrations can increase as a result of the
growing discharges into the environment from domestic and indus-
trial effluents, as well as fossil fuel burning (Neto et al., 2008; Paytan
et al., 2009). Mining, groundwater use, and soil waterproofing and
erosion are also considered as secondary sources of metal input into
aquatic environments (Heath, 1995). Nevertheless, recent work
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suggests that metal concentrations in the aquatic environment may
actually be decreasing (Mahler et al., 2006).

Metals can be considered as harmful contaminants to aquatic
animals, especially if one considers their environmental persis-
tency, bioavailability in water, potential for bioaccumulation, and
toxicity (Kennish et al., 1991). Thus, water contamination with
these chemicals may  result in both sublethal and lethal effects
(Santos et al., 2000; Pinho et al., 2007), modifying populations and
the structure of the impacted ecosystems (Langston and Bebianno,
1998; Paytan et al., 2009).

Copper is a transition metal essential to metabolism (Heath,
1995), becoming toxic to estuarine and marine invertebrate and
fish when at elevated concentrations (Santos et al., 2000; Pinho
et al., 2007; Martins and Bianchini, 2008; Lopes et al., 2011a). It
is well accepted that the key mechanism of acute copper toxic-
ity in fish is associated with ionic and osmotic disturbances due to
impairments especially on Na+ and Cl− regulation linked to the inhi-
bition of the gill Na+-K+-ATPase activity. Furthermore, it is reported
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that these disturbances can lead to death in both freshwater and
seawater fish (Grosell et al., 2002, 2007; Alsop and Wood, 2011).
However, it is not understood if these disorders are resulting from
a direct inhibitory effect on the enzyme activity or are related to
damages associated with a copper-induced oxidative stress. There-
fore, the evaluation of the response of oxidative stress parameters
(biomarkers) would help to better understand the biochemical
basis of these disturbances in fish. In addition, it would also help
to explain some detrimental biological effects observed after fish
exposure to waterborne copper. For example, it has been reported
that copper can induce endocrine disruption and changes in
metabolic rates (Handy, 2003), behavior (Phillips, 1980), immuno-
logical function, swimming performance (Heath, 1995), enzyme
activities, and liver histology (Langston and Bebianno, 1998).

As far as we know, studies evaluating concomitantly the
responses of a large suite of biochemical and genetic biomarkers
to characterize the sublethal effects of copper other than those
associated with the ionic and osmotic regulation in a single marine
fish species are lacking in the literature. Biomarkers are considered
useful alternative tools in biomonitoring programs and have usu-
ally been employed in environmental health assessment studies
(Rose et al., 2006). They are being pointed out as potential tools
for an early detection of environmental pollution, as well as for
preventing the biological effects associated and providing informa-
tion for management. Biomarkers can be considered as measurable
responses on body fluid, cells, tissues or organism indicating the
presence of contaminants (for review: Monserrat et al., 2007). In
this context, biomarkers of exposure can be measured to evaluate
the presence of contaminants. They include chemicals, or chemical
metabolites, that can be measured in the body or after excretion
from the body. In turn, biomarkers of effect can be used to evaluate
the quantifiable changes that an individual endures after exposure
to a compound. These biomarkers may  thus indicate a resulting
health effect.

Despite their recognized importance in biomonitoring pro-
grams, biomarkers are still not being used to derive water quality
criteria. Also, there is not a general agreement on the level of
the biomarker response characterizing an environment as chem-
ically polluted or biologically impacted. This likely arises from the
fact that there is controversial information on how the biomarker
response is specific to the contaminant exposure. Therefore, stud-
ies involving a large suite of biomarkers at different levels of the
biological organization are necessary to identify which biomark-
ers are good for biomonitoring purposes, as well as to establish the
relationship between the degree of the biomarker response and the
environmental health condition.

With this background in mind, the present study was performed
to describe, for the first time, the comparative response of a large
set of biochemical and genetic biomarkers in the guppy P. vivipara
exposed to sublethal and environmentally relevant concentrations
of waterborne copper (Chester, 2003; Nayar et al., 2003; Azetsu-
Scott et al., 2007; D’Adamo et al., 2008). This Brazilian euryhaline
teleost fish is commonly found in both fresh and coastal water bod-
ies along the South Atlantic Ocean (Gomes and Monteiro, 2008). It
has been pointed as a promising fish species to monitor the health
condition of tropical and sub-temperate coastal waters (INCT-TA,
2012). Endpoints evaluated in the present study included oxidative
status parameters (reactive oxygen species, antioxidant capacity
against peroxyl radicals, activities of antioxidant enzymes and con-
centration of non-enzymatic antioxidants), as well as the oxidative
damage to biomolecules (lipid peroxidation and oxidative damage
to DNA) in several fish tissues (liver, gills, and muscle or peripheral
erythrocytes). The responses of these parameters were evaluated
considering their suitability to detect biological effects associated
with exposure to low and high environmental concentrations of
copper.

Table 1
Nominal and measured (total and dissolved) copper concentrations employed in
experiments with the guppy P. vivipara in salt water (24 ppt). Relevance according
to  the Brazilian environmental regulation is also presented. WQC: water quality cri-
terion. BDL: below detection limit (1 !g Cu L−1). Data are mean ± standard deviation
(n = 8).

Nominal Total Dissolved Environmental relevance

Copper concentration (!g Cu L−1)
0  BDL BDL Control
5  4.25 ± 1.25 3.45 ± 0.75 WQC  – salt water
9  10.25 ± 1.75 6.70 ± 1.00 WQC – fresh water

20 21.50 ± 0.05 20.75 ± 0.25 Non-conforming

2. Materials and methods

2.1. Fish collection and copper exposure

Male fish (P. vivipara) were collected from May  2010 to
December 2011 at the ‘Arroio do Gelo’, a small creek running into
the Cassino Beach (Rio Grande, RS, Southern Brazil). Fish were
transferred to the laboratory and kept under controlled conditions
(photoperiod: 12 L:12 D; temperature: 20 ◦C; and salinity: 24 ppt)
for two  weeks. Fish were daily fed until satiation with commercial
food for omnivorous fish. This food is a complex mixture contain-
ing minerals, vitamins, animal and vegetal protein, algae, lipids and
several probiotics (Alcon Basic, Camboriú, SC, Brazil).

Full natural sea water was diluted with dechlorinated tap water
to prepare the salt water to be employed in the experiments (salin-
ity: 24 ± 1 ppt). Salt water was  filtered (0.45-!m mesh filter) and
copper (CuCl2; Vetec Química Fina, São Paulo, Brazil) was  added
from a stock solution (1 mg Cu L−1). All glassware and exposure
chambers were previously acid washed and thoroughly rinsed with
distilled water. Contamination of the exposure media was per-
formed 24 h before fish introduction into the test chambers to
allow copper equilibration with salt water. Three copper concen-
trations (nominal values: 5, 9 and 20 !g L−1) were tested along with
a control (no copper addition into the experimental medium). The
concentrations of 5 and 9 !g L−1 actually represent the Brazilian
water quality criteria for sea water and fresh water, respectively.
In turn, 20 !g L−1 was selected as a non-conforming copper concen-
tration according to the Brazilian regulation (CONAMA, 2005). It is
important to note that these concentrations can also be considered
as representative of non-polluted, moderately contaminated and
highly contaminated environment, respectively (Chester, 2003;
Nayar et al., 2003; Azetsu-Scott et al., 2007; D’Adamo et al., 2008).

Total and dissolved copper concentrations were measured
immediately before fish introduction into the exposure medium
and 24 h after exposure. Copper concentrations were measured
in non-filtered (total copper) and filtered (0.45-!m mesh filter;
dissolved copper) water samples by atomic absorption spec-
trophotometry (AAS 932 Plus, GBC, IL, USA) following procedures
previously described (Pinho et al., 2007; Martins and Bianchini,
2008; Lopes et al., 2011b). Results obtained are shown in Table 1. For
practical reasons, copper concentrations will be referred hereafter
considering the nominal values.

Dissolved oxygen was kept close to the saturation level by con-
tinuously and gently bubbling air in the experimental medium,
which was totally renewed every 24 h to keep the water pH (∼7.8)
and other water physicochemical parameters constant. Adult males
of P. vivipara were kept under control condition or exposed to cop-
per in 30-L glass aquaria for 96 h. Fish stocking density was 1 g
fish L−1.

After copper exposure, fish were anesthetized with benzocaine
(0.1 g L−1), weighed (wet body weight), and measured (total body
length). Blood was collected by puncture of the caudal vein and
immediately used for comet and nuclear abnormalities assays.
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Liver, muscle and gill samples were then dissected and immedi-
ately used for ROS and ACAP measurements or frozen (−80 ◦C)
for further measurements. For practical reasons, the exposure
procedure was repeated two times. Tissue samples of fish from
the first exposure (wet body weight: 1.07 ± 0.31 g; total body
length: 41.6 ± 4.4 mm)  were used for enzyme activity measure-
ments, lipid peroxidation (LPO) and nuclear abnormalities analyses.
Tissue samples of fish from the second exposure (wet body weight:
1.01 ± 0.31 g; total body length: 43.1 ± 4.3 mm)  were used for
Comet assay, ROS, antioxidant capacity against peroxyl radicals
(ACAP) and metallothionein-like protein (MT) measurements. The
number of fish exposed in each experiment was dependent on
the variability of the parameter to be analyzed, as previously
determined, and fish availability in the laboratory, as described
below.

2.2. Biochemical and genetic analyses

2.2.1. Oxidative stress parameters
Biomarkers of oxidative status were measured in gills (target

organ), liver (detoxification organ) and muscle (non-target organ)
samples. ROS and ACAP were determined (n = 4–6 fish for each
experimental group) following the analytical procedures described
in Amado et al. (2009). MT  concentration was measured (n = 7–9
fish for each experimental group) based on the DTNB reaction with
sulfhydryl groups according to the method described by Viarengo
et al. (1997) and following the analytical procedures previously
described (Amado et al., 2006; Martins and Bianchini, 2009).

Protein concentration in the tissue homogenate was determined
using a commercial reagent kit based on the Bradford reagent
method (Sigma, São Paulo, SP, Brazil). Catalase (CAT) activity was
evaluated (n = 7–9 fish for each experimental group) based on the
H2O2 degradation as described by Beutler (1975) and following
the analytical procedures previously described (Geracitano et al.,
2002; Amado et al., 2006). Superoxide dismutase (SOD) activity
was evaluated (n = 4–6 fish for each experimental group) measuring
the cytochrome C reduction (McCord and Fridovich, 1969), fol-
lowing the analytical procedures previously described (Geracitano
et al., 2002; Amado et al., 2006). Glutathione reductase (GR) activ-
ity was measured (n = 5 fish for each experimental group) following
the NADPH consumption in the presence of oxidized glutathione
(GSSH), following the analytical procedures described by Carlberg
and Mannervik (1975). Glutathione S-transferase (GST) activity
was assessed (n = 5–7 fish for each experimental group) measur-
ing the conjugation of the reduced glutathione (GSH) with CDNB
(Keen et al., 1976), following the analytical procedures previously
described (Geracitano et al., 2002; Amado et al., 2006). It is impor-
tant to note that the term “activity” employed here for a given
enzyme in fact corresponds to its concentration and not its in vivo
activity, i.e., the conditions of the enzymatic assays employed were
chosen so as to measure the Vmax value for the enzyme, and not its
true activity in the original tissue.

2.2.2. Oxidative damage parameters
LPO was measured (n = 6–10 fish for each experimental group)

using the thiobarbituric acid reactive substances method (TBARS),
following the analytical procedures described by Oakes and Van
Der Kraak (2003).

Fresh erythrocytes were used to analyze the damages
(reversible and non-reversible) to DNA. Single or double reversible
DNA strand breaks were scored (n = 4–6 fish per experimen-
tal group) using the Comet assay and following the procedures
described by Tice et al. (2000), with some modifications. In this case,
analysis was performed using red gel as fluorescent marker. The tail
of each comet was classified into 4 types of damage, with indexes
varying from 0 to 3 (class 0, class 1, class 2 and class 3). Increasing

Table 2
Conjugated families of ‘probability distribution’ and ‘a priori parameters’ used to
obtain the ‘posteriori distributions’ for each biomarker analyzed in the guppy P.
vivipara acclimated to salt water (salinity 24 ppt) exposed (96 h) to copper.

Parameter Conjugated family A priori parameter

Oxidative status Normal-gamma & normal Jeffreys’s non informativea

Score comet Normal-gamma & normal Jeffreys’s non informativea

Comet class 0 Gama & Poisson  ̨ = 13.0,  ̌ = 0.18
Comet class 1 Gama & Poisson  ̨ = 0.28,  ̌ = 0.03
Comet class 2 Gama & Poisson  ̨ = 3.57,  ̌ = 0.59
Comet class 3 Gama & Poisson  ̨ = 2.17,  ̌ = 2.17
Micronucleus Gama & Poisson  ̨ = 1.79,  ̌ = 5.97
Nuclear buds Gama & Poisson  ̨ = 0.41,  ̌ = 2.72
Apoptotic fragments Gama & Poisson  ̨ = 2.45,  ̌ = 24.49
Binuclear cells Gama & Poisson  ̨ = 3.61,  ̌ = 6.23
Bilobed nucleus Gama & Poisson  ̨ = 1.00,  ̌ = 0.01

a According to mathematical solution presented by Kinas and Andrade (2010).

class index corresponded to augmented DNA damage. Approxi-
mately 100 nucleoids were observed per fish. Measurements were
performed in duplicate. Comet score was calculated multiplying
the number of nucleoids belonging to each class by the respective
class index. Therefore, higher comet scores corresponded to higher
DNA strand breaks.

Non-reversible DNA damages were accessed in 103 cells per
fish (n = 16) by counting the frequency of micronucleated cells,
nuclear buds, binucleated cells and cells with nucleus presenting
apoptotic fragments. These parameters were evaluated following
the procedures described by Barsiene et al. (2006). The frequency
of cells with bilobed nucleus was also considered. It is known
that hematopoietic organs can release immature cells into the
fish bloodstream (Heath, 1995). These immature erythrocytes may
show a nucleus still in division, which has the appearance of a
cell with bilobed nuclei. Therefore, the frequency of erythrocytes
with bilobed nucleus was  considered as an index of immature cells
release into the blood stream.

2.3. Statistical analyses

Statistical analyses were performed using Bayesian methods as
described by Gelman et al. (2004). All mathematical basis for statis-
tical procedures used in the present study is explained in details by
Kinas and Andrade (2010). Briefly, the model of probability (nor-
mal  or abnormal distributions) most appropriate for average and
standard deviation calculation was generated for each parameter,
allowing a deeper and more adjusted inference. It is worth to note
that the Bayesian approach came up as the most adequate method
to analyze the probability of alternative hypothesis, given the eco-
toxicological context in which the present study was  performed, as
well as the data effectively generated. Therefore, data and their dis-
tribution models reported allow the incorporation of new data from
future laboratory and even environmental studies, constituting a
tentative tool to be used for environmental management.

Conjugated families of probability were used to calculate a pos-
teriori distributions for averages and standard deviations. In terms
of variables, parameters analyzed are expressed as concentration,
content, rate, or counting. This type of data tend to follow a normal
distribution, while counting data are likely described by Poisson
distribution (Gelman et al., 2004). Therefore, the conjugated family
of normal-gamma a posteriori distributions with non-informative
priori was used to estimate averages and standard deviations for
most of the parameters analyzed, which were assumed to follow a
normal distribution (Table 2). For nuclear abnormalities and comet
assay data, the conjugated family of gamma  distribution was used,
since they were obtained by counting and were assumed to fol-
low a Poisson distribution. These gamma  distributions have two
prior hyper-parameters, which are  ̨ and ˇ. These parameters can
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be derived from prior averages and standard deviation since there
is a strict relationship between them (Gelman et al., 2004). In this
case,  ̨ is the square of average divided by the square of standard
deviation, while  ̌ is described as being the average divided by the
square of standard deviation. In the present study, prior average and
deviation values used for DNA damage parameters were obtained
from Barsiene et al. (2006), Amado et al. (2006), and Negreiros et al.
(2011). Values reported in these studies for control animals were
compiled and used to adjust the a priori parameters for a gamma
probability distribution for each DNA damage parameter, where
the a priori expectancies were the mean values found in those stud-
ies, while a priori standard deviations were the values reported in
these studies multiplied by 3 in order to increase the prior open-
mindedness. The respective hyper-parameters (  ̨ and ˇ) for each
DNA damage parameter are shown in Table 2.

To access the strength of evidence for differences among treat-
ments, frequentist hypothesis testing was replaced with Bayes’s
decision, based on the a posteriori odds ratio and Bayes factor
(Jeffreys, 1961). The posterior distributions of differences (i.e. aver-
age group 1 and average group 2) for the most likely averages for
each treatment and parameter were obtained from simulations.
Then, distributions of differences were evaluated for the position
around zero. Posteriori differences concentrated around zero favor
hypothesis zero (H0), negating the difference between averages. In
turn, a posteriori distributions of differences away from zero favor
hypothesis 1 (H1), accepting the difference between averages. For
these tests, we used a priori odds ratio = 1 (i.e. giving the same a
priori probability to both H0 and H1) and a loss w0 = 5 and w1 = 1
for erroneously rejecting H0 and H1, respectively. Bayes factor (BF)
is only reported when significant differences are pointed out in Sec-
tion 3. It may  be worth to mention that BF express how many times
H1 is more likely to occur than H0, and a BF value higher than 3.14
is considered as a substantial evidence against H0 (Jeffreys, 1961).
According to the methodology adopted, H0 was rejected only when
BF was higher than 5. Relationship between parameters analyzed
was evaluated using the Pearson linear correlation coefficient.

3. Results

No mortality was observed in control and copper-exposed fish,
but almost all parameters evaluated were significantly affected by
waterborne copper exposure. However, not all of them showed
a clear concentration-dependent response in the range of copper
concentrations tested.

Reactive oxygen species content was increased (1.3-fold) in liver
of fish exposed to 20 !g Cu L−1 (BF > 22). Also, gills of fish exposed
to 9 !g Cu L−1 (BF > 8) and 20 !g Cu L−1 (BF > 7) showed higher ROS
content (1.6-fold) when compared to the ROS content observed in
gills of fish exposed to 5 !g Cu L−1. In the other hand, ROS content
was slightly reduced (0.8-fold) in muscle of fish exposed to 5 !g
Cu L−1 (BF > 5) (Fig. 1A).

ACAP was significantly increased (2.6-fold) in liver of fish
exposed to 20 !g Cu L−1 (BF > 54) and reduced (0.5-fold) in muscle
of those exposed to 5 !g Cu L−1 (BF > 77) (Fig. 1B).

MT  concentration was reduced in liver of fish exposed to 5 !g
Cu L−1 (0.6-fold; BF > 5) and 20 !g Cu L−1 (0.7-fold; BF > 7). Similar
reduction (0.6-fold) was observed in gills of those exposed to 5 !g
Cu L−1 (BF > 7). However, significant increase in MT concentration
was observed in gills of fish exposed to 9 !g Cu L−1(1.4-fold; BF > 8)
and 20 !g Cu L−1 (1.5-fold; BF > 6) (Fig. 1C).

Regarding key enzymes involved in the antioxidant defense sys-
tem (Fig. 2), SOD activity was reduced in liver of fish exposed to
20 !g Cu L−1 (0.6-fold; BF > 6) and in gills of those exposed to 5 !g
Cu L−1(0.7-fold; BF > 6) or 9 !g Cu L−1 (0.6-fold; BF > 14). In mus-
cle, no significant change was observed (Fig. 2A). A linear increase

Fig. 1. (A) Reactive oxygen species (ROS) production, (B) total antioxidant capac-
ity  against peroxyl radicals (ACAP), and (C) metallothionein-like proteins (MT)
concentration in liver, gills, and muscle of the guppy P. vivipara kept under con-
trol  conditions (open bars) or exposed (96 h) to 5 !g Cu L−1 (diagonally hatched
bars), 9 !g Cu L−1 (diagonally inverted hatched bars) and 20 !g Cu L−1 (diagonally
hatched and diagonally inverted hatched bars) in salt water (salinity 24 ppt). Data
are  expressed as mean ± standard deviation of posterior distribution (ROS: n = 4–6;
ACAP: n = 4–6; MT:  n = 7–9). Different letters indicate significantly different mean
values among treatments for each tissue.

in CAT activity was observed in liver of fish exposed to copper
(r2 = 0.89), with enzyme activity being significantly different from
control values in those exposed to 5 !g Cu L−1 (1.2-fold; BF > 14)
and 20 !g Cu L−1 (4.4-fold; BF > 833). No significant change was
observed in muscle CAT activity (Fig. 2B). GR activity was increased
in liver of fish exposed to 5 (2.6-fold; BF > 13) and 9 !g Cu L−1 (2.4-
fold; BF > 10) (Fig. 2C). A linear increase in GST activity was  observed
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Fig. 2. (A) Superoxide dismutase (SOD), (B) catalase (CAT), (C) glutathione reductase (GR) and (D) glutathione S-transferase (GST) activity in liver, gills, and muscle of the
guppy  P. vivipara kept under control (open bars) or exposed (96 h) to 5 !g Cu L−1 (diagonally hatched bars), 9 !g Cu L−1 (diagonally inverted hatched bars) and 20 !g Cu L−1

(diagonally hatched and diagonally inverted hatched bars) in salt water (salinity 24 ppt). Data are expressed as mean ± standard deviation of posterior distribution (SOD:
n  = 4–6; CAT: n = 7–9; GR: n = 5; GST: n = 5–7). Different letters indicate significantly different mean values among treatments for each tissue.

as a function of copper concentration in liver (r2 = 0.72). How-
ever, a significant increased enzyme activity was only observed in
liver of fish exposed to 9 !g Cu L−1 (1.3-fold; BF >5). An increased
(2.1-fold) GST activity was  observed in muscle of fish exposed to
9 !g Cu L−1 (BF > 21), while a decreased (0.6-fold) enzyme activity
was observed in muscle of those exposed to 20 !g Cu L−1 (BF > 9)
(Fig. 2D).

In liver, exposure to all copper concentrations induced increases
in TBARS value as high as 3.1-fold (BF > 1387), suggesting signifi-
cant increases in LPO. In gills, significant increases in TBARS values
were observed in fish exposed to 9 !g Cu L−1 (2.1-fold; BF > 123)
and 20 !g Cu L−1 (2.2-fold; BF > 138) (Fig. 3). In fact, a linear increase
as a function of copper concentration in the water was  observed in
TBARS values in liver (r2 = 0.84) and gills (r2 = 0.76). A very strong
positive correlation was observed between ROS content and TBARS
levels in gills (r2 = 0.97) and between TBARS levels in gills and liver
(r2 = 0.99). In muscle, only fish exposed to 9 !g Cu L−1 showed sig-
nificantly increased TBARS values (1.2-fold; BF > 21) (Fig. 3).

Regarding recoverable DNA damage (strand breakage), class
distribution and score values from the comet assay indicated a sig-
nificant increase in DNA single and double breaks in peripheral
erythrocytes of fish exposed to any copper concentration tested
(BF > 919) (Fig. 4). It is worth to note that fish exposed to 20 !g
Cu L−1 showed a significant reduction (0.8-fold) compared to those
exposed to 9 !g Cu L−1 (BF > 10). They showed less nucleoids in
classes 2 and 3, and a consequently lower Comet score. This pattern
is similar to that observed for nuclear buds and apoptotic fragment
frequencies (Fig. 5A), which were significantly higher (5.5-fold)
in fish exposed to 9 !g Cu L−1(BF ∼ ∞). However, micronucleated

cells frequency was  increased in fish exposed to 9 !g Cu L−1 (2.5-
fold; BF > 45) and 20 !g Cu L−1 (3.0-fold; BF > 171) (Fig. 5B). In fact,
a highly significant and positive linear correlation was observed
between micronucleated cell frequency and copper concentration

Fig. 3. Lipid peroxidation (LPO) in liver, gills, and muscle of the guppy P. vivipara kept
under control conditions (open bars) or exposed (96 h) to 5 !g Cu L−1 (diagonally
hatched bars), 9 !g Cu L−1 (diagonally inverted hatched bars) and 20 !g Cu L−1 (diag-
onally hatched and diagonally inverted hatched bars) in salt water (salinity 24 ppt).
Data are expressed as mean ± standard deviation of posterior distribution (n = 6–10).
Different letters indicate significantly different mean values among treatments for
each tissue.
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Fig. 4. DNA damage measured through Comet assay in erythrocytes of the guppy
P.  vivipara kept under control conditions (control) or exposed (96 h) to different
concentrations of waterborne copper in salt water (salinity 24 ppt). For Comet class
(left  y-axis) (class 0: open bars; class 1: diagonally hatched bars; class 2: diagonally
inverted hatched bars; class 3: double hatched bars), bars represent means and ver-
tical lines correspond to standard deviation of posterior distribution. For comet score
(right y-axis), data are expressed as mean (closed circles) ± standard deviation (ver-
tical lines) of posterior distribution (n = 4–6). Different letters indicate significantly
different mean values among treatments for each parameter analyzed.

in the water (r2 = 0.90). The frequency of erythrocytes with
bilobed nuclei decreased (0.8-fold) in fish exposed to 5 !g Cu L−1

(BF > 3400), while it increased (1.1-fold) in those exposed to 20 !g
Cu L−1 (BF > 28). The frequency of binucleated cells did not change
after exposure to the copper concentrations tested (Fig. 5A).

4. Discussion

Copper concentrations tested in the present study (0–20 !g
Cu L−1) can be considered as being acutely sublethal to the guppy
P. vivipara acclimated to salt water (salinity 24 ppt). In fact, no fish
mortality was  observed at any experimental condition tested. A lack
of fish mortality was also previously observed in another experi-
ment performed under the same experimental conditions (salinity,
time of exposure, and copper concentrations) with P. vivipara in
our laboratory. In this study, no significant copper accumulation
was observed in whole-body (control fish = 1.45 ± 0.30 !g g−1 wet
weight), gills (control fish = 16.42 ± 3.87 !g g−1 wet weight) and
liver (control fish = 99.15 ± 22.02 !g g−1 wet weight) of saltwater
guppies acutely (96 h) exposed to 5, 9 and 20 !g Cu L−1. However,
copper was significantly accumulated in the gut of these fish (con-
trol fish = 18.77 ± 3.82 !g g−1 wet weight) (Silva et al., 2013). Taken
altogether, these findings indicate that the internal concentrations
of copper are well under tight homeostatic control within the range
of concentrations tested (0–20 !g Cu L−1). Also, they point that the
actual Brazilian environmental regulation (CONAMA, 2005) is effec-
tively protecting the guppy P. vivipara in salt water if we consider
only acute exposure (96 h) and lethal effects. However, as demon-
strated in the present study and discussed below, acute exposure
to copper concentrations as low as 5 !g Cu L−1 induced several rel-
evant biochemical and genetic effects in P. vivipara acclimated to
salt water.

All biomarkers analyzed in the present study are reported to
respond to copper or other metals present in the aquatic environ-
ment (Heath, 1995; Handy, 2003; Amado et al., 2006; Monserrat
et al., 2007; Nordlie, 2009; Alsop and Wood, 2011; Wang et al.,
2011). It is accepted that they integrate several molecular and cellu-
lar processes, providing a general picture on the organism’s health.
On the other hand, it is recognized that they can be influenced by
distinct physiological processes, which may  mask their response to

Fig. 5. DNA damage measured through nuclear abnormalities in erythrocytes of the
guppy P. vivipara kept under control conditions (open bars) or exposed (96 h) to 5 !g
Cu  L−1 (diagonally hatched bars), 9 !g Cu L−1 (diagonally inverted hatched bars) and
20  !g Cu L−1 (diagonally hatched and diagonally inverted hatched bars) in salt water
(salinity 24 ppt). (A) Frequency of nuclear abnormalities: nuclear buds, binucleated
cells, cells with nucleus presenting apoptotic fragments, cells with bilobed nucleus.
(B) Frequency of micronucleated cells. Bars indicate means and vertical lines repre-
sent  standard deviation of posterior distribution (n = 16). Different letters indicate
significantly different mean values among treatments for each parameter analyzed.

low concentrations of contaminants, thus hampering their use as
suitable tools in biomonitoring programs (for review: Monserrat
et al., 2007).

Findings from the present study show that not all of the analyzed
biomarkers were able to respond to the environmentally relevant
concentrations of copper tested (Chester, 2003; Nayar et al., 2003;
Azetsu-Scott et al., 2007; D’Adamo et al., 2008). Furthermore, only
few of them showed a clear relationship between the degree of
response and the concentration of copper in water. After consider-
ing the consistency of the response of each parameter evaluated,
as well as their physiological relevance, sensitivity to copper, and
our previous knowledge on their response to high copper concen-
trations, it was possible to classify the potential of each biomarker
response as a suitable biomarker to monitor the salt water contam-
ination with low and high copper concentrations using the guppy
P. vivipara (Table 3). Arguments supporting the selection of some
biomarkers as potential tools for biomonitoring purposes and their
physiological meaning are discussed below.

Let us first consider our findings on tissue MT  concentration
in the guppy P. vivipara exposed to waterborne copper in salt
water, since this biomarker is generally used to identify exposure
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Table  3
Responsive biomarkers to copper exposure in the guppy P. vivipara acclimated to salt water. Sensitivity level, physiological relevance and potential as a useful tool to monitor
low  and high levels of copper in aquatic environments are presented.

Parameter Sensitivitya (!g Cu L−1) Physiological relevance Concentration response Potential as biomarker

Low levels High levels

SOD 5 Exposure biomarker No Low Medium
CAT  5 Exposure biomarker Yes High High
GR  5 Exposure biomarker No Low Low
GST  9 Exposure biomarker No Low Medium
MT  5 Exposure biomarker No Low High
ROS  9 Exposure biomarker No Medium High
ACAP  5 Health condition No Medium High
LPO  5 Effect biomarker Yes High High
CA  5 Effect biomarker Yes High High
NB  5 Effect biomarker Yes Medium Medium
BN  5 Effect biomarker No Low Low
AF  9 Effect biomarker No Low Medium
MC  9 Effect biomarker Yes High High

a The lower copper concentration inducing a significant biomarker response. SOD: superoxide dismutase; CAT: catalase; GR: glutathione reductase; GST: glutathione
S-transferase; MT:  metallothionein-like proteins; ROS: reactive oxygen species; ACAP: antioxidant capacity against peroxyl radicals; LPO: lipid peroxidation; CA: comet
assay;  NB: nuclear buds frquency; BN: bilobed nucleus frequency; AF: apoptotic fragments frequency; and MCF: micronucleated cells frequency.

of aquatic animals to metals, including copper (Langston and
Bebianno, 1998). MT  is a family of cysteine-rich proteins, show-
ing low molecular weight and high capacity for chelating metals,
including copper (Valko et al., 2005). Also, their role as antioxi-
dant agent is reported, since they are able to bind free radicals (for
review: Monserrat et al., 2007). Therefore, these cytosolic proteins
can contribute to decrease the deleterious effects of metals and
ROS (Viarengo et al., 1997; Martins and Bianchini, 2009). In fact, an
increased ROS content associated with an augmented MT  level was
observed in gills of fish exposed to 9 and 20 !g Cu L−1. In turn, this
increased level of MT  would be related to higher levels of whole-
body copper accumulation, since copper is shown to induce MT
synthesis in aquatic animals (for review: Monserrat et al., 2007).
As opposed to gills, liver showed an increased ROS content which
was paralleled by a decreased MT  content. Taken altogether, these
findings suggest that MT  would be ‘mobilized’ at some extent from
the liver to support in some way the gills to keep increased MT
levels in order to avoid or reduce the direct effect of waterborne
copper on this multifunctional organ.

ROS are generated naturally as side products of certain
metabolic pathways (Lushchak, 2011), especially during aerobic
metabolism. Therefore, all aerobic animals show mechanisms to
scavenge ROS (Geracitano et al., 2002; Valko et al., 2005). Such
mechanisms are crucial in the whole-organism homeostasis, since
ROS can react with biomolecules causing damages to DNA, proteins
and lipids (Stohs and Bagchi, 1995). Genotoxicity and disturbances
in membrane fluidity are some consequences from these injuries,
respectively (Heath, 1995). However, several environmental and
anthropogenic stressors, such as salinity changes and chemical pol-
lution, can induce an excessive ROS production. In this case, toxicity
would be directly associated with the metal effect on the balance
between ROS production and antioxidant (enzymatic and non-
enzymatic) defenses (for review: Monserrat et al., 2007). However,
these stressors can also indirectly affect ROS production and tox-
icity by increasing metabolic rates (Martins and Bianchini, 2009).
In this case, some organisms might show a depressed metabolism
in certain tissues as a strategy to reduce ROS production and to
better deal with the contaminant exposure. This could explain the
lack of change in ROS content in muscle of P. vivipara exposed to
9 and 20 !g Cu L−1. In turn, the reduced ROS content observed in
muscle of guppies exposed to 5 !g Cu L−1 is consistent with the
concomitant reduced ACAP value found in this tissue under this
experimental condition.

It is important to note that alterations in ROS content are
associated with changes in the activity of several enzymes and
concentration of antioxidant molecules to adequately scavenge the

distinct types of ROS and avoid the subsequent deleterious oxida-
tive damages in tissues (Lushchak, 2011). Some of these enzymes,
such as SOD and CAT, are usually regulated by complex and inter-
playing systems sensitive to the concentration of their substrates
(Lushchak, 2011). Thus, these enzymes usually show increased
activity when production of superoxide and peroxide anions are
increased up to some level, respectively (McCord and Fridovich,
1969; Beutler, 1975; Lushchak, 2011). The reactions catalyzed by
these two  enzymes are likely to occur one followed by the other.
However, in the present study SOD activity was slightly reduced
in liver of P. vivipara exposed to copper while CAT activity was
strongly increased, suggesting the existence of uncoupled reactions
for superoxide and peroxide radicals. Some authors suggest that
contaminants may  cause peroxisomal proliferation as a process
related to an increased CAT activity after exposure to the contam-
inant (Valko et al., 2005; Amado et al., 2006). In fact, CAT activity
has been reported to be more sensitive to other water contami-
nants (atrazine and phenanthrene) than SOD activity in the guppy
P. vivipara acclimated to salt water (unpublished data). Therefore,
CAT activity seems to be a more suitable tool as a biomarker in
water quality monitoring programs than SOD activity, especially
because it is cheaper and easier to measure.

GR and GST are also among the main enzymatic antioxidants
(Roche and Bogé, 1993). While GR recycles the GSSH to GSH,
GST conjugates the GSH with toxicants or ROS, allowing their
metabolism by the P-450 complex (for review: Monserrat et al.,
2007). In the present study, activities of these enzymes in gills
and muscle of the guppy P. vivipara were not clearly responsive
to copper exposure. However, GR activity was increased in liver
of fish exposed to 5 and 9 !g Cu L−1, while GST activity seems to
respond only at concentrations higher than 9 !g Cu L−1, when GR
activity starts to decrease. These findings suggest that fish exposed
to lower copper concentrations recycles GSSH, thus leading to a
lower consumption of GSH. In turn, a larger consumption of this
antioxidant agent would occur through the GST route when fish
are exposed to higher copper concentrations. The increased GST
activity observed in the liver as a function of copper concentration
in the exposure medium can also be related to the higher levels
of DNA breaks recorded in erythrocytes of fish exposed to copper.
In fact, GST has been pointed out as being involved in the defense
mechanism against the DNA peroxidative products (Amado et al.,
2006).

Although the activities of the enzymes discussed above may
provide important information on which mechanism of detoxifica-
tion are turned on, they were not sensitive or did not show a clear
copper concentration-dependent response, except in the case of
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liver CAT activity. It may  be possible that the activities of these
enzymes are not monotonically responsive to low copper concen-
trations, mainly due to the integrated and complex way on how
these enzymes are activated or deactivated within the whole chain
of reactions and interplaying gene activator factors (Valko et al.,
2005; Lushchak, 2011). Furthermore, their responses are not easily
extrapolated at higher levels of biological organization, decreasing
their applicability in biomonitoring programs. Therefore, we
suggest that the measurement of a single exposure biomarker,
such as liver catalase activity, may  provide enough information on
the exposure of the guppy P. vivipara to waterborne copper in salt
water.

Regarding the most integrative parameters of the tissue oxida-
tive status, it is important to note that ACAP integrates the response
of most enzymatic and non-enzymatic antioxidants, while LPO is
an indicative of the ROS/ACAP balance. Moreover, some contami-
nants such as copper may  interact with biomolecules, thus causing
direct oxidative damages to these molecules, which in turn are
reflected in part by increased LPO values (Stohs and Bagchi, 1995).
Therefore, LPO and ACAP responses have been pointed as useful
biomarkers of effect and exposure, respectively (Rose et al., 2006).
In fact, metal-induced oxidative stress is well reported in estuarine
and marine vertebrates and invertebrates (Roche and Bogé, 1993;
Heath, 1995; Geracitano et al., 2002; Ferreira-Cravo et al., 2009).
In general, copper is considered as having a high oxidative poten-
tial (Stohs and Bagchi, 1995). Its effectiveness in inducing oxidative
stress is in fact linked to its ability to participate in Fenton-like reac-
tions and cycle between Cu(II) and Cu(I) oxidation states within
the cell (Jomova et al., 2012). This characteristic could explain the
toxic effects of this metal in estuarine animals (Ferreira-Cravo et al.,
2009).

In the present study, ACAP was increased in liver of fish exposed
to 20 !g Cu L−1, while LPO showed a clear tendency of increase
as copper concentration augmented in salt water. The observed
increase in ACAP is likely a result from the response of the biochem-
ical and physiological mechanisms in attempt to avoid or reduce
the tissue damage induced by the increased ROS content. It can
be explained, at least in part, considering the observed increase
in liver CAT activity. However, it is important to note that the
observed increase in ACAP was not enough to completely avoid the
oxidative damage in the liver, since higher LPO levels were con-
comitantly observed. The clear copper concentration-dependent
response showed by liver LPO and its integrative relationship with
ACAP suggest the use of this biologically relevant biomarker of
effect in the scope of biomonitoring programs in salt water envi-
ronments contaminated with copper. However, its likely lack of
specificity to copper must be taken into account.

Let us now consider the oxidative damage to DNA induced by
copper in the guppy P. vivipara. Waterborne copper exposure sig-
nificantly induced DNA strand breaks and nuclear abnormalities in
fish erythrocytes. These oxidative damages are consistent with the
increased ROS content and LPO values observed in gills and liver
of copper-exposed fish, as discussed above. These findings have at
least two major implications, one related to the physiology of the
guppy P. vivipara, and another linked to the use of these parameters
as biomarkers in biomonitoring programs.

At the physiological point of view, genetic damage observed
indicate that exposure to low concentrations of waterborne copper
can induce DNA damage in P. vivipara. This statement is based on
the consistent response of the large suite of parameters analyzed,
i.e., Comet score and frequency of nuclear buds, apoptotic frag-
ments and micronucleated cells. Although Comet scores were sim-
ilar in 5 and 20 !g Cu L−1, erythrocytes from fish exposed to 20 !g
Cu L−1 are likely to show significantly higher mutation levels, which
are indicated by the increased frequency of micronucleated cells.
The recovered condition observed in Comet score, as well as in the

frequency of nuclear buds and apoptotic fragments in erythrocytes
of fish exposed to 20 !g Cu L−1 could be explained considering
an increased release of young cells into the bloodstream of fish.
This statement is supported by the significant increase in bilobed
cells observed in fish exposed to this copper concentration. Indeed,
the release of young cell into the fish bloodstream appears to be
reduced in fish exposed to 5 !g Cu L−1 and stimulated in those
exposed to 9 !g Cu L−1. An integrative analysis of the release rate of
young cells and the efficiency of processes involved in DNA  break
recovery is reflected by the micronucleated cell frequency. Data
reported in the present study suggest that even when more cells
are provided into the bloodstream, fish erythrocytes cannot fully
reverse the occurrence of single or double DNA breaks induced
by copper exposure. This statement is supported by the significant
increase in micronucleated cell frequency observed in erythrocytes
of fish exposed to 9 and 20 !g Cu L−1. The highly significant and
positive linear correlation found between the micronucleated cell
frequency and the copper concentration in water also supports this
idea.

Considering the biomonitoring aspect, DNA breaks and clas-
togenicity parameters are considered as being closely related
to genotoxicity and carcinogenesis (Mitchelmore and Chipman,
1998), putting them amongst the most relevant biological param-
eters. Therefore, findings reported and discussed above regarding
these parameters would suggest their use as useful biomarkers in
biomonitoring programs in saltwater environments contaminated
with copper. The sensitivity of these parameters to waterborne cop-
per exposure and the relationship observed between the degree of
response and copper concentration in the water support this idea.
However, further studies are necessary to verify the specificity of
the response of these parameters only to waterborne copper.

In the sections above, we  have discussed the responses
of the various biomarkers in terms of sensitivity, consistency,
dose–response and biological relevance. However, toxicant speci-
ficity is also an important factor to be considered regarding the use
of biomarkers in environmental quality assessment. Although sev-
eral of the biomarkers evaluated in the present study have been
considered as being specific to certain classes of contaminants
(Heath, 1995; Langston and Bebianno, 1998), the most accepted
current idea is that none of them are really toxicant-specific.
Taking results from the present study together with those from
other similar studies performed with other contaminants, such as
the herbicide atrazine and the polycyclic aromatic hydrocarbon
phenanthrene (unpublished data), liver catalase activity, LPO and
DNA damages appear to better characterize the fish exposure to
copper under the experimental conditions employed, especially
when these biomarkers are considered jointly. It might be possible
to infer which is the major contaminant or environmental stressor
using the biomarker approach, especially when appropriate statis-
tical analyses are employed. In fact, adding more information in a
posteriori distribution using the Bayesian approach would certainly
increase the accuracy of the environmental assessment performed.
Therefore, further studies using different copper concentrations in
a variety of water chemistry conditions, as well as deeper model-
ing and exploratory approaches would certainly help to improve
the selection of a biomarker or a combination of biomarkers that
can better identify copper as the major stressor.

In summary, the responses of a large suite of biochemical
and genetic biomarkers after acute exposure to environmentally
relevant concentrations of copper were evaluated in the estuar-
ine guppy P. vivipara acclimated to salt water (24 ppt). Findings
reported in the present study clearly indicate that waterborne cop-
per can significantly disturb biologically relevant parameters in P.
vivipara exposed to copper concentrations as low as 5 !g L−1 in salt
water. Considering the fact that P. vivipara shows a wide distribu-
tion, high capability to face a wide range of salinities (0–30 ppt),
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high tolerance to inorganic and organic water contaminants, easy
maintenance and cultivation in laboratory, small size, and response
of several biomarkers to environmentally relevant concentrations
of waterborne copper, we  can suggest it as a potential biomoni-
tor of copper contamination in salt water. It is important to note
that some biomarkers seem not to respond monotonically to the
copper concentrations tested. According to the characteristics con-
sidered in the present study (Table 3), catalase activity in liver, ROS,
ACAP and lipid peroxidation in muscle, gills and liver, and DNA
damages in erythrocytes could be considered as important tools
for biomonitoring programs in salt water environments contam-
inated with copper. Despite the fact that these parameters could
also be responsive to other aquatic contaminants, such as organic
compounds or other metals than copper, it is worth to note that
they showed a response clearly dependent on copper concentra-
tion in the water. Therefore, further studies would be important
to analyze the response of these biomarkers to other contaminants
and other environmental stressors for a better understanding of the
relationship between each environment factor and the biomarker
response.
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Interciência, Rio de Janeiro.

Nordlie, F.G., 2009. Environmental influences on regulation of blood plasma/serum
components in teleost fishes: a review. Reviews in Fish Biology and Fisheries 19,
481–564.

Oakes, K.D., Van Der Kraak, G.J., 2003. Utility of the TBARS assay in detecting oxida-
tive stress in white sucker (Catostomus commersoni) populations exposed to pulp
mill effluent. Aquatic Toxicology 63, 447–463.

Paytan, A., Mackeya, K.R.M., Chena, Y., Limac, I.D., Doneyc, S.C., Mahowaldd, N.,
Labiosae, R., Post, A.F., 2009. Toxicity of atmospheric aerosols on marine phy-
toplankton. Proceedings of the National Academy of Sciences 106, 4601–4605.

Phillips, D.J.H., 1980. Quantitative Aquatic Biological Indicators. Applied Science
Publishers, London.

Pinho, G.L.L., Pedroso, M.S., Rodrigues, S.C., Souza, S.S., Bianchini, A., 2007. Physi-
ological effects of copper in the euryhaline copepod Acartia tonsa: waterborne
versus waterborne plus dietborne exposure. Aquatic Toxicology 84, 62–70.

http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0005
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0010
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0015
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0020
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0025
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0030
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0035
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0040
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0040
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0040
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0040
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0040
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0040
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=459
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0050
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0055
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0060
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0065
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0070
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0075
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0080
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0090
http://www.inct-ta.furg.br/
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0210


A.A.d.S. Machado et al. / Aquatic Toxicology 138– 139 (2013) 60– 69 69

Roche, H., Bogé, G., 1993. Effects of Cu, Zn and Cr salts on antioxidant enzyme activ-
ities in vitro of red blood cells of a marine fish Dicentrarchus labrax.  Toxicology
In Vitro 7, 623–629.

Rose, W.L., Nisbet, R.M., Green, P.G., Norris, S., Fan, T., Smith, E.H., Cherr, G.N., Ander-
son, S.L., 2006. Using an integrated approach to link biomarker responses and
physiological stress to growth impairment of cadmium-exposed larval topsmelt.
Aquatic Toxicology 80, 298–308.

Santos, M.H.S., Cunha, N.T., Bianchini, A., 2000. Effects of copper and zinc on
growth, feeding and oxygen consumption of Farfantepenaeus paulensis postlar-
vae (Decapoda: Penaeidae). Journal of Experimental Marine Biology and Ecology
247, 233–242.

Silva, E.S., Abril, S.I.M., Zanette, J., Bianchini, A., 2013. Transcriptional characteri-
zation of copper transporters CTR1 and ATP7B in the guppy Poecilia vivipara:
influence of copper and salinity in gene expression. Aquatic Toxicology, in prepa-
ration.

Stohs, S.J., Bagchi, D., 1995. Oxidative mechanisms in the toxicity of metal ions. Free
Radical Biology and Medicine 18, 321–336.

Tice, R.R., Agurell, A., Anderson, D., Burlinson, B., Hartmann, A., Kobayashi, H., Miya-
mae, Y., Rojas, E., Ryu, J.C., Sasaki, Y.F., 2000. Single cell gel/comet assay:
guidelines for in vitro and in vivo genetic toxicology testing. Environmental and
Molecular Mutagenesis 35, 206–221.

Valko, M.,  Morris, H., Cronin, M.T.D., 2005. Metals, toxicity and oxidative stress.
Current Medicinal Chemistry 12, 1161–1208.

Viarengo, A., Ponzano, E., Dondero, F., Fabbri, R., 1997. A simple spectophotomet-
ric method for metallothionein evaluation in marine organisms: an application
to  Mediterranean and Antarctic molluscs. Marine Environment Research 44,
69–84.

Wang, C., Lu, G., Wang, P., Wu,  H., Qi, P., Liang, Y., 2011. Assessment of environmen-
tal pollution of Taihu Lake by combining active biomonitoring and integrated
biomarker response. Environmental Science and Technology 45, 3746–3752.

http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0245
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0250
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0255
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260
http://refhub.elsevier.com/S0166-445X(13)00098-2/sbref0260

	Biomarkers of waterborne copper exposure in the guppy Poecilia vivipara acclimated to salt water
	1 Introduction
	2 Materials and methods
	2.1 Fish collection and copper exposure
	2.2 Biochemical and genetic analyses
	2.2.1 Oxidative stress parameters
	2.2.2 Oxidative damage parameters

	2.3 Statistical analyses

	3 Results
	4 Discussion
	Acknowledgments
	References


