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Abstract. A short-term, sublethal, and cost-effective in situ
sediment toxicity assay for routine assessments with the midge
Chironomus riparius Meigen, based on postexposure feeding,
was developed and evaluated. An inexpensive and easy-to-use
assay chamber was designed. A sediment toxicity assay was
successfully performed at a lentic system impacted by acid
mine drainage, at sites with different types of sediment. It
consisted of a 48-h exposure period followed by a 1-h post-
exposure feeding during which the larvae were fed on Artemia
franciscana nauplii. Methodologies for feeding quantification
of fourth-instar larvae (10-d old) were first developed and
optimized under laboratory conditions. A. franciscana nauplii
were shown to be more suited than fish flake food for post-
exposure feeding quantification, allowing higher precision and
cost-effectiveness. It also required a shorter postexposure
feeding period, thus minimizing the chances for an eventual
organism physiological recovery from toxicant exposure. The
influence of several environmental conditions during exposure
on postexposure feeding was also evaluated: temperature,
dissolved oxygen, pH, salinity, hardness, substrate, humic
acids, light, and food availability. Only temperature was found
to significantly influence postexposure feeding rates; exposure
at 5�C led to reduced feeding activity compared to 30�C.
Recovery rates of 87% were obtained after the 48-h field
exposure at all sites (except site R2). A statistically significant
postexposure feeding depression was observed at the three
sites impacted by acid mine drainage. Therefore, the proposed
short-term in situ assay is a potentially useful tool to assess
sediment sublethal toxicity on a routine basis.

The use of in situ, instead of laboratory, bioassays reduces
artifacts related with sample collection, handling, and storage,
which are particularly relevant in sediment toxicity testing
(Tucker and Burton 1999; Castro et al. 2003). The assessment
of the impact of pollutants in situ has generally been based on

the examination of lethal effects (Ireland et al. 1996; Chappie
and Burton 1997; Pereira et al. 1999). Although several sub-
lethal in situ bioassays have been developed, these are mainly
long-term assays based on growth or reproduction as toxicity
endpoints (Pereira et al. 2000; Ringwood and Keppler 2002;
Castro et al. 2003). However, long-term in situ exposures
present some drawbacks such as the rise of study costs and of
effects associated with potential confounding factors (e.g.,
organism caging and toxicant exposure regime), which com-
plicate the establishment of a causal link between toxicant
exposure and the observed biological response (Chappie and
Burton 2000; Castro et al. 2003). Simple, rapid, and inex-
pensive in situ toxicity assays would be very useful in aquatic
ecotoxicology by allowing assessments to be conducted on a
routine basis with a variety of species (Cairns and Cherry
1993).
The use of feeding depression as a sublethal assay endpoint

has already been investigated in the laboratory for various
groups of organisms including ciliates (Juchelka and Snell
1995), rotifers (Juchelka and Snell 1994), cladocerans (Juch-
elka and Snell 1995; McWilliam and Baird 2002a), and fish
(Little and DeLonay 1996). Also with in situ assays, toxicant-
induced feeding depression has been increasingly used as a
sublethal as well as short-term endpoint (e.g., amphipods
[Maltby et al. 2002], cladocerans [McWilliam and Baird
2002b], and small fish [Castro et al. 2004]). Alterations in
feeding behavior are known to influence the organism's
physiological performance, interfering with specific life-his-
tory events such as development, growth, and reproduction,
and eventually causing changes at higher levels of biological
organization (Maltby 1994; Begon et al. 1996; Sibley et al.
1997). Thus, a depression in feeding has been used as a rapid
response to a toxic stress as well as a first indication for other
physiological responses likely to appear later, at the population
level and community level (Maltby 1994; Little and DeLonay
1996; Maltby et al. 2002). For in situ toxicity assessments, the
use of a postexposure period to quantify feeding avoids the
difficulties inherent to the quantification of feeding during the
field exposure. Obviously, the selection of such an assay
endpoint for an in situ assay requires that both organism
physiological recovery from toxic effects and organism stress
due to handling should be minimal.Correspondence to: R. Ribeiro; email: rui.ribeiro@zoo.uc.pt
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Chironomus riparius is among the group of species most
frequently used in sediment ecotoxicological testing, both in
the laboratory and in situ (Ingersoll et al. 1995; OECD 2001;
ASTM 2002a; Castro et al. 2003). It belongs to the most
widely distributed and frequently most abundant group of in-
sects in freshwater environments (Pinder 1986). The tubico-
lous larvae have direct contact with the sediment by burrowing
to build a case, and extend their anterior ends outside the tubes
to feed on sediment surface detritus (ASTM 2002a). Chiron-
omids often inhabit eutrophic lakes, ponds, streams, and lit-
toral muddy shallow habitats, and are important in the diet of
fish and birds. They are important in the recycling of organic
matter and energy, and link aquatic and terrestrial environ-
ments, because they need both to complete their life cycle
(Gerhardt 1993). In addition to the functionally important
niche occupied by the species, other characteristics led to its
ecotoxicological suitability, such as the existence of an
established method for easy laboratory culturing (OECD 2001)
and the knowledge about its sensitivity to many contaminants
(Timmermans et al. 1992; Postma et al. 1995; Stuijfzand et al.
1998).
The main aim of the present study was to develop

and evaluate a short-term, sublethal, and cost-effective in
situ sediment toxicity assay for routine assessments with
C. riparius larvae, based on postexposure feeding. Four spe-
cific objectives were outlined: (1) to develop a simple meth-
odology to precisely quantify C. riparius larvae feeding rate in
a short period, in order to reduce the chances of an eventual
physiological recovery after toxicant exposure; (2) to develop
simple and inexpensive assay chambers and procedures for
both lentic and lotic systems and for a wide range of sediment
structure characteristics (particle size and water content); (3) to

investigate the influence of various environmental exposure
conditions on postexposure feeding, in order to be able to
distinguish environmental from pollutant effects; and (4) to
evaluate this short-term sublethal in situ sediment assay at a
well studied impacted area.

Materials and Methods

Assay Organism and Culture Conditions

All experiments were conducted with fourth-instar larvae (10-d old) of
C. riparius Meigen. For larval instar selection, both the ease of
feeding quantification and the manipulations involved with in situ
deployment and retrieval were considered. Even though it has been
shown that older instars of Chironomus sp. larvae are more resistant to
toxicants, such instars also produce more precise responses because of
their lower natural mortality and susceptibility to handling compared
to younger instars (Larrain et al. 1997; USEPA 2000).
Midge larvae were obtained from a laboratory culture maintained at

20 € 1�C under a 14:10-h L:D cycle with a 90-min period of dawn
and dusk, inside a 40 · 60 · 120-cm closed transparent acrylic box,
following procedures described by Castro et al. (2003). Briefly,
substrate was quartz seasand (0.1- to 0.4-mm particle size) (Merck,
7712, Darmstadt, Germany). Culture water was the ASTM reconsti-
tuted hard water (280–320 mg CaCO3 mg/L; [ASTM 2002b]). First
instar larvae (newly hatched) were reared in crystallizing dishes at a
density of 30 larvae per 150 g of substrate and 300 ml of water until
day 7. Sets of 15 larvae were then transferred to newly prepared dishes
until emergence. Crystallizing dishes were placed inside the culture
box and were provided with gentle aeration. Larvae were fed with fish
flake food (Tetramin) (TetraWerk, Melle, Germany), ground to small
particles and suspended in culture water (1 g in 20 ml) before being
added at a rate of 0.1 g dry Tetramin/crystallizing dish, every 2 d. On
emergence (after four larval instars and a pupa stage), adults fed on a
sucrose solution wetted paper. After mating, females laid gelatinous
egg masses on crystallizing dishes containing culture water. The egg
masses were then transferred to 5-cm diameter plastic dishes filled
with the same water.

Assay Chamber and Procedures

In situ chambers were constructed specifically for short-term field
exposures of C. riparius larvae (Figure 1). The assay chamber con-
sisted of a 20-cm-long and 5-cm-id acrylic tube. Two 4 · 10-cm
rectangular windows were opened laterally in the tube and covered
with a 200-lm nylon mesh using white thermal glue (Elis-Taiwan,
TN122/WS, Taiwan; chemical composition: 50% ethylene-vinyl-
acetate copolymer, 45% synthetic hydrocarbon, and 5% polyethylene
wax), which has been shown to be nontoxic to cladocerans (Pereira
et al. 1999). A 15 · 15-cm2 of a 200-lm nylon mesh, held by a 1-cm-
wide elastic band, was used to cover the top of the assay chamber. A
2-m-long transparent plastic tube (4-mm-id) was inserted and glued at
the center of the top mesh cover, to allow the introduction of test
organisms with no sediment disturbance. Before testing, all assay
chambers were submersed in deionized water for 24 h. A holding
structure constructed from a 10 · 21 · 25-cm basket made of plastic-
coated metal wire was used to ensure the maintenance of each assay
chamber position in lentic as well as lotic systems (Figure 2). A
central 6 · 7-cm rectangular opening was made to allow positioning
of the assay chamber. For deployment, assay chambers were pushed
about 10 cm into the sediment. The lateral windows allowed both
the flow of the overlying water at the water-column level and of

Fig. 1. Assay chamber designed for the 48-h in situ assay with
Chironomus riparius larvae (not drawn to scale). (a) 2-m-long and 4-
mm-id transparent plastic tube. (b) 15-cm2 cover of 200-lm nylon
mesh. (c) 1-cm-wide elastic band. (d) 4 · 10-cm lateral windows
covered with a 200-lm nylon mesh. (e) 20-cm-long and 5-cm-id
acrylic tube.
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porewater at the sediment level. Each holding structure was then
deployed and attached to the respective assay chamber through two
elastic bands (Figure 2). The holding structure was staked to the
sediment with the help of two wooden sticks each passing through a 5-
cm diameter plastic ring (Figure 2). Additional staking may be re-
quired at lotic systems. Four metal sticks were used to deploy each
holding structure in a river with a 0.75 m/s current (BestanÅa River
within the Douro River Basin, Northern Portugal). This procedure
allowed the assay chambers to be successfully deployed for a 48-h
period.
A leveling structure was also designed to be used in soft sediments

to avoid the holding structures and chambers from sinking into the
sediment. It was constructed from a 33 · 44-cm plastic tray in which a
central 8 · 10-cm rectangular opening (for the assay chamber) and
two 8-mm-diameter holes were made on opposite sides. Each holding
structure was attached to a leveling structure with two plastic bands
passing through the small holes.
Assay chambers were deployed 3 d before testing to allow the

establishment of an equilibrium between the sediment porewater
inside and outside the assay chambers. To begin the assay, five fourth-
instar larvae were inserted into each assay chamber through the 2-m-
long transparent plastic tube (to avoid sediment disturbance), with the
help of a syringe. Assay chambers were retrieved 48 h later and
transported with the sediment to the laboratory. To avoid sediment
losses during transport, the bottom end of each chamber was closed,
first by hand and, after complete retrieval, with a tight-fitting cork.
Each chamber was placed inside a black plastic bag and transported to
the laboratory inside thermally insulated boxes, at 20 € 2�C. Upon
arrival to the laboratory (3–4 h later), larvae were carefully collected
from the sediment to immediately start postexposure feeding rate
determinations following procedures described below.

Feeding Quantification

To develop the methodologies to quantify feeding rates, two types of
food were evaluated in separate experiments: fish flake food (Tetr-
amin) and Artemia franciscana Kellog nauplii. For the experiment on
the use of Tetramin, groups of six larvae were transferred to 40-ml
glass vials containing 30 ml of ASTM hard water. Sieved Tetramin

(100–200 lm) was added at a concentration of 1.5 mg dry weight/
larva (9 mg/vial). Two additional controls were also set up: one with
ASTM hard water and food, but without larvae, to estimate eventual
errors associated with the Tetramin quantification process, and an-
other with ASTM hard water and larvae, but without food, to estimate
the amount of the final particle weight due to feces. For each treat-
ment, three replicates were set up. Feeding was allowed for 24 h, at
20 € 1�C, in the dark, and with gentle aeration. After 24 h, larvae
were removed and the content of each vial was vacuum filtered
through a previously weighted 10-lm nylon mesh filter (1 cm2). All
filters were dried at 60�C for 24 h and final Tetramin dry weight in
each filter was determined to the nearest 0.1 mg using a semi-
microbalance (Sartorius Research R200D, Bradford, Germany).
Feeding rates (mg dry weight Tetramin/larva/h) were computed from
the difference between the initial and final Tetramin dry weights,
corrected for losses of food during the quantification process and
presence of feces, divided by the time (h) they were allowed to feed
and the total number of larvae in each vial.
To evaluate the use of A. franciscana as food, newly hatched

nauplii (<24-h old) were obtained by incubating cysts (Creasel,
Deinze, Belgium) under continuous light, at 25 € 1�C, in standard
reconstituted seawater (salinity = 35 g/L and pH = 7.6 € 0.1 [Guil-
lard 1983]). Hatched nauplii were counted into 1.5-ml eppendorfs
filled with ASTM hard water and frozen until use. For the feeding
trial, five replicates were set up. Each replicate consisted of a 40-ml
glass vial containing 30 ml of ASTM hard water and 150 unfrozen
nauplii into which five larvae were transferred. Feeding was con-
ducted for 1 h, at 20 € 1�C, in darkness. After an hour, larvae were
removed and remaining nauplii were transferred to a Petri dish and
counted (using a black background) under a dissecting microscope.
Feeding rates (number of nauplii/larva/h) were computed from the
difference between the initial and final number of nauplii divided by
the total number of larvae in each vial.
Because A. franciscana nauplii were found to be a more suitable

food for the feeding rate quantification of C. riparius larvae than
Tetramin, it was selected to be used in the in situ sediment assay
proposed here. To optimize the feeding rate of C. riparius larvae on
A. franciscana nauplii, the influences of light conditions and larval
density during the 1-h feeding period were investigated separately.
Both experiments were performed following the same conditions
described above, except for the experimental variable. Two light
conditions were investigated: no light and 250 lx-continuous cool-
white fluorescent light. Five larval density treatments were set up:
one, two, three, four, and five larvae per vial. In the no-light and in the
one- and 5-larvae treatments, a replicate was lost.

Influence of Exposure Conditions on Postexposure Feeding

The influence of the following environmental conditions during the
48-h exposure period on postexposure feeding rates was investigated
in the laboratory: temperature, dissolved oxygen (DO), pH, salinity,
hardness, substrate, humic acids, light, and food availability. Except
when stated otherwise, larvae were exposed during 48 h, at 20 € 1�C,
under a 14:10-h L:D photoperiod, with gentle aeration, and without
food addition, in 175-ml glass vials (5-cm-id) containing 100 ml of
ASTM hard water and a 1.5-cm-high layer of standard seasand. Three
replicates, with five larvae each, were used per treatment. Overlying
water temperature, DO (WTW OXI 92, Weilheim, Germany), and pH
(WTW 537) were measured at the beginning (before larvae intro-
duction) and end (after larvae retrieval) of the exposure period. DO
values remained above the recommended threshold limit of 2.5 to 3.0
mg/L (OECD 2001; ASTM 2002a), except during the DO variable
experiment. Likewise, pH was within the recommended 6 to 9 pH
interval (OECD 2001), except during the pH variable experiment. At
the end of the 48-h exposure period, aeration was stopped and larvae

Fig. 2. Holding structure designed for the 48-h in situ assay with
Chironomus riparius larvae (not drawn to scale). (A) Side view. (B)
Top view. (a) 1-cm-wide elastic bands. (b) 10 · 21 · 25-cm plastic-
coated metal wire basket. (c) 5-cm-diameter plastic rings. (d) 6 · 7-cm
opening to position the assay chamber.
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were maintained in the experimental vials, at 20 € 1�C, for an addi-
tional 4-h period, to simulate the transport of larvae from the field to
the laboratory. Postexposure feeding was then immediately carried
out. According to the feeding quantification section results (Results
and Discussion sections), feeding was quantified in darkness, at a
larval density of five larvae/vial and with 150 nauplii/vial.
Temperature treatments were performed in six controlled temper-

ature rooms at: 5 € 1, 10 € 1, 15 € 1, 20 € 1, 25 € 1, and 30 € 1�C.
Sediment, water, and larvae were added to the 175-ml glass vials at an
ambient temperature of 20 € 1�C, and only then each treatment was
transferred to the respective temperature-controlled room. The influ-
ence of DO in the overlying water was investigated with exposures at
2.0, 3.0, 4.0, 5.0, 6.0, and 8.0 mg/L. Dissolved oxygen concentrations
were obtained by gently bubbling both air and nitrogen (Air Liquide,
AlgPs, Portugal) 2 cm above the sediment surface through two 200-ll
Gilson pipette tips fixed to the respective aeration tubes (Figure 3).
Test vessels were covered with Parafilm (American National Can,
Chicago, Illinois) to reduce evaporation. The pipette tips and a 4-cm-
long transparent plastic tube (1.8-cm id), for introducing the oxygen
probe, were inserted in the Parafilm lid. Between DO measurements,
the top of the plastic tube was also covered with Parafilm. DO con-
centrations were checked six times a day and adjustments to air/
nitrogen flow were made as necessary. Except for the control with DO
values always equal to 8 mg/L, mean (€ standard deviation [SD])
actual DO values differed slightly from nominal concentrations: 2.34
(€ 0.08), 3.27 (€ 0.06), 4.08 (€ 0.02), 5.15 (€ 0.13), and 6.00 (€ 0.36)
mg/L, respectively. The pH treatments were 5.0, 6.0, 7.0, 8.0, and 9.0,
obtained by adjusting the pH of the ASTM hard water with either HCl
or NaOH. Initial and final pH values never differed by more than 0.5
units within each treatment. Salinity levels investigated were 0.0, 1.5,
3.0, and 6.0 g/L, obtained by diluting standard seawater (Guillard

1983) with ASTM hard water. Five different hardnesses were evalu-
ated: very soft, soft, moderately hard, hard, and very hard waters with,
10 to 13, 40 to 48, 80 to 100, 160 to 180, and 280 to 320 mg CaCO3/L,
respectively (USEPA 1989). To determine the influence of substrate,
five different sediments and a water-only treatment were evaluated.
The five sediments were: standard seasand; kaolin (0.1–0.4-lm par-
ticle size; Sigma, K-7375, Steinhein, Germany); 70% seasand and
30% kaolin; 30% seasand and 70% kaolin; and the formulated sedi-
ment developed by Ribeiro et al. (1999): 70% seasand, 20% kaolin,
and 10% alpha-cellulose (Sigma, C-8002, Steinhein, Germany) (all
proportions were based on dry weights). The influence of humic acids
(Aldrich, H1 675–2, Milwaukee, Wisconsin) was investigated using
five different concentrations: 0.0, 0.5, 1.0, 1.5, and 2.0 mg/g of humic
acids. For each replicate, the humic acids were first mixed with the
seasand and with about 20 ml of the 100-ml ASTM hard water. Then,
the remaining water was added and the mixture was left to stabilize
for 24 h. The influence of light was assessed through two treatments:
exposure in the dark and under a 14:10-h L:D photoperiod. To assess
the influence of food availability, larvae were exposed under two
treatments: no feeding and 3.6 mg dry weight of grounded Tetramin
per larva during the 48-h exposure, supplied at the start of the
experiment.

In Situ Toxicity Assay

To evaluate the suitability of this in situ assay based on postexposure
feeding to detect field toxicity, an assay was performed at the aban-
doned S. Domingos cupric-pyrite mining area (within the Guadiana
River Basin, SE Portugal). This is a well-described system where
extensive ecotoxicological research has already been carried out
(Pereira et al. 1995; Lopes et al. 1999a,b; Pereira et al. 1999, 2000;
Castro et al. 2003; Castro et al. 2004; Moreira-Santos et al. 2004). It is
a system historically impacted by acid mine drainage resulting from
the ongoing oxidation of mine tailings, and where no other significant
contaminant sources are present (Castro et al. 2003). This mine
drainage is characterized by very low pH (£ 3.0) and high heavy
metal concentrations (mainly Fe, Al, Zn, Cu, Cd, Cr, Pb, and As
[Pereira et al. 1995; Lopes et al. 1999a; Pereira et al. 2000; Moreira-
Santos et al. 2004]). Mine effluent is slightly diluted by the Mosteir¼o
Stream and discharged into the ChanÅa River Reservoir (Figure 4).
Three impacted sites (I1, I2, and I3) along the Mosteir¼o Stream,
downstream from the point of effluent discharge, and two references,
R1 on the Mosteir¼o Stream upstream of the effluent discharge and R2
in the ChanÅa Reservoir, were selected (Figure 4). The two reference
sites were selected in distinct parts of the system to enable calculation
of postexposure feeding over a range of chemical and physical
parameters characterizing the uncontaminated part of the system. Site
I3 was not part of the main effluent course but was, instead, a puddle
originated by the lowering of the water-column level due to an intense
evaporation. Three replicate assay chambers were deployed at each
site as described above. After a 48-h exposure period, assay chambers
were retrieved and transported to the laboratory. Postexposure feeding
rate quantifications were performed immediately upon arrival at the
laboratory, following the procedures described in the previous section.
Water-column temperature, conductivity (WTW LF 92), and pH

were recorded at the beginning and at the end of the in situ assay. At
the end of the assay and prior to chamber retrieval, sediment samples
were taken just beside the assay chambers. A tube equivalent to an
assay chamber (20-cm long) was used for sampling sediment at the
same depth reached by assay chambers. Three replicate samples from
each site were composited, sealed in airtight plastic bags, transported
to the laboratory, and stored in the dark at 4�C until processed for
analysis (USEPA 2000; ASTM 2002a). Composite sediment samples
were used for water content, organic matter content (percent volatile
solids), and particle size distribution analysis. Water content was

Fig. 3. Scheme of the laboratory experimental design used to deter-
mine the influence of the overlying water dissolved oxygen during the
48-h exposure period on the 1-h postexposure feeding of Chironomus
riparius larvae (not drawn to scale). (a) Oxygen probe. (b) 1.8-cm id
and 4-cm-long transparent plastic tube. (c) Aeration tubes. (d) 200-ll
Gilson pipette tips. (e) Parafilm. (f) ASTM water. (g) Sediment layer.

166 S. Soares et al.



determined by measuring the loss of sediment weight after oven-
drying at 100�C for 24 h, and was expressed as the percentage of the
initial wet weight of the sediment (Buchanan and Kain 1971). Organic
matter content was determined by quantifying the loss of weight after
ignition at 500�C for 24 h, and was expressed as the percentage of the
oven-dry weight of the sediment (Buchanan and Kain 1971). The
sediment particle size distribution was analyzed by sieving it into

three fractions: silt and clay (<0.062 mm), sand (0.062–2.0 mm), and
gravel (>2.0 mm), and was then classified according to the Wentworth
scale (Buchanan and Kain 1971). Porewater was extracted by
squeezing each composite sediment sample against a 10-lm Teflon
mesh using pure nitrogen at 2 atm and a device similar to the one
developed by Carr et al. (1989). Porewater was analyzed for con-
ductivity and pH and then preserved by acidification to pH 2 with
H2NO3, and stored at 4�C for metal analysis (APHA 1995). Total
aluminum, zinc, cobalt, manganese, cadmium, copper, iron, selenium,
and lead were the metals analyzed. Total metals include those inor-
ganically and organically bound, both dissolved and particulate, and
were quantified (by a certificated laboratory: EgiAmbiente, Vila Nova
de Gaia, Portugal), after vigorous digestion on unfiltered samples,
using ICP spectrophotometry (APHA 1995).

Data Analysis

Larval feeding rates were analyzed for significant differences through
t tests or one-way analyses of variance (ANOVAs) followed by
multiple comparison Tukey HSD tests (Zar 1996), using the software
STATISTICA 5.0 (StatSoft, Tulsa, Oklahoma). The assumptions of
normality and homoscedasticity were verified using the Kolmogorov-
Smirnov test and the two-tailed variance ratio test (k = 2) or the
Bartlett's test (k ‡ 3; k being the number of experimental groups) (Zar
1996). Comparison of two means from normally distributed popula-
tions without assuming equal variances was done using the ‘‘Behrens-
Fisher problem’’ (Zar 1996). Testing for significant differences be-
tween coefficients of variation (CVs) was performed using the Le-
wontin (k = 2) and Miller-Feltz (k ‡ 3) equations (Zar 1996). Linear
regression models were fitted using the software MINITAB 3.20
(Minitab, State College, Pennsylvania). Because larval density was
found, in the present study, to have a significant effect on larval
feeding rates, only replicates in which four or five larvae were
recovered from the field exposure were used to compute mean post-
exposure feeding rates. Because no significant differences were found
between feeding rates at reference sites, feeding rates at each
impacted site were compared with pooled references by one-tailed
U-tests (Zar 1996).

Results

Feeding Quantification

The mean (€ SD) feeding rate of C. riparius larvae fed on
Tetramin for 24 h was 0.017 (€ 0.001; CV = 6%) mg/larva/h
and of those fed on A. franciscana nauplii for 1 h was 19.0
(€ 0.7; CV = 4%) nauplii/larva/h. Feeding rates of C. riparius
larvae fed for 1 h on A. franciscana nauplii are shown in
Figure 5 in function of the light regime and larval density.
Larvae under continuous illumination ate significantly more
nauplii than those in the dark (t4.2 = 60.1, p < 0.001). Sig-
nificant differences were also found between CVs (F4,3 = 45.6,
p < 0.01); results from larvae feeding under continuous light
were more variable (CV = 55%) than those of larvae feeding
in darkness (CV = 9%) (Figure 5A). The influence of larval
density during the 1-h feeding period was highly significant
(F4,18 = 62.0, p < 10)9): one to two larvae per vial ate sig-
nificantly more than four to five larvae/vial. However, no
significant differences were found among the respective CVs
(v24 = 8.1, p > 0.05) (Figure 5B). A linear regression showed
that larval density explained 97% of the variability in feeding
rates (Figure 5B).

Fig. 4. The aquatic system of S. Domingos mine with location of two
reference (R1 and R2) and three impacted sites (I1, I2, and I3).

Fig. 5. Feeding rates of Chironomus riparius larvae fed for 1 h on
A. franciscana nauplii under two light conditions (A) and at different
larval densities (B). Error bars indicate € 1 SD; numbers beside
means are CVs (%); common letters beside means identify homoge-
neous groups by Tukey HSD test.
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Influence of Exposure Conditions on Postexposure Feeding

The influence of temperature during the 48-h exposure period
on postexposure feeding rates of C. riparius larvae is presented
in Figure 6. An ANOVA revealed significant differences in
feeding among temperatures (F5,12 = 4.5, p = 0.015). Larvae
ate more at 30�C than at 5�C. No differences were found
among CVs (v25 = 4.4, p > 0.05). A linear regression showed
that temperature explained 75% of the variability among
treatments (Figure 6). For all other environmental variables
(DO, pH, salinity, hardness, substrate, humic acids, light, and
food availability), no significant differences in postexposure
feeding rate across treatments were observed (p = 0.090–
0.857). Mean (€ SD) postexposure feeding rates ranged from
11.8 (€ 2.23) to 13.9 (€ 2.14), 10.27 (€ 1.14) to 14.7 (€ ), 13.9
(€ 3.24) to 15.5 (€ 1.33), 14.0 (€ 2.12) to 17.9 (€ 1.89), 16.5
(€ 2.30) to 20.1 (€ 1.72), 13.3 (€ 1.30) to 15.9 (€ 2.72), 13.8
(€ 2.75) to 18.1 (€ 1.86), and 13.8 (€ 2.75) to 16.1 (€ 2.30), in
the DO, pH, salinity, hardness, substrate, humic acids, light,
and food availability experiments, respectively. Overall, CVs
ranged from 7% to 20%, except in three situations where
values lower than 28% were, nevertheless, registered.

In Situ Toxicity Assay

The in situ exposure was carried out with a mean (€ SD)
water-column temperature of 20 € 3�C at all sites. Conduc-
tivity at R1, I1, and I2 ranged from 420 to 580 lS/cm, and at I3
from 1033 to 1132 lS/cm, whereas conductivity at R2 was 194
lS/cm. Water-column pH was near to neutrality (6.5–7.5)
except at site I3 (4.0–4.5). Water and organic matter contents
of sediments were similar at all field sites (Table 1). Sediments
from R2 and I2 were classified as sandy gravel, and those from
R1, I1, and I3 as gravely sand; the fraction of silt and clay was
small at all sites ( £ 8%). At all sites, the most abundant metals
present in the porewater were (in increasing order) Fe, Al, and
Mn (Table 2). Metal concentrations at R1 were very low
compared with concentrations at all others sites. The highest
concentrations for almost all analyzed metals were observed at
site I1, followed by site I2.

Organism recovery ranged from 60 (R2) to 87% (all other
sites) (Table 3). The low recovery rate at site R2 was likely
caused by difficulties when retrieving one of the assay
chambers. In the other two replicates, 100% recovery was
observed. Table 3 presents postexposure feeding rates for each
replicate. Significant differences were found between postex-
posure feeding rates (F4,7 = 6.96, p = 0.014), but the respec-
tive Tukey HSD test revealed no differences between reference
sites, although the feeding rate at R1 was 11% lower than at
R2. Postexposure feeding was significantly depressed at the
three impacted sites—I1, I2, and I3—relative to pooled ref-
erences (U5,2 = 10, p = 0.05; U5,3 = 14, p = 0.05; U5,2 = 10,
p = 0.05), by 24%, 15%, and 34%, respectively (Table 3).

Discussion

Feeding Quantification

Although both fish flake food and A. franciscana nauplii were
demonstrated to be suitable to quantify the feeding rate of
C. riparius larvae, using nauplii was easier, greatly simplifying
the feeding quantification procedures and yielding more pre-
cise results. The use of Tetramin was revealed as a complex
and time-consuming procedure requiring the setup of two extra
treatments for calculating correction factors. Furthermore, it
was possible to reduce the postexposure feeding period from
24 to 1 h. A short postexposure feeding period is essential in
order to minimize an eventual physiological recovery from the
effects of the toxicant during exposure. Recovery from toxi-
cant effects has been reported for daphnids less than 4 h after
exposure to sublethal concentrations of copper, fluoranthene
(McWilliam and Baird 2002a), and phenol (Brent and Herricks
1998).
The mean feeding rate of organisms under continuous light

was significantly higher than that of organisms feeding in
darkness. However, feeding under light produced feeding rates
significantly more variable compared to feeding in darkness.
Osborne et al. (2000) also addressed the effects of the light
regime on C. riparius larval feeding and found that when
animals were fed in darkness their guts were filled faster and
more efficiently than when fed under light conditions. The
latter authors concluded this might be expected as larvae are at
their most vulnerable stage when feeding at the sediment
surface. The high variability among replicates observed in the
present study for the continuous light treatment indicates that
these larvae were under stress conditions that led to a highly
variable feeding behavior. In accordance with the present re-
sults, it was established that postexposure feeding rates should
be quantified under dark conditions, because in this way more
precise feeding rates could be achieved.
C. riparius larval density was found to be inversely pro-

portional to larval feeding rate. Most likely, larval density
influenced the food available per larva and not the feeding
behavior itself. Because the food concentration per vial was
similar, the probability of one larva to find a nauplium
decreased with an increase in larval density. A study on den-
sity-dependent effects on the growth and development of
C. riparius larvae also found that food availability is often
related to the density of organisms in both natural populations

Fig. 6. Postexposure feeding rates of Chironomus riparius larvae
exposed for 48 h at different temperatures. Error bars indicate €1 SD;
numbers beside means are CVs (%); common letters beside means
identify homogeneous groups by Tukey HSD test.

168 S. Soares et al.



and sediment bioassays (Ristola et al. 1999). Because similar
coefficients of variation were obtained among all larval den-
sity treatments, a density of five larvae per vial was selected in
this study for postexposure feeding quantifications. Such a
choice allows reduction of the number of replicates required
for quantifying the feeding of the five larvae/replicate at each
site, and hence greatly simplifies the feeding trials. Although
similar feeding conditions were provided to the larvae of the
latter treatment and to those feeding in darkness in the
experiment addressing the influence of light conditions, a
difference of approximately twofold was found between the
respective feeding rates. This apparent discrepancy in the
repeatability of feeding rate measurements could be due to
small differences in the size of the larvae caused by slightly
different culture conditions, because the two experiments were
not carried out simultaneously. However, comparable feeding
rates were obtained with larvae used in all of the subsequent
laboratory experiments, showing the good repeatability of the
feeding quantification procedures.

Influence of Exposure Conditions on Postexposure Feeding

Temperature was the only exposure condition found to have a
significant effect on postexposure feeding. As expected, be-
cause the metabolic rate of organisms is reduced with a de-

crease in temperature, postexposure feeding rate was
correlated with the temperature during exposure. Feeding rate
was significantly lower at 5�C than at 30�C. Therefore, when
temperature variations larger then 20�C across sites would
occur, which is rather unlikely, strategies to distinguish a po-
tential toxic effect from a temperature effect would be needed
(Maltby et al. 2002; Ringwood and Keppler 2002). For all
other investigated exposure conditions, the absence of a sig-
nificant effect on the postexposure feeding rate of C. riparius
larvae indicates that the selected assay endpoint was not
influenced by such an array of exposure variables. As a result,
sites with such different (DO, pH, salinity, hardness, substrate,
humic acids, light and food availability) conditions can be
compared for in situ sediment toxicity evaluations with C.
riparius larvae, unless a combination of negative conditions is
present. In such a case, data on the interactions of environ-
mental factors should be previously collected. C. riparius
larvae have been shown to have a large tolerance to different
sediment grain sizes and to inhabit gravel, limestone, marl,
plants, and silt (Pinder 1986; Ingersoll and Nelson 1990).
Pinder (1986) reported the occurrence of this species in the
field at pH between 5 and 9, and at DO concentrations as low
as 1 mg/L. The present study also shows that freshwaters and
brackish waters up to 6.0 g/L salinity can be directly compared
for postexposure feeding rates. Although the transfer from one
salinity level to another was found to cause a physiological

Table 1. Sediment physicochemical parameters at each field site

Site Water (%) Organic matter (%) Silt and clay (%) Sand (%) Gravel (%) Sediment classification

R1 25 2.0 3 73 24 Gravely sand
R2 17 2.6 1 43 56 Sandy gravel
I1 20 2.6 8 53 39 Gravely sand
I2 20 4.0 2 47 52 Sandy gravel
I3 19 3.0 0 53 47 Gravely sand

Table 2. Porewater chemical parameters at each field site.

Site Cond pH Al Zn Co Mn Cd Cu Fe Se Pb

R1 1.6 7.1 0.011 0.009 <10)3 0.20 <10)3 <10)2 0.49 0.001 <10)3

R2 0.31 7.1 10 2.9 0.01 2.8 0.004 0.22 4.1 <10)3 0.46
I1 1.7 3.1 65 9.2 0.6 43 0.04 2.0 11 0.003 0.16
I2 3.1 3.6 15 3.8 0.3 31 0.008 0.81 75 0.01 0.16
I3 1.1 3.6 14 2.1 0.08 3.5 0.01 0.88 80 0.001 0.32

Note: Cond, conductivity (mS/cm). Metal concentrations are expressed as mg/L.

Table 3. Postexposure feeding rates (PEF, in nauplii/larva/h) and larvae recovery (Rec, in %), in each of the three assay replicates, of
Chironomus riparius exposed in situ for 48 h at the two reference (R1 and R2) and the three impacted sites (I1 to I3)

Site PEF (Rec) per replicate PEF € SD (CV) (Rec) PEF Depress

R1 15.5 (80) 14.8 (80) 15.2 (100) 15.2 € 0.38 (2) (87)
R2 17.8 (80) 16.5 (80) — (20)a 17.1 € 0.88 (5) (60)
I1 13.6 (100) 10.6 (100) — (60) 12.1 € 2.1 (18) (87) 24.2*

I2 14.0 (80) 11.3 (80) 15.2 (100) 13.5 € 2.0 (15) (87) 15.4*

I3 10.2 (100) 10.8 (100) — (60) 10.5 € 0.42 (4) (87) 34.2*

Notes: Only replicates in which four to five larvae were recovered were used (i.e., recovery of 80–100%). * Identifies significant (p £ 0.05)
postexposure feeding depression (PEF Depress, in %) relative to pooled references.
a Sediment core was partially lost during retrieval of assay chamber.
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effect, which increased the variability in the uptake of zinc by
C. riparius fourth-instar larvae (Bervoets et al. 1996), such
transferring did not influence postexposure feeding within the
salinity range evaluated here (0.0–6.0 g/L). However, caution
should be taken when working at higher salinities. In fact,
mortality of C. riparius fourth-instar larvae was 100% when
exposed at a salinity as high as 12 g/L (I. Cativa, personal
observation). Postexposure feeding was not influenced by the
light conditions prevailing during the 48-h exposure period;
postexposure feeding rates of larvae exposed under a light
regime and in darkness were comparable.

In Situ Toxicity Assay

The developed chamber and protocols were suitable for
exposing C. riparius larvae in situ in a variety of aquatic
systems, i.e., from lentic to lotic and in sediments with a wide
sediment particle size range. The chamber and auxiliary
structures were easily constructed with inexpensive materials,
and deployed at the field sites without difficulties. The
advantages of using assay chambers made of transparent
material for better simulating the natural light regime have
been already pointed out (Castro et al. 2003); it allows expo-
sure under natural light conditions, making possible the inte-
gration of potential light effects on organism performance as
well as the assessment of photoactivated toxicants (Monson et
al. 1995; Ireland et al. 1996). According to the proposed
protocol, disturbance of the sediment after deployment can be
minimized by first allowing the establishment of an (at least
partial) equilibrium between the sediment porewater inside
and outside of the chambers, then deploying organisms 2 m
away from the chambers. It was also shown that this new
chamber can be successfully used in soft sediments because
the leveling structures prevented the system from sinking.
Furthermore, chambers could be successfully employed in
lentic as well as lotic systems. The occurrence of indigenous
organisms inside in situ chambers raises concerns about pre-
dation on test organisms and misidentification due to structural
similarities between test and indigenous organisms (Chappie
and Burton 1997). In this study, the use of a 200-lm nylon
mesh for assay chamber construction was adequate to avoid
problems with indigenous organisms at all study sites, al-
though the need to use chambers with an open end does not
permit eradication of this possibility. As pointed out by Crane
et al. (2000), marking the test organisms prior to deployment
would be a solution to this problem for in situ assays carried
out at sites where natural populations occur. A recovery rate of
87% was observed at all except one site (R2), but this was
likely due to problems retrieving one assay chamber. A pos-
sible solution to such problems, to be considered for in situ
assays in general, would be the deployment of extra assay
chambers, although only the first three successfully retrieved
chambers (sediment remaining in the tube) should be used for
assay endpoint estimation.
The 11% difference in postexposure feeding found between

the two reference sites, though not significant, highlighted the
difficulty inherent to in situ bioassays of selecting appropriate
uncontaminated reference sites with characteristics that do not
influence assay organism performance (Chappie and Burton

2000). Sediment and porewater physicochemical characteris-
tics registered at the reference sites were not similar. Site R1
had higher water-column and porewater conductivities than
site R2, which could be indicative of other habitat quality
parameters not measured. Moreover, sediment at R1 was ob-
served to have many plant roots, which may have influenced
organism performance. For practical reasons, a larval density
of five individuals per vial had been initially selected for
postexposure feeding quantifications. However, results from
the in situ assay indicated that the need for replicate rejection
when larval density levels of replicates within a treatment are
not directly comparable for feeding rate quantification may
sometimes be ineffective. Such a procedure can reduce the
power of the assay to discriminate across-sites postexposure
feeding depression. It is well known that the power of a test to
discriminate differences among treatments is reduced by in-
creases in within-treatment variability, which is in turn highly
dependent on the number of replicates (Burton et al. 1996;
ASTM 2002a). Therefore, individual postexposure feeding
rate quantifications, even though more laborious, should be
considered. In this way, feeding rates of all larvae recovered
from assay chambers can be quantified and directly compared,
increasing the power of the assay.
Although determination of the prime causes for a toxic ef-

fect on C. riparius larvae was not a primary objective of this
study, based on the measured water and sediment quality
parameters an attempt was made to infer the possible factors
determining postexposure feeding depression at the impacted
sites. Unexpectedly, the highest metal concentrations were not
found at the sites with the highest feeding depression. How-
ever, metal pollution is known to occur generally as a mixture
of different metals that interact with each other, and toxicity of
a mixture is not the sum of the toxicity of the parts (Gerhardt
1993). Furthermore, total metal analyses are not indicative of
the fraction of metals available to organisms, because bio-
availability depends on the metal, the form of the metal, and
largely on water-quality parameters such as pH, hardness, and
inorganic and organic ligands (Gerhardt 1993). In particular,
sediments contaminated with acid mine drainage are known to
have complex chemical and physical properties, and the fac-
tors potentially contributing to toxicity are quite numerous
(Lopes et al. 1999a; Pereira et al. 2000; Moreira-Santos et al.
2004). The high postexposure feeding depression observed at
site I3 may be explained by the low pH in both water-column
(4.0–4.5) and porewater (3.6), a combination not found at sites
I1 and I2. The role of pH on metal toxicity has been studied. In
addition to the direct toxic effects due to hydrogen ions (Kelly
1991; Gerhardt 1993), the availability of the free metal ions
increases at low pH, and in general there is an increase in
metal uptake (Gerhardt 1993).
In conclusion, the in situ sublethal assay proposed here has,

contrary to most in situ sublethal assays, the additional
advantage of reducing exposure to a period as short as 48 h,
rendering it a rapid and cost-effective assessment tool appro-
priate for routine use. It can be used in both lentic and lotic
systems and in soft sediments. Moreover, the laboratory
evaluation of environmental exposure conditions on C. ripa-
rius larvae postexposure feeding showed that this in situ assay
can be used under a relatively wide range of environmental
conditions not (per se) detrimental to organism performance.
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Therefore, the proposed short-term in situ assay is a potentially
useful tool to routinely assess sediment sublethal toxicity.
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