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Abstract

The Cantareira Complex is one of the most important water supplies of the metropolitan region of Sdo Paulo, Brazil.
Previously, it was demonstrated that the sediments in this complex were polluted with metals and that Paiva Castro Reservoir
—the last reservoir in the sequence, which receives water from the five previous reservoirs—was the reservoir with the
greatest concentration of pollutants. Based on field data, it was noticed that copper concentrations in sediments were related
to morphological alterations in chironomids. The present study provides novel monitoring methods and results for the
complex by isolating the environmental and biological sources of variation. An adaptation of the in situ assay proposed by
Soares et al. (Arch Environ Contam Toxicol 49:163—-172, 2005), which uses a native tropical Chironomus species and low-
cost materials, is also provided. The aim of this study was to isolate the effects of sediments from Paiva Castro on controlled
populations of C. sancticaroli larvae using an in situ assay. A seven-day experiment was performed in triplicate. Third instar
larvae were inoculated in chambers containing sediments from two distinct regions of Paiva Castro reservoir and a control
site with sand. Five biological responses were considered: mouthpart alterations, larval length, width of cephalic capsule,
mortality and total damage. The results suggest the effects of sediment toxicity on larvae include a reduction in length and a
higher occurrence of total damage.

Keywords Ecotoxicology * Metal pollution * Chironomid - Bio-indicator

Introduction

Ecotoxicological assays have provided important contribu-
tions to environmental monitoring, especially in relation to
the development of environmental quality standards and
indexes. From these studies, environmental risk analyses
become more accurate, particularly when both ecotox-
icological and field data are considered together (United
States Environmental Protection Agency - US—EPA 1996;
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Canadian Council of the Ministers of the Environment
CCME 2001; Environmental Protection Agency of Sdo
Paulo State - CETESB CETESB 2015; Pereira et al. 2015).

Chironomus larvae can be found in sediments of many
continental aquatic environments. The genus is usually
recorded as a common and abundant taxon, especially in
impaired ecosystems (Oliveira et al. 2010; Machado et al.
2015). Chironomus larvae are recommended as bioindica-
tors in and in ecotoxicological assays (Di Veroli et al. 2012,
2014). These dipterans are distributed worldwide, and they
can inhabit almost any continental aquatic environment.
Furthermore, Chironomus larvae are tolerant to manipula-
tion and are easy to identify in cultures because of their size
and red color (Fonseca and Rocha 2004).

Nikinmaa (2014) recommends that some criteria, such
the climate zone and the relevance of the test organism to
the study environment, must be considered, especially when
investigating the effects of disturbances on ecosystems. The
scarcity of model organisms from tropical environments is
also recognized by Nikinmaa (2014). Chironomus sancti-
caroli Strixino and Strixino 1981 is a chironomid species
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that naturally occurs in South American ecosystems. For
comparison with other studies and for taxonomic purposes,
in this work, we considered this species to be the same
species reported as Chironomus xanthus Rempel 1939.
However, the notation C. sancticaroli agrees with the
position adopted by Trivinho-Strixino (2011a).

Strixino and Trivinho-Strixino (1985) and Trivinho-
Strixino and Strixino (1982, 1989) described the life
cycle of C. sancticaroli and recorded the effects of tem-
perature and nutrition on fecundity and larval development.
They established the ideal conditions for rearing
this tropical species in the laboratory. Other relevant
contributions on the development of C. sancticaroli
included the time intervals required to reach eclosion, to
emerge and to achieve each instar stage. More recently,
Fonseca and Rocha (2004) re-described the life cycle of
C. sancticaroli considering different food resources,
and they reached similar results in relation to the time
intervals required to reach each instar as well as
larval length and cephalic capsule width. These works
were fundamental to providing a solid baseline for the
development of bioassays with Chironomus in tropical
regions. Before these studies, there was a predominance of
results from tests using species typical of temperate
regions.

Metals are pollutants of great concern in limnology.
Their relevance is especially related to their persistence in
the environment. Consequently, metals may accumulate and
reach high concentrations in sediments of waterbodies with
a history of pollution (Stanaway et al. 2012), cause damage
to aquatic life (Li et al. 2015) or even cause public health
problems (Singh et al. 2014).

Metal toxicity is determined by multiple variables, and
some biological and chemical properties must be con-
sidered. The chemical properties of the metals and their
compounds, the biological properties of an organism and
the environmental conditions are all determinants. Con-
sidering the confusion promoted by the use of the term
“heavy metals” and other terms frequently used to describe
the potential toxicity of metallic elements, the International
Union of Pure and Applied Chemistry (IUPAC) recom-
mended abandoning the term. Duffus (2002) recommended
using a classification based on the general chemical reac-
tivity properties. One of these classifications is based on the
last electron subshell in the atom to be occupied. Metallic
elements of toxicological interest are usually those included
in the d or p blocks of the periodic table. This classification
reflects the general reactivity of the elements. Metals
included in p block generally form complexes that are more
stable than the weak complexes usually formed by the
elements included in the s block, i.e., the alkali metals, with
low toxicological meaning. Furthermore, the higher atomic
number p-block metals tend to bind strongly to sulfur,

forming complexes that are relatively immobile in the
environment and which tend to accumulate in organisms.
Elements included in the d block have a wide range of
complex formation behaviors and redox properties. Addi-
tionally, the d-block elements can interfere in enzymatic
activities.

As an example, Shanker et al. (2005) summarized the
effects of chromium (a d-block metal) in plants, including
bioaccumulation and many metabolic dysfunctions related
to the modification of enzymatic activities. Another exam-
ple of the possible impacts of d-block metals in living
organisms comes from the work of Macomber and Imlay
(2009). These authors elucidated the physiological
mechanism behind the toxicity of copper in E. coli and
verified the toxic effects of excessive copper in relation to
alterations in the activity of an iron-sulfur cluster enzyme.
This alteration is probably related to the reaction between
Cu (I) and sulfur atoms. The metallic elements Cr, Fe, Co,
Ni, Cu, Zn and Cd are included in the d block, while Pb and
As are classified in the p block.

The lethal and sublethal effects of metal pollution on
Chironomus larvae were recorded by ecotoxicological
(Roman et al. 2007; Di Veroli et al. 2012) and field studies
(Cortelezzi et al. 2011; Di Veroli et al. 2014). Different
types of sublethal effects have been reported as the result of
several laboratory assays using Chironomus. Among the
previously reported sublethal effects, it must be mentioned
that morphological effects (Cortelezzi et al. 2011; Di Veroli
et al. 2014) and energetic effects are also related to the
developmental (Péry et al. 2003), physiological (Sérvia
et al. 2006) and genetic effects (Jeppe et al. 2014; Planello
et al. 2015).

Dornfeld et al. (2006) conducted a pioneering in situ
assay with C. sancticaroli larvae. The authors could not
associate biological responses with environmental toxicity
variation and concluded that the methodology used in the
in situ assay needed to be improved because of the high
mortalities that were observed under good environmental
conditions. There are no other available records in the lit-
erature of C. sancticaroli in situ assays in tropical regions.

The Paiva Castro Reservoir belongs to the Cantareira
Complex, which is a complex of interconnected reservoirs
and rivers that supply approximately 45% of the water
demand of the 20 million people in the Metropolitan Region
of Sdo Paulo, i.e., the most populous region of Brazil (Sdo
Paulo State Basic Sanitation Company - SABESP 2017).
The Paiva Castro Reservoir is the last one in the complex
and receives waters from the previous reservoirs and rivers
by gravity. Water accumulates in this reservoir and is then
pumped into a final accumulation reservoir and distributed
(Fig. 1). The use of copper sulfate, urbanization, forest
suppression, and agriculture all impact this reservoir
(Whately and Cunha 2007).
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Fig. 1 Localization and map showing the Cantareira Complex, Sao
Paulo, Brazil. Abbreviations in the map indicate the rivers Jaguari
(JGR), Cachoeira (CAR), Atibaia (ATR) and Juqueri (JQR). The

In a previous study on Paiva Castro Reservoir, pollution
by metallic elements (Cd, Cr, Cu) and high concentrations
of Al and Fe were recorded in the sediments of the littoral
zone (Beghelli et al. 2014). Moreover, sediments from
profundal regions in Paiva Castro were also considered
polluted by copper and had concentrations of Al, Fe and Zn
above the background levels (Cardoso-Silva et al. 2016). As
a result, morphological alterations related to copper pollu-
tion were reported in a recent investigation of littoral
benthic macroinvertebrates from the Cantareira Complex
(Beghelli et al. 2016).

Even when considering that only field studies can pro-
vide scientists with the real-world situation occurring
between organisms and the environment, field studies can
still introduce some difficulties in the final interpretation of
the relationship between cause and consequence. These
uncertainties are generally attributed to the fact that field
studies have many sources of interference that cannot be
detected (or predicted) completely by scientists. To mini-
mize this probable bias, field data must be complemented
by studies with higher degrees of control of environmental
variables; this approach aims to produce more accurate
results by providing additional support to the evidence from
field studies (Betinetti et al. 2012).

The aims of this study were to test the effects of sedi-
ments from Paiva Castro on C. sancticaroli larvae in an
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Cantareira Complex reservoirs are Jaguari (JG), Jacarei (JC),
Cachoeira (CA), Atibaia (AT) and Paiva Castro (PC)

in situ assay and to establish the lethal and sublethal end-
points that can be monitored using in situ assays with C.
sancticaroli. Our hypothesis was that, in the assays, benthic
macroinvertebrates may respond to sediment metal pollu-
tion as a function of theoretical metal toxicity in sediments.
Mortality, morphological alterations and total damages were
expected to be highest in the most polluted sediments, while
body length was expected to vary in the opposite sense. The
head width was not expected to vary significantly between
treatments.

Methodology
Sampling

Sediment samples were collected in a cumulative sample
composed of three dredgings using an Ekman dredge (208
cm?). The central portion of each dredging sample was
carefully separated and homogenized manually using a
plastic glove. Sediment samples were collected in October
2014 from two distinct sampling stations in the littoral zone
of Paiva Castro Reservoir (Fig. 2). As a reference, Table 1
shows the metal concentrations previously measured in
water and sediments (Beghelli et al. 2014) from samples
collected on July 24th, 2013.
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Fig. 2 Satellite imagery showing the Paiva Castro reservoir. The sampling stations PC1 and PC2 and the experimental station are indicated.

Source: Google Earth ® Image 2017 Digital Globe

Table 1 Water and sediment concentrations of metallic elements
according to previous data

Water (mg/L) Sediment (mg/kg)

PC1 PC2 PC1 PC2

Al 0.63 0.48 18.31 x 10° 58.46 x 10°
As <LD <LD 5.28 933

cd <LD <LD <LQ 0.64

Cr 0.002 0.001 18.66 30.62

Cu <LD <LD 20,98 41.18

Fe 0.56 0.49 20.45 x 10° 28.00 x 10°
Ni <LD <LD 8.15 14.11

Pb <LD <LD 12.93 31.67

Zn 0.02 0.04 55.82 90.83

Table 2 Ionic composition of water used in the cultures

Ton Concentration (mg/L)
Catt 17.107
K" 1.024
Mg 9.076
Na® 0.924
Nitrite 0.700
Sulfate 0.130
Chloride 0.110
Barium 0.021
Fluoride 0.050
Strontium 0.019
Bicarbonate 97.510

Bold values indicate concentrations above the thresholds recom-
mended by the Canadian Councilf of the Ministers of Environment
(CCME) for water samples or above the reference values for Paiva
Castro sediments (Cardoso-Silva et al. 2016)

A subsample of each sample was separated for the
determination of the metal concentrations and the propor-
tion of organic matter. The remaining portions of each
sample were frozen to avoid sediment contamination caused
by larvae from the environment (Printes et al. 2011).

Culture conditions

C. sancticaroli larvae were obtained from a controlled
culture maintained at the Laboratory of Limnology of
Biosciences Institute of Sdo Paulo University (USP). The
culture was maintained in aquaria filled with Minalba®
mineral water. The ionic composition of the water,
according to the distributor, is shown in Table 2.

The aquaria were placed in an incubator at a controlled
temperature (24 + 2°C) and photoperiod (12h), a pH=6 +
0.3 and an average electrical conductivity of 2.7 +40 uS/
cm. A suspension of fish food (Nutrafish ®) was periodi-
cally added to the cultures, maintaining the proportion of 5
g/L (Mozeto et al. 2006).

Experimental design and conditions

The frozen sediments from PC1 and PC2 were thawed 24 h
before the experiment. A separate control condition was
prepared with aquarium sand that was previously washed
and calcinated.

Prior to the experiment, three egg masses were separated
from aquarium cultures and inoculated in individual plastic
flasks containing mineral water (1-cm high). After eclosion,
the offspring that were presumably the most viable (based on
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Fig. 3 Pictures showing stations A, B and C where cages were sub-
merged, the experimental cage and an individual chamber where
chironomid larvae where inoculated

movement and number of larvae) were separated to be used in
the assays. A suspension of TetraMin Goldfish® (concentra-
tion = 0,04 mg/L; volume = 25 mL) was added every 48 h to
the culture (Fonseca and Rocha 2004) containing the selected
offspring until the larvae achieved the third instar.

Three cages (30 x 53 x 33 cm) were used in experiment.
Chambers containing each of the three conditions (control,
PC1 and PC2 sediments) were fixed in the cages, which
were submerged in the reservoir. A bottle with stones was
also fixed in the center of each cage to facilitate submersion
and to avoid sudden movements caused by water fluctuation
and flux. Each cage was tied to marginal trees by a nylon
strip and submerged until it rested on the sediment bed
(depth = 1.97 + 0.22 m; Fig. 3).

The design of the chambers was based on Soares et al.
(2005) with some modifications: we used PVC tubes with a
“Y” shape (45°). In the bottom extremity, a PVC cover was
fixed with an internal rubber “o” ring. The other two
extremities were covered by 0.2 mm mesh. The mesh pieces
were held in place with nylon on the inside of the chamber
and a rubber strip on the outside of the chamber. Such a
design allows the flux of water and the exchange of small
particles and organisms with the environment but prevents
the experimental larvae from escaping to the external
environment.

@ Springer

The chambers had the following dimensions: 8.0 cm
internal diameter, 22.5 cm height of the main arm and 12.0
cm length of the aslope arm. On the day before larvae were
inoculated in the chambers, the sediments (treatments) were
added until they were 2.0cm high. Considering that
chambers in the present work were larger than those used by
Faria et al. (2006), the amount of food was adjusted to 60
mg of fish food instead of the 30 mg originally recom-
mended by Faria et al. (2006); this was done as a preventive
measure to avoid false positives that could appear as length
reductions caused by nutritional deficiencies.

The control sediments were quartz substrata (grain size =
0.2 mm), previously washed with distilled water and calci-
nated at 440°C. The substrata composition was adopted for
control conditions (i.e., soft sand with Tetramin fish food)
and was similar to those suggested by Fonseca and Rocha
(2004) when testing the ideal laboratorial conditions for
culturing C. sancticaroli.

On 22 December 2014, five third-instar larvae were
randomly chosen and inoculated in each chamber (treat-
ment). The cages contained three chambers, with five larvae
per chamber (total larvae =15 per treatment), and were
submerged in the littoral region of Paiva Castro Reservoir at
11 a.m. The margins of the area where the experiment was
conducted were covered by original riparian forest. The
region where the experiment occurred was located between
the two sampling stations (PC1 and PC2) where sediments
were previously collected. The selection of the inoculation
station was based on the safety of the cultures, the acces-
sibility and the degree of preservation of the margins to
prevent the loss of cages and unnecessary stressful condi-
tions on the organisms. Once the objective of the study was
to isolate the effects of the sediments on the organisms, an
intermediate location with similar water conditions to those
in all chambers was preferred instead of testing on the
original sampling stations. The instar development was
determined by measuring the width of the head capsule
(Fonseca and Rocha 2004).

The physico-chemical characterization was determined at
the beginning and end of the experiment by measuring pH,
dissolved oxygen concentration, temperature and electrical
conductivity; measurements were taken near the bottom by
using a Horiba multiprobe. Depth was measured by using a
graduated string. It was assumed that the water flow was the
same in stations A, B and C because it is a continuum (see
Fig. 3); thus, the initial condition was determined at the
center of station “A”, and the final conditions were deter-
mined in triplicate in each station (stations A, B and C).

Sediment characterization

The metallic elements As, Cd, Cr, Cu, Ni, Pb and Zn were
determined by acid digestion and ICP reading according to
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method 3050-b (US-EPA 1996). Dried samples were
digested without sieving and in triplicate. The limits of
quantification (Shrivastava and Gupta 2011) and apparent
recovery (Burns et al. 2002) were calculated using Egs. (1)
and (2). The observed concentration for Eq. (2) was
obtained from solutions prepared with 100, 2500 and 5000
pg/L, which were equivalent to 10, 250 and 500 mg/kg,
respectively.

10s/a (1)

R = x(obs)/x(ref) (2)

For Eq. (1), s is the standard deviation of ten blank
readings, and o is the regression slope of the calibration
curve. In Eq. (2), x (obs) is the observed value obtained
from a solution prepared with ICP standard solution
(SpecSol) and ultrapure water, while x (ref) is the theore-
tical value that must be read. The organic matter content
was determined by calcination (550°C, 1 h) and weighting
according to the method described in Wetzel and Likens
(2000). The granulometric composition was determined in
triplicate by sieving (0.212 mm opening) dry sediment and
then subtracting the percentage of previously determined
organic matter.

Biological metrics

After 7 days, the chambers were opened, and live larvae
were collected. The larvae were preserved in a 70% ethylic
alcohol solution. Permanent slides were mounted in Canada
balsam medium (Synth) according to the methodology
described in Epler (2001) with some adaptations.

The slides were carefully analyzed under a light micro-
scope (Zeiss Axiovert, Scope Al) with 1000x magnifica-
tion. The biological metrics considered in this work were
mortality (MOR), morphological alterations of mentum
(ALT), larvae length (L), cephalic capsule width (CAPS)
and damage (the occurrence of ALT or MOR). Width and
length measurements were determined by using an ocular
micrometer. Mortality was determined by observation
considering the absence of movement or the response to
mechanic stimuli.

To determinate the occurrence of morphological altera-
tions, larvae were analyzed in triplicate by the same
observer. At this stage, the observer had no knowledge
about the conditions to which each specimen was subjected.
Morphological analyses were performed twice by first using
400x magnification and then using 1000x magnification.
The following criteria were considered to differentiate a
normal mentum from an altered condition: symmetry,
comparison to other specimens from the control condition
(Beghelli et al. 2016) and comparison to illustrations in the
literature that reported normal or altered conditions

(Madden et al. 1992; Bird 1994; Groenendijk et al. 1998;
Epler 2001; Park et al. 2010; Trivinho-Strixino 2011b;
Odume et al. 2012). We used the term “alteration” instead
the more common term “deformation” to emphasize that we
were considering even slight differences in the mentum
tooth, even reductions that are commonly neglected in
studies with chironomids. Despite the argument that this
type of morphological alteration is not very evident, we
believe that it is important to investigate this conclusion,
especially because other authors have reported this condi-
tion as a biological response to sediment pollution (Salmelin
et al. 2015). By doing so, we assume that these alterations
may be occur before more radical or stronger deformities,
which are more commonly reported. From an overall view,
these slight alterations may be considered as specific cases
of morphological asymmetry.

Data analyses and statistical procedures

Data from environmental characterization (pH, temperature,
dissolved oxygen, electrical conductivity and depth) were
standardized and analyzed using multivariate analysis
(ANOSIM) to test the hypothesis that the environmental
conditions in stations A, B and C were similar.

The theoretical toxicity of each element per treatment
was calculated in terms of toxic units (Sprague 1970),
considering the reference values reported by the US-EPA
(1999).

When multiple pollutants are present in the environment,
it is difficult to distinguish between the isolated effects of
each pollutant, especially when considering the possibility
of interactions between them (Di Veroli et al. 2014); thus,
the overall toxicity must be an acceptable and simple
approach to test the toxicity of a substrate subjected to
multiple stressors. The overall toxicity of treatments was
determined by the sum of the theoretical toxicities of each
element (Xiao et al. 2013). Only metals with TU =1 (pre-
sumed toxic effects on biota) in at least one treatment were
considered for statistical analyses.

For continuous biological data (L and CAPS), two-way
ANOVA tests using a block experimental design were
performed to verify if treatments (CTRL, PC1 and
PC2 sediments) and different experimental stations affected
chironomid larvae. Binary responses of morphological
alterations, mortality and damage were compared to a
logistic curve by a post hoc analysis of deviances (Logan
2010).

Considering the toxicity of sediments and the previous
data indicating metal pollution in sediments of PC1 and
PC2, as well as the evidence of effects on benthic macro-
invertebrates (Beghelli et al. 2014; Beghelli et al. 2016;
Cardoso-Silva et al. 2016), this work tried to isolate the
effects of natural sediments on a unique benthic species. We
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hypothesized that sediments from PC1 and PC2 (reported as
probably polluted by metals, PC1 < PC2) induced biologi-
cal effects on chironomid larvae. From this main hypoth-
esis, more specific hypotheses emerged as follows:

1. The proportion of mouthpart alterations must increase
in the order CTRL-PC1-PC2.

2. Average larval length must decrease in the order
CTRL-PC1-PC2.

3. Head capsule width may not vary significantly among
treatments.

4. The occurrence of deaths must increase in the order
CTRL-PC1-PC2.

5. Total damage occurrence (i.e., death or mouthpart
alteration) must increase in the order CTRL-PC1-PC2.

Results
Experimental conditions
3.1.1 Physico-chemical conditions

The initial condition of station “A” and the average values at
each station at the end of the experiment are shown in Table
3. There was no significant variation among stations (p =
0.18)

Sediments from PC1 and PC2 had lower proportions of
coarse fraction (>0.212mm) than the sediments in the
control. Similar percentages of organic matter were verified
in samples from PC1 and PC2 (Fig. 4).

Sediment composition was significantly distinct in rela-
tion to grain size (p < 0.05). Both treatments (PC1 and PC2)
presented similar organic matter compositions (p > 0.05)
but were significantly different from the control condition.

Table 3 Physico-chemical characterization of the inoculation
environment: depth, temperature, pH, electrical conductivity (EC),
dissolved oxygen (DO)

1st day 7th day
Station - A A B C
Depth (m) - 2.0 2.0 22 1.7
T (°C) Average 23.76 27.70 27.46 27.89
s - 0.01 0.55 0.27
pH Average 5.63 5.25 5.25 5.58
s - 0.07 0.05 0.46
EC (uS/cm) Average 41.00 42.00 42.60 42.00
s - 0.00 0.00 0.00
DO (mg/L) Average 6.16 6.05 5.86 10.10
s - 0.51 0.54 0.72

Metal analysis and theoretical toxicity

The overall toxicity (Table 4) increased in the order CTRL
<PCI1 <PC2. Only the metallic elements Cr, Cu and Ni
were considered as potentially toxic (i.e., TU=21). As
expected, there were no toxicity records in the control
treatment. Cu had the most toxic concentration measured in
the sediments.

Biological variables

The width of the head capsule after the 7-day experiment
ranged between 0.26 and 0.58 mm (average = 0.45+0.11).
This result indicates that many of the inoculated larvae
reached the last larval instar (Fonseca and Rocha 2004).
One pupa was recovered.

Larvae collected from chambers with the PC2 treatment
achieved an average length of 4.48 mm; in contrast, larvae
collected from chambers with the control conditions
achieved an average length of 9.42 mm. This computes to a
difference of 4.94 mm (i.e., 110.26% of the average length
recorded in PC2) when comparing the most favorable
conditions to the worst conditions considered in this work.
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Fig. 4 Sediment grain size composition (mm) and organic matter
percentage

Table 4 Metal concentrations in experimental sediments (mg/kg) and
theoretical toxicity values (TU). Elements with no toxicity records are
not shown

Cr Cu Ni >TU
Concentration Control 3.12 <LQ <LQ -
(£0.39)
PC1 25.99 26.51 12.67 -
(0.57) (+0.65) (+0.09)
PC2 36.98 46.59 35,87 -
(£1.58) (+0.56) (x1.13)
Toxicity Control 0.1 0.0 0.0 0.3
PC1 1.0 1.7 1.1 3.8
PC2 1.4 29 2.2 6.6
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Mortality ranged from 60 to 73%, while the incidence of
morphological alterations varied from 33.33% in larvae
recovered from chambers with control treatments to 100%
in larvae from PC2 conditions. The most common

Fig. 5 A normal mentum from a specimen recovered from the CTRL
condition (A, 2 TU=0.3,>0.212 = 1.8%, OM = 0.02%). An altered
mentum with a reduced mid-lateral tooth from a specimen recovered
from the PC1 treatment (B; >, TU=3.8;>0.212=78.8%; OM =
10.9%). A mentum with reduced outer lateral teeth from a specimen
recovered from the PC2 treatment (C; 2, TU = 6.6; > 0.212 = 81.8%;
OM = 7.4%)

morphological alteration was the reduction of one or more
teeth in the mentum (Fig. 5).

Information on the occurrence of the biological variables
ALT, MOR and DAM and the measures of L and CAPS
with the respective sample sizes (n) and statistical popula-
tions (N) are shown in Table 5.

Biological responses

Biological data responded to treatments (CTRL, PC1 and
PC2), but there were no observable effects caused by the
experimental stations (A, B and C) on test organisms. The
average larval body length reduced in the order CTRL-PC1-
PC2 (i.e., with increasing sediment toxicity). However, the
width of head capsules did not present significant variation
among the treatments (Fig. 6).

Considering the binary biological data (MOR, ALT and
DAM), only the differences in the total damage occurrence
were statistically significant (p < 0.05). Chambers with the
most toxic sediments (PC2) presented a higher incidence of
damage.

A similar percentage of deaths was recorded in the
control and PCI1 treatment. In general, chambers with
sediments from PC2 presented higher mortalities, but the
differences were not significant. The proportion of mouth-
part alterations (ALT) per treatment also increased with the
increase in sediment toxicity. However, the relation could
not be considered statistically significant (Fig. 7, Table 6).

Discussion

The results obtained agreed with those that suggest C.
sancticaroli is a good bioindicator of sediment pollution in
South America. This organism is recommended for assays
or biomonitoring (Moreira-Santos et al. 2005; Printes et al.
2011) instead of other Chironomus species typical of tem-
perate regions (usually C. riparius) when the objective is to
understand the ecosystem status. Despite the availability of
other test organisms, such as C. riparius, a native species
like C. sancticaroli is adapted to the specificities of tropical
ecosystems, which may include higher temperatures, light-
ing and productivity; distinct patterns of water circulation;

Table 5 Frequency of occurrence of mouthpart alterations (ALT), death (MOR) and damage (DAM = ALT + MOR). Body length (L) and width

of head capsules (CAPS)

ALT MOR DAM L CAPS
Control 2 (n=6) 9.00 (n=15) 11 (n=15) 9.42 (n=6) 0.50 (n = 6)
PCl1 4 (n=5) 9.00 (n=15) 13 (n=14) 8.26 (n=5) 0.54 (n=5)
PC2 3(n=3) 11.00 (n = 15) 14 (n=15) 4.48 (n=3) 043 (n=3)
N 14 45 44 14 14
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Fig. 6 Chart showing average larval length (L) and head capsule width
(CAPS) (mm) among treatments (CTRL, PC1 and PC2), indicating the
general toxicity (X TU) at each condition
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Fig. 7 Chart showing the percentage (referring to the entire experiment
per treatment) of deaths (MOR); morphological alterations (ALT) and
occurrence of damage (DAM). Numbers in parentheses indicate
sample size. Points show the overall toxicity of metals in sediments as
toxic units (2 TU)

Table 6 ANOVA and analysis of deviance results considering
differences between stations or treatments (TREAT)

L(15) CAPS(15) MOR (44)  ALT (14)
STATION  0.899 0.071 0.089 0.194
TREAT 0.018 0.074 0.464 0.061

Values in bold are statistically significant

higher decomposition rates and organic matter deposition
(Tundisi and Matsumura 2008), and C. sancticaroli can
provide responses that will be more realistic in those sys-
tems (Nikinmaa 2014).

Our results complement previous attempts to establish
methodology and standards for biomonitoring with C.
sancticaroli (Moreira-Santos et al. 2005; Dornfeld et al.
2006; Santos et al. 2007; Janke et al. 2011; Printes et al.
2011 and Campagna et al. 2013, Richardi et al. 2015). The
present experiment also contributed to the establishment of
simple solutions with low costs of biomonitoring by using
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in situ assays to complement previous works (Soares et al.
2005; Dornfeld et al. 2006; Faria et al. 2006).

Despite the apparently high mortality in control condi-
tions as compared to laboratorial assays, where survival
expectance is between 90-95% (Fonseca and Rocha 2004),
the in situ experiment developed here was successful. A
mortality rate of 60% may be acceptable for in situ assays
with C. sancticaroli when considering the wider range of
stressful conditions that larvae may be exposed to (Dornfeld
et al. 2000).

The comparatively high mortality in this assay must be
related to synergistic effects (Dornfeld et al. 2006) that are
common in impaired environments (Di Veroli et al. 2012).
Furthermore, deaths in the control condition are probably
related, at least in part, to water pollution. Available data
indicate that pollution by the metals Al and Fe reached
concentrations that were considered as probable to
adversely affecting biota (CCME 2014).

The concentrations of Al and Fe in water may have
equally affected every treatment and may have contributed
to increasing mortality even in control conditions. Previous
data indicate that, at minimum, aluminum is an important
factor that can reduce Chironomus survival. In a chronic
assay with C. riparius larvae, Cardwell et al. (2018)
reported adverse effects on larval growth in treatments with
2.13-4.28 ug Al/L. These values are many times lower than
those recorded here (480-640pug AL/L). In terms of iron
toxicity, despite CCME assertions that iron concentrations
of 300 mg/L are high enough to cause adverse effects in
biota, Chironomus larvae may be more resistant. For
example, Rousch et al. (1997) did not record any effects on
survival in C. riparius larvae that had been included in
treatments with Fe concentrations lower than 400 mg/L. The
concentrations of iron in water reported from Paiva Castro
are many times lower than this threshold and must not be a
factor directly contributing to mortality. Considering that it
is an in situ assay where all chambers were submerged in
the same region, each replicate was subjected to similar
water conditions, and the differences among treatments can
be strictly attributed to sediment conditions. It is also
necessary to understand that the values reported here for
metallic ions in water must be considered as an approx-
imation rather than as an exact measure because they came
from samples collected prior to inoculation.

The experimental design adopted here was designed to
test if the sediments can induce biological responses in
natural conditions; however, the design was not adequate to
separate the effects of each variable. Considering this,
despite the fact that the results clearly indicated a toxic
effect by metals, which was measured in terms of general
toxicity, if we suppose there was an additive effect of the
metals above TRV, it is probable that the sediment com-
position (in relation to organic matter and clay content)
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affects toxicity through the complexation and adsorption
mechanisms (Demirak et al. 2012; Martins et al. 2015) that
are associated with the ecological traits of Chironomus
larvae, which construct sediment tubes (Fonseca and Rocha
2004) and ingest organic particles (Henriques-Oliveira et al.
2003). However, it was not possible to distinguish these
effects with the adopted experimental design.

Furthermore, in situ experiments have multiple natural
and anthropic variables that cannot be controlled at all. In
addition, natural sediments are complex elements composed
of organic and inorganic material that comes from various
sources that can be natural or anthropic (Guo and Yang
2016). As a result, the presence of other pollutants (mainly
agrochemicals and organic pollutants from sewage dis-
charge) that were not considered here may also interfere
with the observable effects.

Our results indicate similar conditions in terms of the
percentage of organic matter in PC1 and PC2 (next to 10%)
but an increasing percentage in soft inorganic sediment in
the same order as metal toxicity: CTRL-PCI1-PC2. Gen-
erally, the finest sediment fractions (i.e., clay and silt) tend
to accumulate metals that can be adsorbed to them. The
same can be said about organic matter, which frequently
forms complexes with metals in aquatic environments (Hart
1982). To understand sediment toxicity, both the physico-
chemical properties and the biological habits of each species
must be considered. Chironomus larvae are burrowing
collectors; they build sediment tubes and ingest organic
matter particles. These characteristics will increase the
exposure of Chironomus larvae to metals in environments
with a high proportion of organic matter and silt-clay par-
ticles in the sediments.

In terms of the toxicity of sediments in Paiva Castro, the
results obtained here complement the evidence obtained in
field studies from the Cantareira Complex that relate the
metal pollution in sediments with biological responses
(Beghelli et al. 2014; Beghelli et al. 2016). According to the
US-EPA (1999) threshold reference values, the sediments
from PC1 and PC2 that were analyzed here could be clas-
sified as toxic because of the measured Cr, Cu and Ni
concentrations (TU = 1). Even so, it was observed that metal
concentrations in sediments increased from 2013 to 2014,
probably as a result of an unusual drought that occurred in
Sdo Paulo State in 2014 and forced the use of the dead
water reserve by SABESP (the autarchy that controls the
water supply to the Metropolitan Region of Sao Paulo) on
May 16th, 2014 (Leite 2014; SABESP 2017).

As a field study, previous work (Beghelli et al. 2016)
could not categorically assert whether the observed altera-
tions were actually a consequence of sediment toxicity.
Furthermore, field studies have another source of varia-
bility, i.e., the faunal diversity. The entire Chironomidae
family was considered in that study. Taking previous work

into consideration, the present in sifu research contributed
new information by reducing the number of predictor
variables (the only variable was sediment composition;
water and locality were the same across treatments) and
biological interferences (using the same offspring mini-
mized biological variability).

The morphological alterations observed in this study
were mainly cases of minor severity (Grebenjuk and
Tomilina 2014) that were similar to the most common
previously recorded alterations (Beghelli et al. 2016).
Warwick (1988) apud Warwick and Tisdale (1998) deter-
mined “a morphological structure is considered deformed if
its configuration departs from the normal”. The authors
recognized that this is a broad definition, and the exact
problem was defining what was considered to be “normal”
(Warwik and Tisdale 1998). Apparently, there is still no
consensus in this respect (Salmelin et al. 2015).

Despite more conservative authors adopting the position
to not consider slight morphological alterations as
abnormalities because they can lead to misinterpretations or
can be related to other conditions that are not of interest in
biological monitoring (Salmelin et al. 2015), e.g., broken
teeth during slide preparation, effects of sediment grain
composition (Bird 1996) and inbreeding (Vogt et al. 2012),
we are of the opinion that, despite difficulties, these data
must be considered in order to contribute to the definition of
what is considered the “normal” condition versus what is
considered a response to stressful conditions with a lower
“limit of detection”. We believe that the procedure adopted
here, which used blind replicates in morphological analysis
and considered the criteria of symmetry and comparison
with larvae from the control, may be sufficient to reduce the
errors that may have greater impacts on the interpretation of
data.

Regardless, the hypotheses related to morphological
alterations and mortality could not be confirmed in the
present research. However, when considering the entire
experimental population, some trends may be perceived
(Fig. 7). The proportion of mouthpart alterations actually
increased with toxicity, but variability was high in relation
to sample sizes. It is also very probable that high mortality
had a strong effect on this result and reduced the sample
size, which led us to believe that, in tests with lower mor-
tality (e.g., laboratorial assays), larger sample sizes (i.e.,
number of replicates) or larger ranges of toxicity, this effect
could be observed more clearly.

Bisthoven and Ollevier (1998) worked with field data
and confirmed the bioindicator potential of morphological
alterations in C. riparius larvae by relating these deformities
as a probable response to Cu concentrations in water and Pb
concentrations in sediments; in contrast, Beghelli et al.
(2016) recorded morphological alterations in chironomid
larvae belonging to different species from the Cantareira
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Complex, i.e., the complex of reservoirs that includes Paiva
Castro Reservoir, which was considered in the present
work.

Another point that must be considered is the percentage
of alterations recorded in the control conditions. In the
present work, the percentage of observed alterations in the
control conditions was 33%. Some authors consider back-
ground frequencies of abnormalities to be those lower than
8% (Warwik and Tisdale 1998; Lotfi et al. 2016). However,
frequencies higher than 20% have been reported in non-
impaired conditions (Bird 1996; Di Veroli et al. 2012).
These last results are more consistent with ours, indicating
that divergences must be determined using the concept of
what is “normal” in research. Furthermore, the frequency of
alterations in the control conditions of the present work is
quite similar to that predicted by the linear model proposed
by Beghelli et al. (2016), i.e., 25.36% in the absence of the
effects of Cu pollution in sediments of the Cantareira
Complex, indicating some consistency of the method in
respect to what is considered to be a morphological
alteration.

Di Veroli et al. (2012) subjected C. riparius larvae to
sediments polluted by a mixture of the metals Cd, Cr, Cu,
Ni, Pb and Zn in increasing concentrations. They recorded
the correlation between morphological alterations and
overall toxicity in spiked sediments but not in natural
sediments. The authors attributed this difference to the
probable presence of other pollutants in the natural sedi-
ments based on the high incidence of morphological
alterations even when metal concentrations were relatively
low. The authors recorded a rate of morphological altera-
tions of approximately 25% in larvae treated with natural
sediments from a “non-polluted” area. As a result, we
hypothesize that the 33% of mouthpart alterations recorded
here may be mainly due to the presence of other pollutants
in the water, and we also recognize that some inbreeding
effect from the larval culture may also be present (Salmelin
et al. 2015).

Comparing these results with data shown here, we can
hypothesize the following: apparently, the toxicity of sedi-
ments are the main environmental factor driving the pro-
portion of mouthpart alterations and the occurrence of
deaths. However, toxicity in sediments from Paiva Castro
Reservoir may not be sufficiently high enough to distin-
guish using the adopted experimental design, especially in
terms of the toxicity range and mortality. By analyzing Fig.
7, it can be seen that some distinction starts in the condi-
tions present in sediments from PC2, where toxicity was
approximately 6 TU. However, this threshold cannot be
categorically assumed (p >0.05), and future experiments
may confirm or deny this trend.

In this case, by considering the biological measure of the
occurrence of damage, we could assess the biological
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responses without being affected by the losses of dead
organisms; this is in contrast to the situation where only
ALT can be considered because dead larvae could not be
recovered, and the occurrence of morphological alterations
could not be confirmed in such cases.

In this line of thinking, it is plausible to assume that the
sublethal effect (ALT) is a consequence of environmental
stress conditions that are not strong enough to increase the
mortality rate. However, the sublethal effect can cause a
biological response that can result in death as the environ-
mental disturbance increases. By considering the occurrence
of damage, this biological continuum can be assessed, and it is
naturally more sensitive than mortality (Martinez et al. 2002).

The observed effects on larval length and the occurrence
of total damage could be clearly related to the overall toxi-
city of sediments. Considering that every specimen analyzed
here came from the same offspring, and that the cages were
submerged in the same environment, it can be stated that
variations among treatments must be attributed mainly to
sediment characteristics. Statistical analyses confirmed the
absence of effects related to the experimental stations (i.e.,
the small variations in location, water characteristics and
depth as well as aleatory effects were not significant).

Another biological endpoint frequently considered in
bioassays with Chironomus larvae is body length (Faria
et al. 2006; Campos et al. 2016). Measures of body length
must be altered as a consequence of toxicity in the envir-
onment, even when death does not occur. One plausible
explanation is that the organisms must spend more energy
to live in stressful conditions, and as a consequence, there
will be less energy available for larval growth (Du et al.
2014). For example, the data from an in situ assay per-
formed by Kellar et al. (2014) indicated the effects of
pesticides and metal pollution on larval growth and emer-
gence but not on mortality, indicating that there were sub-
lethal toxicity levels capable of compromising the
development of the organisms. A similar situation was
verified from our data.

Although all treatments were prepared with sufficient
food to prevent false-positive results, we recognize that
organic matter content may favor larval growth in Chir-
onomus species (Faria et al. 2006). In this respect, Lacey
et al. (1999) demonstrated that organic matter in sediments
had important influences on growth and could affect the
results of bioassays with Chironomus. In addition, organic
matter is an important environmental factor that regulates
the distribution of metals (Martins et al. 2015).

Conclusions

We presented a successful and easy-to-apply in situ assay
using a native species from South America, and we
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demonstrated that it can be successfully used to monitor
sediment toxicity caused by metal pollution. The design of
the cages presented here prevents problems caused by using
any kind of glue that could generate some additional
toxicity.

The present study demonstrated that this test can be
associated with field data to isolate sediment effects in
natural conditions, which provides more accurate results
for monitoring conclusions and avoids variations
associated with biological diversity, location and water
characteristics.

The results align with previous data from Beghelli et al.
(2014) and reinforce the idea that sediments from Paiva
Castro are polluted by metallic elements. The present work
also complemented previous research in the Cantareira
Complex that highlighted the adverse effects of sediments
on benthic macroinvertebrates. We isolated the effects of
sediments and experimentally demonstrated that sediments
from Paiva Castro truly can affect benthic organisms, which
presented observable responses (i.e., sublethal effects) to
treatments in relation to total damage and larval length.
Overall metal toxicity in sediments ranged from 0 to 6.6 TU
and was not apparently lethal to C. sancticaroli larvae. To
clarify the relationship between the morphological altera-
tions recorded here and the sediment toxicity, further
research using other experimental designs should be
conducted.

Data from this experiment are complementary to those
from Dornfeld et al. (2006) and Moreira-Santos et al. (2005)
in the sense that in situ assays with C. sancticaroli are
recommended for biomonitoring in tropical regions. Cur-
rently, the geographical distribution of this chironomid is
restricted to Argentina and Brazil (Fonseca and Rocha
2004). The ideal organism for biomonitoring would be a
native species, but considering the similarities of tropical
ecosystems and the scarcity of tropical species studied for
bioassays (Nikinmaa 2014), the use of C. sancticaroli is
recommended for biomonitoring in other tropical environ-
ments, and it is equally recommended for developing
monitoring procedures that could follow similar procedures
adopted here using other chironomid species in specific
regions.
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