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ABSTRACT

Effects of copper in sediments on benthic macroinvertebrate communities in tropical reservoirs

Copper (Cu) is an essential trace element but can be toxic to biota when present above a certain threshold concentration.
There are many anthropogenic sources of copper, which can accumulate in sediments. Benthic macroinvertebrates (BMI) are
organisms that inhabit the sediments, so they can be good indicators of sediment toxicity. The objective of this work was to test
BMI community responses to a range of Cu concentrations in sediments. For this purpose, we used mouthpart alterations and
bioaccumulation as endpoints. Sediment samples were collected, and in situ analyses of water variables were conducted at nine
sampling points distributed along three interconnected reservoirs of the Cantareira System in Sao Paulo State, Brazil. Copper
concentrationswere determined in the sediments, chironomid larvae and oligochaetes. The results indicated that contamination
of the sediments collected from the Paiva Castro reservoir was sufficient to cause Cu bioaccumulation in larval Chironomidae.
No bioaccumulation was observed in oligochaetes or in any of the organisms from control locations. A linear model, rather
than the logistic model generally considered in dose-response assays, best fitted the observed mouthpart alterations and Cu
concentrations. Extrapolation of the model indicated that a Cu concentration of 58.60 mg/Kg, instead of the proposed PEL
value of 108 mg/Kg, would be sufficient to cause observable alterations in 50% of the Chironomidae larvae. Moreover, our
results showed that Cu levels higher than 13 mg/Kg can cause adverse effects in BMI communities and that the levels found
in the Paiva Castro reservoir (15.19-41.18 mg/Kg) were sufficient for bioaccumulation in chironomids.
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RESUMO

Efeitos do cobre (Cu) sobre a comunidade de macroinvertebrados em sedimentos de reservatórios tropicais

O Cu é um elemento traço essencial que pode tornar-se tóxico para a biota quanto ocorre em concentrações acima
de determinados valores. Há diferentes fontes antrópicas deste metal que acaba por se acumular nos sedimentos. Os
macroinvertebrados bentônicos (BMI) são organismos que vivem nos sedimentos e são considerados bons bioindicadores.
Para tanto, alterações em peças bucais, consideradas neste estudo como qualquer alteração observável, e bioacumulação,
foram as respostas biológicas analisadas. Amostras da água e dos sedimentos foram coletadas em nove pontos amostrais
distribuídos ao longo de três reservatórios do Sistema Cantareira, São Paulo, SP, Brasil. As concentrações de Cu nos
sedimentos, larvas de Chironomidae e Oligochaeta foram determinadas. Os resultados indicam que os sedimentos do
reservatório Paiva Castro estão contaminados por Cu em concentrações suficientes para provocar bioacumulação em larvas
de Chironomidae. Não foi observada bioacumulação em Oligochaeta ou nas amostras controle. Foi obtido um modelo linear
ao invés do modelo logístico, geralmente utilizado em ensaios de dose-resposta, relacionando as alterações em peças bucais
com as concentrações de Cu nos sedimentos. A extrapolação do modelo indica que concentrações da ordem de 58.60 mg/Kg,
valor bem inferior ao proposto para PEL de 108 mg/Kg, já seriam suficientes para provocar efeitos observáveis em 50% das
larvas. Ademais, nossos resultados demonstram que níveis de Cu acima de 13 mg/Kg podem ocasionar efeitos adversos sobre
a comunidade BMI e que, além disso, as concentrações registradas no Paiva Castro (15.19-41.18 mg/Kg) já são suficientes
para resultar em bioacumulação em quironomídeos.

Palavras chave: Ecotoxicologia, macroinvertebrados, Chironomidae, Cobre, reservatórios tropicais.
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INTRODUCTION

Copper is an essential trace element for living or-
ganisms but can be toxic at high concentrations.
Common causes of Cu contamination of water
bodies include discharges of industrial effluents
(Yi et al., 2011), mining activities (Varol & Şen,
2012), metal processing (Yi et al., 2011), and
its presence in compounds used as pesticides in
agriculture (El Azzi et al., 2013) or algaecides
applied directly into the water (Fontana et al.,
2014).
Sediments gradually accumulate metals and

other pollutants (Bing et al., 2013), which can
then be released into the water column when
environmental conditions change (Akcil et al.,
2014). Furthermore, even if it is not released
into the water, copper can have impacts on the

organisms living in contact with the sediments,
affecting the distribution and composition of
their communities. Bioaccumulation can occur
in benthic macroinvertebrates (BMI) or at higher
trophic levels due to transfer through the food
chain (Walls et al., 2013).
BMI live in direct association with the sedi-

ments and are mainly sessile or have low mobil-
ity. They can survive in a wide variety of habitats
and have high species diversity. These character-
istics enable them to serve as good bioindicators
(Mandaville, 2002; Blijswijk et al., 2004). More-
over, because BMI communities are mainly com-
posed of detritivores, they are directly exposed to
metals that are present together with particulate
organic matter (Hogsden & Harding, 2012).
In metal-polluted environments BMI show re-

sponses at different levels of organization (com-

Figure 1. (Right) Approximate location of the Cantareira System in São Paulo State, Brazil. (Left) The Cantareira System and
its main tributaries and reservoirs as follows: the Jaguari (JGR), Cachoeira (CAR), Atibaia (ATR), and Juqueri rivers (JQR), and
the Jaguari (JG), Jacareí (JC), Cachoeira (CA), Atibaia (AT, not included in the present study), and Paiva Castro reservoirs (PC).
The connecting tunnels between the reservoirs are represented by dashed lines. The connecting tunnels between the reservoirs are
represented by dashed lines. A direita: localização aproximada do Sistema Cantareira no estado de São Paulo, Brasil. A esquerda:
O Sistema Cantareira com seus principais afluentes e reservatórios: rio Jaguari (JGR), rio Cachoeira (CAR), rio Atibaia (ATR),
rio Juqueri (JQR); reservatório Jaguari (JG), reservatório Jacareí (JC), reservatório Cachoeira (CA), reservatório Atibaia (AT, não
contemplado neste estudo) e reservatório Paiva Castro (PC). Os túneis que conectam os reservatórios estão representados pela linha
tracejada.
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munity, population, or individuals), and a rela-
tionship exists between deformities in chirono-
mid larvae and environmental pollution due to
metals and pesticides. In broad terms, three types
of studies have been conducted as follows: (1) en-
vironmental characterization and the association
of deformities with areas subject to greater pol-
lution by several metals (Ryu et al., 2011), (2)
laboratory simulations in which only one species
is tested (Di Veroli et al., 2012) and (3) pollution
assumed because of the presence of deformities
(Odume et al., 2012).
Our hypothesis was that the sediment levels

of Cu in the Paiva Castro reservoir are suffi-
cient to cause bioaccumulation and morpholog-
ical changes in benthic macroinvertebrates and
that these responses can be used to assess Cu con-
tamination. Thus, we investigated the response of
BMI to Cu present in the sediments at a range
of concentrations in some of the most important
reservoirs used for public water supply in Brazil
to contribute to the determination of safe levels
of Cu in the sediments of tropical environments.

MATERIALS ANDMETHODS

Study area

The Cantareira System is a series of intercon-
nected rivers and reservoirs designed to provide
water to the Metropolitan Region of São Paulo. It
supplies water to 58% of the region’s 17.2 million
people. The system diverts water from five main
rivers, the Jaguari, Jacareí, Atibaia, Cachoeira,
and Juqueri (Paiva Castro), which passes through
tunnels and channels that link reservoirs with the
same names (Fig. 1; Whately & Diniz, 2009).
The Cantareira System is located in an urban-

ized region that was originally a tropical rainfor-
est biome. According to the Instituto Socioambi-
ental (ISA), in 2003, 69.4% of the area was used
for anthropic purposes, and only 21% remained
covered with Atlantic rainforest. There is a high
level of anthropic use (79.4%) in the Cachoeira
basin, but the urbanized area is small (0.8%). In
contrast, the Juqueri basin has a greater area cov-
ered with natural vegetation (37%), with lower

anthropic usage (52.2%); 9.3% of the area is used
for urban settlement (Whately & Cunha, 2007).
Cu has accumulated in the sediments of the

Paiva Castro reservoir (Cardoso-Silva, 2013).
Pompêo (2012) reported that copper sulfate was
added to the Atibaia outflow just before the
junction with the Juqueri River to reduce the pro-
liferation of algae caused by eutrophication.
In previous research (Beghelli et al. 2014),

the concentrations of Al, As, Cd, Cr, Cu, Fe,
Ni, Pb and Zn were analysed in samples ob-
tained from the same sampling points used in this
study. Probable contamination of the sediments
of the Cantareira System by Cd, Cr and Cu was
indicated. Cadmium and copper concentrations
were higher in the Paiva Castro reservoir, and
chromium, in the Jaguari-Jacareí and Cachoeira.

Sampling design

Nine sampling locations were chosen along three
reservoirs as follows: the Jaguari-Jacareí (JG-
JC), which operates as a unity; Cachoeira (CA);
and Paiva Castro (PC), during July and August
2013 (supplementary material). To obtain sam-
ples rich in macroinvertebrates, littoral sampling
sites were used with depths of approximately
3 m (3.23±0.5). For bioaccumulation analysis,
CA3 was used as a control.

Water and sediments

At every sampling point, in situ measurements
of pH, electrical conductivity, dissolved oxygen,
and temperature were made using a Horiba U-
50 multiprobe, and transparency was measured
with a Secchi disk. The measurements were made
close to the reservoir beds.
Sediment samples were collected using an Ek-

man dredge (208 cm2). In the laboratory, a por-
tion of each sample was separated for grain size
and organic matter determinations, with a sepa-
rate portion being used for metal analysis. For
organic matter and grain-size analysis, the mate-
rial was previously dried at 100 ◦C for 2 h, sieved
(0.2 mm), and weighed with an analytical bal-
ance (Shimadzu AUX 220) to a precision of 1mg.
The proportion of organic matter was determined
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as described by Wetzel & Likens (2000), and the
relative amounts of fine (< 0.212 mm) and coar-
se inorganic and organic matter were calculated.
The total Cu and Al concentrations in the sed-

iments were determined (in triplicate) by ICP-
OES (Agilent Technologies 700 Series) accord-
ing to Method 3050B (USEPA, 1996). A dig-
itally controlled heater plate (Quimis, Q313M)
was used to improve sample digestion, and a
multi-element 100 mg/L standard solution (Spec-
Sol G16V) was employed to prepare fortified so-
lutions for calibration andmethod validation. The
values obtained for Cu concentrations in the sedi-
ments were normalized by calculating the enrich-
ment factor (Sutherland, 2000). Because the data
were obtained from littoral samples for which no
reference values are available for the study area,
the reference value for aluminum was considered
to be the mean for all sampling points, excluding
the outliers. For Cu, the reference value used was
that calculated by Cardoso-Silva (2013) for the
Paiva Castro reservoir.

Benthic macroinvertebrates

The BMI were collected using three dredgings
per sampling point. Density, richness – as the
number of species – and the Shannon index
were calculated. The proportions of mouthpart
alterations (ALT) were calculated considering
the entire family Chironomidae. The term “al-
terations” was adopted instead of “deformities”
because the analysis considered any observable
mouthpart alterations. The following criteria
were used to identify an alteration: symmetry,
comparisons of the right and left sides relative to
the longitudinal axis (Sanseverino & Nessimian,
2009), comparisons with the same taxon at the
same sampling point, and comparisons with in-
formation available in the literature (Bird, 1994;
Epler, 2001; Trivinho-Strixino, 2011; Odume et
al., 2012). Each specimen was analysed three
times, ensuring that the analyst had no prior
knowledge of the location from which it was
obtained (to avoid any subjective bias). Doubtful
situations were not considered.
The samples used to determine Cu in the

organisms were from locations CA3 –which

was considered to be the control – and PC. The
Cachoeira reservoir was considered a control
because it presented better values for water
quality (Whately & Cunha, 2007) and is located
upstream from the applications of copper sulfate
(Pompêo, 2012). The Jaguari-Jacareí reservoir
was not considered to be a control because it
is under greater anthropic pressure, given its
trophic state, coliform concentrations and land
uses (Whately & Cunha, 2007).
Digestion was performed according to the

method proposed by Soares (2012) using HNO3
and H2O2, which was modified to reduce the
error of the balance by weighing more than
one specimen (up to five specimens or 5 mg
humid weight per sampling point/taxon). The
results were calculated in terms of dry weight.
The certified reference material (CRM) used for
quality control was fish muscle (ERM BB422).
The numbers of tubes – containing up to five
specimens or 5 mg – analysed per sampling point
were 2 chironomids and 3 oligochaetes fromPC1,
3 chironomids and 2 oligochaetes from PC2, 3
chironomids from PC3, and 2 chironomids from
CA3.
Fortified solutions were prepared by the ad-

dition of a standard solution (SpecSol AAS,
100 mg/L), and each sample was analysed in trip-
licate using graphite furnace atomic absorption
spectrometry (GFAAS –Varian, AA240Z). The
GFAAS operating conditions were as follows:
a wavelength of 327.4 nm, drying at 85-120 ◦C,
pyrolysis at 1200 ◦C, atomization at 2500 ◦C,
and clean-out at 2550 ◦C. The modifier used
was 100 mg/L Pd in 5% (v/v) HNO3 (5 µL
co-injection). The analytical curve was con-
structed using Cu concentrations of 300, 210,
150, 90, and 30 µg/L. Bioaccumulation indices
(BAI) were calculated by dividing the difference
between the Cu concentrations in the sediments
and the organisms by the Cu concentration in the
sediments. Positive values reflected bioaccumu-
lation, and negative values indicated its absence.

Analytical validation

The limits of quantification (LQ) were calculated
by dividing 10 times the standard deviation of 10
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Table 1. Bottom water variables: pH, temperature (T, ◦C), dissolved oxygen (DO, mg/L), transparency as Secchi disk visibility
depth (Trans, m) and electric conductivity (EC, µS/cm). Variáveis da água do fundo: pH, temperature (T, ◦C), oxigênio dissolvido
(DO, mg/L), transparência por leitura do disco de Secchi (Trans, m) e condutividade elétrica (EC, µS/cm).

pH T DO Trans EC

JC1 7.30 18.00 8.13 2.0 49

JC2 6.97 18.84 8.13 1.5 34

JG1 7.66 18.60 9.74 2.0 37

CA1 7.34 18.00 11.22 2.8 31

CA2 6.83 18.53 11.59 2.0 33

CA3 7.05 17.45 8.90 3.0 33

PC1 6.40 17.64 8.12 1.2 33

PC2 6.21 17.03 7.59 1.2 35

PC3 6.20 17.82 7.45 2.7 34

blank readings by the slopes of the calibration
curves. Fortified solutions (2% HNO3+ a metal
standard solution) were prepared as controls for
the sediment samples (see Table 1, EC). For the
BMI analyses, we used fortified solutions and
certified reference materials to calculate the ana-
lytical recovery (AR) and standard error (SE) ac-
cording to equations (1) and (2):

AR =

(
C
RC

)
× 100 (1)

SE =

(
(C − RC)
RC

)
× 100 (2)

where C and RC are the measured and expected
values, respectively.

Statistical analyses

Statistical analyses were performed using R soft-
ware (R Core Team, 2013). The sediment vari-
ables were normalized using z-scores, and their
relationships with the Cu concentrations were
calculated using the Spearman correlation test.
Analysis of variance (ANOVA) was performed
using blocks (where a block corresponded to a
taxon) to test the effect of the enrichment factor
on BAI, and simple ANOVA was used to test the
effects of metal concentrations or enrichment fac-
tors on ALT.
Different regression models were tested to

model the relationships between ALT and Cu
levels, as well as the relationships between
ALT and enrichment factors. A 95% confidence
interval was calculated for the model with 1000
simulations (Logan, 2010).

Table 2. Sediment variables. Fine and coarse organic matter percentages (FOM and COM), fine and coarse inorganic matter
percentages (FS and CS), total copper concentrations (mg/Kg), total aluminum concentrations (g/Kg), and copper enrichment factors
(Cunorm) adapted from Sutherland (2000). Valores registrados para as variáveis referentes aos sedimentos. Porcentagens de matéria
orgânica fina e grosseira (FOM e COM); porcentagens de sedimento inorgânico fino e grosseiro (FS e CS); concentrações de cobre
total (mg/Kg); concentrações de alumínio total (g/Kg) e fator de enriquecimento para cobre (Cunorm) adaptado de Sutherland (2000).

FOM COM FS CS Cu Al Cunorm

JC1 14.29 0.00 64.93 20.77 16.54 75.12 0.42

JC2 4.96 0.00 33.15 61.89 12.05 53.14 0.43

JG3 9.38 0.00 27.85 62.76 11.21 61.72 0.34

CA1 14.92 1.66 76.41 7.02 25.03 70.48 0.67

CA2 5.41 0.00 31.56 63.02 10.21 30.55 0.63

CA3 3.84 1.63 74.86 19.68 12.51 27.16 0.87

PC1 2.62 10.23 88.86 0.00 20.98 18.31 2.17

PC2 6.60 9.44 85.65 0.00 41.18 58.46 1.34

PC3 3.78 4.69 73.13 18.40 15.19 14.87 1.94
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RESULTS

Water and sediments

In the reservoirs, conductivity varied from 32.33
to 40.00 µS/cm; pH, from 6.27 to 7.31; temper-
ature, from 17.50 to 18.48 ◦C; dissolved oxygen,
from 7.72 to 10.57 mg/L; and transparency, from
1.83 to 2.58 m (Table 1). The values obtained to
characterize the sediments are given in Table 2.
Spearman correlations showed positive relation-
ships for Cu with coarse organic (COM) and fine
inorganic matter (FS) (rS > 0.80). A weaker rela-
tionship was obtained between Cu and the con-
servative element Al (rS = 0.62).

Benthic macroinvertebrate community

Higher densities were recorded in the Paiva
Castro reservoir, and lower values, in Cachoeira.

Figure 2. Three menta of Chironomus sp., showing last lat-
eral teeth. (A) Normal condition; (B) and (C) reduction of the
last lateral tooth. Três mentos de Chironomus sp. mostrando o
último dente lateral. (A) Condição normal; (B) e (C) redução
do último dente lateral.

Densities varied from 16 (CA2) to 1234 ind/m2

(PC1). Chironomidae predominated in most sam-
pling points, except in JC1, where Oligochaeta
was the major taxonomic group. Sampling sta-
tions JC2, CA1 and CA2 had no record of Oli-
gochaeta.
The number of taxa varied from 1 to 15, and

the Shannon index from 0.00 to 2.30. Higher
richness and diversity indices were recorded
in the Paiva Castro reservoir at PC2 and PC3;
lower values were recorded in Cachoeira –CA1
and CA2 – and the Jacareí sampling station
JC2 (Table 3). No effects were observed for Cu
concentrations on richness, density or diversity
(p > 0.05).

Mouthpart alterations (ALT)

No relationship was found between ALT and
any other metal (p > 0.05), with the exception
of copper. Total Cu concentrations were related
to ALT (p = 0.002) but not to the enrichment
factor (p = 0.37). Mouthpart alterations were
mainly seen in Chironomus spp. (PC1 = 8,
PC3 = 2), Polypedilum spp. (PC2 = 12), Tany-
tarsus spp. (JC2 = 5, JG1 = 1, CA3 = 1,
PC2 = 3, PC3 = 1), and tanypodine larvae
(JC1 = 1, CA1 = 1, CA3 = 1, PC2 = 1 and
PC3 = 2) (Figs. 2-6). Themost commonalteration
was the reduction of one or more teeth in
the mentum. The most evident alterations were
observed in the Tanypodinae, which have predatory
or omnivorous behaviours (Fig. 4). ALT varied
from 0.06 to 0.37 according to the sampling point
(Fig. 7). Fewer than three organismswere sampled
for CA1 and CA2, so those values were not
considered. The relationship between ALT and Cu

Table 3. Oligochaeta, Chironomidae and total density values (ind/m2); richness (number of species or genera) and diversity
(Shannon index). Densidades de Oligochaeta, Chironomidae e totais (ind/m2); riqueza como número de espécies ou gêneros e
diversidade de Shannon.

JG1 JC2 JC3 CA1 CA2 CA3 PC1 PC2 PC3

Oligochaeta 545 0 96 0 0 16 433 32 16

Chironomidae 128 689 609 48 16 208 801 657 481

Density 673 689 705 48 16 224 1234 689 497

Richness 10.00 5.00 9.00 3.00 1.00 7.00 15.00 11.00 14.00

Diversity 1.43 0.93 1.39 1.10 0.00 1.73 1.81 2.06 2.30
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Figure 3. Mentum of Tanytarsus sp. larvae. (A) Normal mentum; (B) mentum with many reduced teeth; (C) mentum with two
reduced teeth (left 4th and right 5th lateral); (D) reduced left 1st lateral tooth. Mentos de larva de Tanytarsus sp. (A) Mento normal;
(B) mento com diversos dentes reduzidos; (C) mento com dois dentes reduzidos (4o esquerdo e 5o direito laterais); (D) redução do 1o

dente lateral do lado esquerdo.

Figure 4. (A) and (B): Tanypodine larvae. Ligula fromCoelotanypus sp. without alterations (A) and abnormal with absence of three
teeth (B). (C), (D), and (E):Djalmabatista sp. larvae. Deformedmandible (C); apparent absence of mouthparts (D); normal condition
(E). (A) e (B): larvas de Tanypodinae. Lígula de Coelotanypus sp: Sem alterações (A) e anormal com ausência de três dentes (B).
(C), (D) e (E): larvas de Djalmabatista sp. Mandíbula deformada (C), aparente ausência de peças bucais (D) e condição normal (E).

Figure 5. Mentum of Polypedillum sp. larvae. (A1) Normal condition and (B1) multiple tooth reductions. A Fissimentum sp.
separated mentum showing normal condition in (A2) and a reduction in the 5th lateral tooth. Mentos de larvas de Polypedillum
sp. (A) Condição normal e (B) apresentando redução de múltiplos dentes. Um mento de Fissimentum sp está dividido mostrando a
condição normal em (A2) e a redução do 5o dente lateral em (B2).
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Figure 6. Alterations observed in mouthparts other than the mentum. (A1) a dorsomental plate of a Djalmabatista sp. larva in
normal condition and (B1) with the reduction of one tooth. (A2) Tanytarsus sp. mandible in normal condition and (B2) with the
reduction of one tooth. Alterações observadas outras peças bucais além do mento. (A1) mostra uma placa dorsomental de uma larva
de Djalmabatista sp na sua condição normal e (B1) com a redução de um dente. Em (A2) é observada uma mandíbula de Tanytarsus
sp na condição normal e em (B2) nota-se a redução de um dente.

sediment concentrations could be explained by a
linearmodel (R2 = 0.86; Fig. 8, Eq. 3).

ALT = 0.0077 × [Cused] + 0.0488 (3)

Bioaccumulation

The bioaccumulation indices (BAI) showed pos-
itive values for the Chironomidae but not for the
Oligochaeta. No bioaccumulation was observed
at CA3. Elsewhere, Cu concentrations in the chi-
ronomids were between 30 and 110% higher than
in the sediments (Fig. 8). The ANOVA results in-
dicated an effect of the normalized Cu concentra-
tions in the sediments on the concentrations in the
organisms (p = 0.025) and that the response dif-
fered between the oligochaetes and chironomids
(p = 0.039).
The limits of quantification for the Cu and Al

analysed in the sediments were 0.090 and 0.030
mg/Kg. The analytical recovery varied between
99.75 and 115.15% for the GFAAS analyses.
For the ICP analyses, it varied between 84.00
to 96.30%. Additional details are given in the
supplementary material.

DISCUSSION

None of the water variables considered here ap-
parently acted as a limiting factor or stressor.
From a general perspective, the Cachoeira reser-
voir showed some conditions usually associated
with a lower trophic state, such as a higher dis-
solved oxygen concentration and transparency,
as well as lower conductivity. In the sediments,
higher proportions of organic matter were found
for the Jaguari-Jacareí and Paiva Castro reser-
voirs, with the latter exhibiting higher levels of
coarse organic matter and fine inorganic sedi-
ment. These differences could explain the differ-
ential availability of Cu in the environment be-
cause the metal forms complexes with organic
matter and is adsorbed by fine particles (Shafie
et al., 2013), as was observed here.
At the Paiva Castro reservoir, the Cu concen-

tration in the sediments at PC2 was significantly
higher than the value of 24 mg/Kg found pre-
viously (Cardoso-Silva, 2013). The enrichment
factors values for PC1 and PC3 (see Table 2)
were above those expected for natural conditions
without anthropic Al inputs, according to the lim-
its proposed by Sutherland (2000), which estab-
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Figure 7. (A) Percentages of chironomid larvae with or without mouthpart alterations according to sampling station. The balloons
show the relative proportions of larvae with alterations. (B) Linear relationship (95% confidence interval) between the total copper
in sediments [Cused] (mg/Kg) and the proportions of mouthpart alterations in chironomid larvae (ALT) obtained with data for 207
chironomid larvae from six sampling points at three reservoirs of the Cantareira System, São Paulo, Brazil. (A) Porcentagens de
larvas de Chironomidae com e sem alterações nas peças bucais. Os balões indicam as proporções relativas por ponto amostral.
(B) Regressão linear (intervalo de confiança a 95%) entre as concentrações totais de cobre nos sedimentos [Cused] (mg/Kg) e as
proporções de alterações em peças bucais de larvas de Chironomidae (ALT) obtida a partir de dados provenientes de 207 larvas de
Chironomidae distribuídas ao longo de seis pontos amostrais em três reservatórios do Sistema Cantareira, São Paulo, Brasil.

Figure 8. Bioaccumulation index (BAI) values calculated for
Oligochaeta and Chironomidae from the Paiva Castro (PC,
polluted area) and Cachoeira (CA3, non-polluted) reservoirs.
*Other sampling points from Cachoeira were not analysed be-
cause of the low abundance of the organisms in CA1 and
CA2. Índices de bioacumulação (BAI) calculados referentes a
Oligochaeta e Chironomidae dos reservatórios Paiva Castro
(PC, área poluída) e Cachoeira (CA, não-poluído). *Não foram
analisados outros pontos do reservatório Cachoeira devido à
baixa abundância de organismos em CA1 e CA2.

lished a provisional classification that considers
values higher than 2 as indicating possible pollu-
tion.
Taking this into consideration, anthropic

inputs of Cu were likely at PC1 and PC3 but not
at PC2 despite its higher concentration. Because
PC2 was the only sampling point where Cu
concentrations were higher than 25 mg/L, and

the BMI at PC2 presented morphological alter-
ations and bioaccumulation, it is plausible that
contamination by both Cu and Al occurred. This
could have resulted from discharges of industrial
sewage or the use of agricultural pesticides.
The correlation between Cu and COM

could indicate some contribution from agri-
cultural practices, considering that the use of
Cu-containing agrochemicals would lead to a
situation where leaves carrying high amounts of
Cu (Olu-Owolabi et al., 2013) would contribute
to the metal entering into the aquatic system.
In this case, it is plausible that a Cu-COM
correlation would be observed.
Nevertheless, the Cu-COM relationship could

simply be a consequence of water flow and the
interaction between these two components. In
the field at PC2, where a significantly high Cu
concentration was noted, a reduced water flow
was observed, along with the presence of macro-
phytes and proximity to trees in the margins.
These conditions may favour COM and FS ac-
cumulation, and as consequence of the associa-
tion of the metal with these particles (Wang &
Li, 2011), Cu concentrations in PC2 would be no-
ticeably high. More investigation is needed about
this issue to clarify the possible anthropic sources
of contamination.
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The correct evaluation of the biological
component, especially of those organisms living
in the sediments, may be the best option for
monitoring and preventing environment damage
by contaminated sediments (López-Doval et al.,
2010; Picanço et al., 2014; Reis et al., 2014).
Sediment quality guidelines have been developed
using the relationships between sediment pollu-
tant concentrations and biological responses with
classifications, such as effects range low (ERL),
effects range median (ERM), threshold effects
level (TEL) and probable effects level (PEL), cor-
responding to the different probabilities of toxic
effects (Long & Morgan, 1991; Long & Mac-
Donald, 1992; MacDonald, 1994; Long et al.,
1995). Comparison of the values obtained in
our study with the TEL and PEL values showed
that PC1 and PC2 exhibited Cu concentrations
between these limits. The Cu concentration at
PC3 was below the TEL (MacDonald, 1994).
The biological responses were in agreement

with the predicted values (MacDonald, 1994).
The proportion of mouthpart alterations in the
chironomid larvae from PC2 was 37% (less
than 50%). At PC1, the proportion of alterations
(21%) could be expected at concentrations be-
tween the TEL and PEL or under the TEL limit,
depending on the criteria adopted for estimating
the TEL, which usually varies from 20-25%
(MacDonald, 1994; CCME, 1999). The PC3
value for ALT is comparable to that expected in
environments with safe Cu levels (MacDonald,
1994).
The extrapolation from the linear model ob-

tained in this study indicated that a Cu concen-
tration of 58.60 mg/Kg was sufficient to cause
mouth alterations in 50% of the chironomid lar-
vae. This value is very different from the pro-
posed PEL value of 108 mg/Kg (MacDonald,
1994). This could be explained by the fact that
the present study was conducted in natural con-
ditions at the community instead of at the popu-
lation level. Many models adopted for use with
experimental dose-response data are logistic but
are based on single populations (Hochmuth et
al., 2014; Zotti et al., 2013; Ritz, 2010). In ad-
dition, when a community with many different
populations is considered, the tolerance varia-

tions resulting from that diversity can linearize
the model, as occurs in the dose-response curves
obtained from many human cell populations in-
stead of just one (White et al., 2009).
The bioaccumulation data clearly showed that

Cu levels in the sediments from the Paiva Castro
reservoir were sufficient to cause adverse effects
in chironomids. Bioaccumulation was observed
in 7 out of 15 samples. Differences in the intake
and excretion of metals, as well as feeding habits,
may help in understanding the bioaccumulation
differences observed between the Oligochaeta
and the Chironomidae (Wang & Rainbow, 2008).
The diversity of feeding habits among members
of the family Chironomidae (Silva et al., 2009)
and the positive relationship between Cu and
COM should be considered to understand the
observed differences at PC2. Considering the
biological responses observed here, attention
should be given to the risk of damage along
the food chain affecting fishes (Kalantzi et al.,
2014), as well as terrestrial ecosystems (from
emergent aquatic insects) (Kraus et al., 2014).
We conclude that Cu levels higher than

13 mg/Kg were sufficient to cause observable
morphological effects on chironomid larvae
in the reservoirs studied. A linear model was
able to represent the morphological response
for the range of Cu concentrations considered
here. Bioaccumulation was related to enrichment
factors and differed according to the taxonomic
group.
Our results permit us to recommend the use

of morphological alterations in the mouthparts of
chironomid larvae – considering, in principle, the
entire taxonomic family in the aquatic environ-
ment – for biomonitoring. This approach has the
advantage that environments with distinct taxo-
nomic compositions may be monitored, which
contrasts with the approach that considers just
one species. The presence of bioaccumulation in
invertebrates can be considered to be a warning
about the risks for the ecosystem and for the peo-
ple who ingest fishes from the Paiva Castro reser-
voir.
Future studies should include a risk-assess-

ment approach that considers the distribution of
copper along the food web and the possibilities
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of water contamination. Ecotoxicological assays
may help to clarify how organisms respond to
wider ranges of copper concentrations in situa-
tions where the other variables (biological and
environmental) are standardized. Laboratory as-
says will also contribute to the understanding of
how other environmental variables could change
the biological responses.
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