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Abstract: Contaminant-driven feeding inhibition has direct and immediate consequences at higher levels of biological organization, by
depressing the population consumption and thus hampering ecosystem functioning (e.g., grazing, organic matter decomposition). The
present study aimed at developing a short-term laboratory and in situ assay based on the postexposure feeding of the freshwater snail
Theodoxus fluviatilis. A method to precisely quantify feeding rates was first developed, consisting of a 3-h feeding period, in darkness, on
150 defrosted nauplii of the brine shrimpArtemia franciscana. Postexposure feeding after a 48-h exposure to cadmiumwas approximately
as sensitive as survival, with the median effective concentration (EC50) and median lethal concentration (LC50) being 85 mg/L and
102 mg/L, respectively, and the 20% effective concentration (EC20) and 20% lethal concentration (LC20) being 41 mg/L and 77 mg/L,
respectively. Together, both effects at the LC20 reduced population consumption by 56%. In situ experiments at reference sites covering
broad ranges of current velocity, hardness, conductivity, sediment organic matter content, and sediment particle size distribution revealed
the influence of these abiotic conditions on postexposure feeding, in the absence of contamination, to be negligible. The effectiveness of
the in situ assay was evaluated at 5 sites contaminated with acid mine drainage. Surviving organisms at the single partially lethal site (37%
mortality) presented a 54% feeding inhibition relative to the reference, whereas the population consumption would be inhibited by 71%,
confirming the integration of survival and feeding to be pertinent for estimating contaminant effects at higher levels of biological
organization. Environ Toxicol Chem 2013;32:2144–2152. # 2013 SETAC
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INTRODUCTION

Contaminant-driven feeding inhibition has direct and immedi-
ate consequences at higher levels of biological organization, by
depressing the population consumption and thus hampering
ecosystem functioning (e.g., grazing, organic matter decomposi-
tion).Thus, like lethalityandavoidance, feedingisanunequivocal,
ecologically meaningful response [1–4]. The decrease in feeding
rate because of contamination is expected to be fast, general, and
quantifiable [2,5–7]. It has been used as a toxicity test endpoint
with cladocerans [6,8], amphipods [3,9], decapods [10,11],
snails [12,13], polychaetes [7,14,15], midges [14,16], and fish
[17,18]. If feeding inhibitionoccurs at contaminantconcentrations
close to those affecting growth or reproduction, then predicting
ecosystem-level effects—taking into account only time-delayed
extrapolations from population growth rates—can strongly
underestimate risk. In contrast, if feeding inhibition only occurs
at partially lethal concentrations, theuseof lethality tests alonewill
also result in a risk underestimation because survivors would eat
less than before, leading, alongwith population downsizing, to an
enhanced immediate population consumption inhibition. Under
the latter circumstances, an accurate estimation of the effective
concentrations inhibiting the population consumption requires
an integration of the effective concentrations reducing both
individual feeding and survival. Moreover, such integration may
well reduce uncertainties in recurrent extrapolations inherent to
ecological risk assessment made from the results of relatively
simple laboratory assays to quantify effects at the ecosystem level.
Relevant contributions to this integration have already been
made [4,13,19].

In situ toxicity testing has been recognized as a useful
approach in ecotoxicity assessments because it can be used,
either alongside or instead, to transcend the disadvantages of
laboratory tests [20–22]. By exposing organisms in cages at the
field, in situ assays incorporate field fluctuations and are less
subject to artifacts associated with sample manipulation; in
addition, the exposure takes place under more realistic
conditions, resulting in a more ecologically relevant exposure
scenario that is also cost-effective [17,21,22]. Major limitations
include the additional stress on test organisms, uncontrolled
variables complicating the establishment of causality between
exposure and effects, logistic difficulties of deployments in deep
or fast-moving waters, availability of adequate reference sites,
and vandalism [20,22].

Snails are an integral component of freshwater lotic and lentic
communities both as primary consumers and as prey for
invertebrate (leeches, flies, and beetles) and vertebrate taxa
(fish, birds) [23–25]. Their grazing activity influences the
dynamics of themacrophyte epiphyte systemby reducing shading
andcompetition fornutrients and throughsignificant shifts in algal
communities [26]. Degradation of water quality may be an
important factor affecting the declining populations of fresh-
water snails [12]. The reduction or elimination of a population of
snails from a freshwater community may have significant con-
sequences for the structure and function of that community [25].

Theodoxus fluviatilis (L.) is a Prosobranchia Neritidae
freshwater snail with a large distribution throughout Europe
and Anatolia in lakes, streams, rivers, canals, and even estuaries
and brackish waters, up to 60 m in depth [27–29]. Its distribution
is favored by rapid currents, high content of calcium, carbon
dioxide, dissolved oxygen, and high conductivity [28–30].
Theodoxus fluviatilis is a scraper that feeds on biofilms, ingesting
mainly diatoms, but it also feeds on cyanobacteria and
detritus [27,29]. In rivers, T. fluviatilis is mainly fixed to the
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substrate—preferably stones where they scrap food—in shallow
areas, and is less present in vegetation [27,30]. According to
Graça et al. [30], the density of T. fluviatilis in the spring source
of the Anços River (Portugal) can vary from approximately 10
individuals/m2 to 9000 individuals/m2, but decreases to zero
3800 m downstream. In the littoral zone of Lake Esrom
(Denmark), a local population showed a variable density,
between 556 individuals/m2 and 2100 individuals/m2, with a
mean annual abundance of 1084 individuals/m2 [29].

The present study aimed at developing a short-term
laboratory and in situ assay based on the postexposure feeding
of the freshwater snail T. fluviatilis. Four specific objectives were
delineated. First, to develop a method to easily, precisely, and
rapidly quantify feeding rates, while preventing organisms’
physiological recovery. Second, to compare the sensitivity to
cadmium of feeding and survival. Third, to determine the
influence of abiotic conditions other than contamination on
feeding rates. Fourth, to evaluate the effectiveness of the in situ
assay by deploying it at contaminated sites.

MATERIALS AND METHODS

Assay organisms

Organisms of T. fluviatilis were collected at the spring source
of the Anços River (Central Portugal: 39858043.4000N,
8834023.3000W), with a mean (� standard error) annual water
temperature of 16.1 8C (� 0.1 8C) [30]. This site was previously
classified as minimally disturbed, based 1) on classes of water
quality for multiple uses by the National Water Agency (INAG,
Portugal), 2) on species composition and abundance in the
riparian corridor, 3) on channel morphology, and 4) on
urbanization and industrial activities in the catchment area
[31]. It is presently considered as being in a good ecological
status for support of aquatic life under the national implementa-
tion of the Water Framework Directive (M.J. Feio, Department
of Life Sciences, University of Coimbra, Portugal).

Organisms were handpicked from streambed stones and
transported in thermally insulated boxes filled with local water
to the laboratory or directly to the in situ assay sites. For
experiments on feeding quantification and endpoint sensitivity,
organisms were conditioned for transportation (30-min trip)
in plastic containers (length � width � height of 21 cm �
15.4 cm � 9.4 cm). In the laboratory, cultures were maintained
in a temperature controlled room at 19 8C to 21 8C, under a
14-h:10-h light:dark light regime, in plastic containers with
aerated culture medium (�5 cm high) and local stones. Culture
medium consisted initially of 100% local water and within the
first week was gradually changed to 100% ASTM reconstituted
hard water [32], hereafter referred to as ASTM medium. It was
renewed 3 times a week, and the plastic containers were renewed
once a week. Each collected batch of organisms was maintained
under these controlled laboratory conditions during a maximum
period of 2 wk. For the in situ experiments and assays, organisms
were collected on the same day as deployment and conditioned
to be transported to the study sites in 50-mL polypropylene vials
(10 organisms/vial) filled with local water. The size of each
experimental batch of organisms was estimated at the end of
each experiment by measuring shell height and length in a
sample of 20 organisms [27].

In situ assay chambers and procedures

Assay chambers were previously developed by Moreira
et al. [7], each consisting of a 20-cm-long, 5-cm inner diameter,
and 0.5-cm wall thick acrylic tube with open ends and 1-cm

slimmed bottom edge to facilitate penetration into the sediment.
The exchange of surrounding water (at the water-column level)
and porewater (at the sediment level), between the interior and
exterior of the chamber, was guaranteed by 2 opposite
rectangular windows (4 cm � 10 cm) covered with a 200-mm
nylon mesh. To cover the top end of the assay chamber during
exposure, a 200-mm nylon mesh (15 cm � 15 cm), held by an
elastic band, was used.

Assay chambers were carefully pushed into the sediment to a
depth of approximately 10 cm so that lateral windows allowed
the flow of both the overlying water, at the water-column level,
and of porewater, at the sediment level. When needed, a holding
structure made from a basket of plastic coated metal wire
(10 cm � 21 cm � 25 cm) was used to protect assay chambers
from strong water flows [16]. Three replicate chambers were
deployed at each site and 10 organisms were deployed per
chamber. Although only 8 organisms were required to quantify
postexposure feeding rates, the deployment of 10 organisms per
chamber, while respecting field densities [29,30], facilitated
organism retrieval at the end of the assay. After the 48-h
exposure period, chambers were retrieved and individually
placed into trays to retrieve the organisms from the sediment.
Organisms from each replicate were placed into the same 50-mL
polypropylene used for transportation to the field sites filled with
local water to prevent organisms’ physiological recovery, and
transported to the laboratory inside thermally insulated boxes
at approximately 20 8C. A 5-h period from retrieval of the
chambers until the beginning of the postexposure feeding
quantification was established to provide similar conditions
among sites. Individuals were allowed to feed according to the
procedures described below.

Conductivity (Wissenschaftlich Technische Werkstatten
[WTW] Cond315i/SET conductivity meter), temperature
(WTW Cond315i/SET), dissolved oxygen (WTW OXI 92
oxygen meter), pH (WTW 537 pH meter), and current velocity
(Valeport 108 MkIII current meter) were measured at deploy-
ment and at retrieval, at each site. Water samples were collected
at each site and kept frozen until hardness and metal analysis.
Total hardness was determined by spectrophotometry (method
2340 B [33]), using a DR 3900 equipment (HACH LANGE). At
each site, composite sediment samples were collected into black
airtight plastic bags, transported to the laboratory, and stored at
4 8C until processed for analysis. Sediment water content was
determined by measuring the loss of weight of 3 subreplicates
after oven drying at 60 8C for 3 d. Sediment organic matter
content (percentage of volatile solids) was determined by
quantifying the loss of weight after ignition in a muffle furnace
(Nabatherm L3) at 600 8C for 6 h [34]. Sediment particle size
distribution was analyzed by sieving the sediment (pooling of
3 subreplicates) into 11 fractions, ranging from 63 mm to
64 mm [34].

Study sites

To evaluate the effect on postexposure feeding of the
environmental abiotic conditions, other than contamination, and
the effectiveness of the in situ assay, 5 reference sites [35] (R1–
R5) were selected within the Mondego River basin (Central
Portugal) and 1 reference (R6) and 5 sites impacted by an acid
mine effluent in the Água Forte stream [36] (I1–I5), within the
Sado River basin (South Portugal; Tables 1 and 2).

Feeding quantification

To develop a methodology to precisely quantify T. fluviatilis
postexposure feeding rates in the shortest possible period,
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aiming at minimizing organisms’ physiological recovery,
experiments were conducted with organisms deprived of food
during the previous 24 h. Dried spinach mats and defrosted
nauplii (less than 24 h-old) of the brine shrimp Artemia
franciscana were the 2 food types preliminarily tested. Whereas
spinach was selected because snails are grazers, Artemia sp.
nauplius was selected based on previous studies showing its
suitability to rapidly quantify feeding rates [16,19] and also
because the nauplii are easy to obtain, handle, and quantify
without the need for laboratory cultures or laborious weight
measurements. Dried spinach mats were prepared according to
Crichton et al. [12]. In brief, frozen spinach (Iglo) was macerated
with a hand blender using ASTM medium (1 g/mL) for 2 min,
and 5 mL of this mixture were used to fill the bottom of
8-cm-diameter plastic Petri dishes, which were left to dry at
60 8C overnight. To quantify feeding rates on dried spinach

mats, egestion was used as a surrogate of feeding according to
Krell et al. [13]. In short, a 3-stage procedure at 20 8C in
darkness was followed: 1) a first stage of 60 min, 90 min,
120 min, or 180 min for organisms to clean their guts in ASTM
medium; 2) a second stage of 1 h to allow organisms to feed on
spinach; and 3) a third stage of 60 min, 90 min, or 120 min to
allow organisms to egest. A minimal consumption of spinach
and a high variability in the number of fecal pellets, being hard to
individualize, were found.

Nauplii of A. franciscana were obtained by incubating
cysts (Creasel) in standard reconstituted seawater (salinity of
35 and pH of 7.6), at 24 8C to 26 8C under continuous light
(75 mE/m2/s) for 24 h; they were then stored in 1.5-mL
Eppendorf tubes with ASTM medium at �20 8C, for up to
2 mo [16]. Preliminary experiments were conducted with
different combinations of vial shape and ASTMmedium volume

Table 1. Local names, geographical coordinates, sediment water and organic matter contents (in %; � standard deviation inside parentheses), and sediment
particle size distribution (in %) of the reference sites (R1–R6) where in situ experiments and assays based on postexposure feeding of the freshwater snail

Theodoxus fluviatilis were deployed

Name

R1 sand R1 gravel R2 R3 R4 R5 R6

Anços River Anços River Anços River Arunca River Crespos stream São João stream Roxo River

Coordinates
Latitude 39858043.400 0N 39858043.400 0N 39859053.450 0N 39852053.000 0N 39854028.450 0N 40805058.500 0N 37856029.600 0N
Longitude 8834023.300 0W 8834023.300 0W 8835002.150 0W 8837012.650 0W 8842018.000 0W 8814002.600 0W 8808004.300 0W

Sediment
Water content 6.55 (� 0.95) 18.0 (� 0.46) 23.1 (� 0.56) 60.8 (� 1.3) 17.8 (� 0.18) 7.59 (� 0.65) 17.5 (� 1.0)
OM content 0.81 (� 0.72) 0.26 (� 0.10) 1.4 (� 0.28) 9.0 (� 1.2) 0.57 (� 0.034) 1.1 (� 0.047) 1.9 (� 0.11)

Particle size
32–64 mm 22.9 0.00 0.00 0.00 0.00 2.00 0.00
16–32 mm 3.50 0.00 0.372 0.00 0.664 26.8 0.00
8–16 mm 33.3 0.00 0.954 0.00 0.928 42.9 0.00
4–8 mm 18.1 0.166 3.24 0.00 0.685 20.4 10.4
2–4 mm 11.5 1.61 11.1 6.59 1.74 5.25 24.2
1–2 mm 4.93 17.5 31.5 12.4 5.99 2.36 23.9
0.5–1 mm 3.26 35.8 22.2 12.2 19.9 0.142 21.3
250–500 mm 2.01 36.0 16.4 13.6 26.7 0.0364 11.6
125–250 mm 0.285 8.37 10.1 27.3 26.7 0.0245 5.69
63–125 mm 0.0915 0.336 2.62 14.2 16.3 0.0206 1.98
<63 mm 0.138 0.145 1.44 13.7 0.434 0.0705 0.988

OM ¼ organic matter.

Table 2. Geographical coordinates, sediment water and organic matter contents (in %; � standard deviation inside parentheses), and sediment particle size
distribution (in %) of the sites impacted with acid mine drainage in Água Forte stream (I1–I5) where the in situ assay based on postexposure feeding of the

freshwater snail Theodoxus fluviatilis was deployed

I1 I2 I3 I4 I5

Coordinates
Latitude 37856031.100 0N 37856039.050 0N 37856041.000 0N 37856042.700 0N 37856043.200 0N
Longitude 8808053.350 0W 8809001.050 0W 8809001.900 0W 8809001.850 0W 8809002.060 0W

Sediment
Water content 14.0 (� 1.2) 24.3 (� 0.14) 61.6 (� 0.92) 59.3 (� 0.57) 32.5 (� 0.87)
OM content 3.1 (� 0.42) 4.6 (� 0.44) 11 (� 0.45) 11 (� 1.1) 4.3 (� 0.19)

Particle size
32–64 mm 0.00 0.00 0.00 0.00 0.00
16–32 mm 0.00 9.67 0.00 0.00 0.00
8–16 mm 0.00 5.82 2.98 6.55 4.19
4–8 mm 15.7 4.40 13.1 2.94 6.02
2–4 mm 2.40 8.53 19.1 10.1 19.8
1–2 mm 10.5 25.1 17.8 13.8 12.3
0.5–1 mm 44.6 23.8 12.5 14.8 20.2
250–500 mm 23.6 12.3 2.31 23.5 17.7
125–250 mm 2.28 5.58 17.2 14.0 11.7
63–125 mm 0.190 2.47 2.22 7.87 4.75
<63 mm 0.345 2.33 12.8 6.51 3.37

OM ¼ organic matter.
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(30-mL, 2.2-cm-diameter glass vials with 5 mL medium and
24-well microplates with 1 mL medium per well), organism
density (1, 3, and 5), food quantity (100 nauplii and 150 nauplii),
and feeding periods (1 h up to 3 h). Nauplii were actively
consumed by T. fluviatilis and were thus a suitable food to
quantify feeding. A further preliminary experiment to investi-
gate the influence of food quantity (100 nauplii vs 150 nauplii)
was performed. For each treatment, 20 replicates were set up in
24-well microplates with each replicate consisting of 1
organism/well filled with 1 mL ASTM medium. Organisms
were allowed to feed for 3 h in darkness. Organisms had mean
(� standard deviation [SD]; n ¼ 20) shell height and length of
4.39 mm (� 0.24 mm) and 5.56 mm (� 0.25 mm), respective-
ly. Snails ate more when 150 nauplii rather than 100 nauplii were
available (13 nauplii/organism/3 h and 22 nauplii/organism/3 h,
respectively; Student’s t test: t35 ¼ 2.96; p < 0.01), with no
differences between coefficient of variation (CV) values (49%
and 46%, respectively; Z ¼ 0.216; p > 0.05). Therefore, snails
placed individually in each well of 24-well microplates
containing 1 mL of ASTM medium and 150 defrosted nauplii
and allowed to feed in darkness for 3 h, was the adopted
definitive methodology.

A definitive experiment was further conducted to evaluate
whether the time lag between organism collection and feeding
quantification, that is, laboratory culture age (1 d up to 7 d),
influenced T. fluviatilis feeding rate. For 7 d in a row, starting the
day after organism collection, 20 replicate organisms, with an
overall mean (� SD; n ¼ 140) shell height and length of
4.02 mm (� 0.22 mm) and 5.05 mm (� 0.22 mm), were
collected daily from cultures and allowed to feed under the
above stated conditions. The influence of organism size on
feeding rate was tested twice using 20 individuals from 2 size
classes, with overall means (� SD) of shell height and length of
4.08 mm (� 0.24 mm) and 5.12 mm (� 0.19 mm; n ¼ 40) and
of 4.86 mm (� 0.22 mm) and 6.12 mm (� 0.33 mm; n ¼ 40),
respectively.

Endpoint sensitivity

The 48-h postexposure feeding median effective concentra-
tion (EC50) of cadmium was compared with the 48-h and
96-h median lethal concentration (LC50). A stock solution of
cadmium (5 g/L) prepared in nanopure water with cadmium
chloride monohydrate (Merck) was used to prepare 7 test
solutions by adding the appropriate volumes to ASTM medium,
with a dilution factor of 1.5 (750 mg/L, 500 mg/L, 333 mg/L,
222 mg/L, 148 mg/L, 98.8 mg/L, and 65.8 mg/L). Two tests
were carried out differing in exposure duration, 48 h and 96 h.
The mean (� SD; n ¼ 20) shell height and length of the
organisms used in the 96-h test were 4.25 mm (� 0.21 mm) and
5.37 mm (� 0.21 mm), and the corresponding means of those
used in the 48-h test were 4.32 mm (� 0.23 mm) and 5.38 mm
(� 0.24 mm). For both tests, 5 replicates were set up. Each
replicate consisted of 5 organisms in a 60-mL glass vial filled
with test solution, covered with a 200-mm nylon mesh, held in
place with an elastic band, and placed inside 5-cm-diameter
polyethylene terephthalate containers filled with the test solution,
so that the vials were submerged to guarantee continuous
exposure. Tests were conducted at 19 8C to 21 8C under a 14-
h:10-h light:dark light regime, without food. In the 96-h test,
solutions were renewed once at 48 h. Mortality was verified by
touching the organisms with a needle; snails not reacting were
considered dead. Feeding was quantified immediately at the end
of exposure and only after mortality was assessed to prevent
inducing extra stress. Conductivity, dissolved oxygen, and pH

were measured in 2 replicates of all fresh and old test solutions.
Actual cadmium concentrations were quantified by atomic
absorption gas chromatography (method 3113 B [33]) and by
inductively coupled plasma (method 3120 [33]), in a certified
laboratory (Instituto Superior T�ecnico, Lisbon, Portugal). The
actual cadmium concentration of the stock solution matched the
nominal value (5 g/L). The solutions of 500 mg/L, 333 mg/L,
222 mg/L, 148 mg/L, 98.8 mg/L, and 65.8 mg/L represented
actual concentrations in fresh and 48-h-old solutions (maximum
period without medium renewal) of 480 mg/L, 340 mg/L,
210 mg/L, 140 mg/L, 90 mg/L, and 62 mg/L; and 230 mg/L,
69 mg/L, 80 mg/L, 25 mg/L, and 8 mg/L, respectively. Toxicity
estimates were computed with the geometric means of actual
concentrations.

Influence of exposure conditions on postexposure feeding

The influence of environmental abiotic conditions, other than
contamination, on the background variability of postexposure
feeding rates was investigated with an experiment consisting of
9 in situ exposures at reference sites R1 to R5, covering a broad
range of current velocity, hardness, conductivity, sediment
organic matter content, and sediment particle size distribution
(Tables 1 and 3). The organisms’ mean (� SD; n ¼ 20) shell
height and length were 4.23 mm (� 0.13 mm) and 5.28 mm
(� 0.14 mm). Further evidence of the influence of environmen-
tal conditions, including temperature, was gathered in an ulterior
in situ experiment at R1, R2, and R6 (Tables 1 and 3). The mean
(� SD; n ¼ 20) shell height and length of the organisms used in
this experiment were 4.40 mm (� 0.15 mm) and 5.44 mm
(� 0.14 mm).

Postexposure feeding assay with contaminated natural waters

The effectiveness of the postexposure feeding assay was
evaluated through in situ exposures at R6 and at I1 to I5
(Tables 1–3). This assay was simultaneous and used the same
batch of organisms as the second experiment on the influence of
abiotic conditions at sites R1, R2, and R6. Metal concentrations
at sites R6, I1, I4, and I5 were quantified, in a certified laboratory
(Instituto Superior T�ecnico), by inductively coupled plasma
(method 3120 [33]), by atomic absorption gas chromatography
(method 3113 B [33]) and by atomic absorption spectroscopy
with hydrid generation (for the arsenic; method M.M. 5.2 [33]).
Intermediate contaminated sites I2 and I3 were not subjected to
metal analysis because, like I1 and I4, they were fully lethal.

Data analysis

In the 7-d experiment on the influence of culture age, 2 one-
way analysis of variance (ANOVA) tests (for shell height and
length) confirmed that all sets of 20 organisms used daily had a
similar size (F6,133 < 0.92; p > 0.30), and a subsequent one-
way ANOVA was used to compare feeding rates among culture
ages. In the experiment on the influence of organism size,
Student’s t tests confirmed that shell height and length between
the 2 size classes were different (t78 > 15; p < 0.001).
Differences in feeding rates between repetitions and size classes
were tested with a two-way mixed-model ANOVA, with
repetition as a random-effects factor [37]. The associations
between individual feeding rate and shell size were assessed with
Pearson’s correlation coefficient. Assumptions of normality
and homoscedasticity were checked with Shapiro–Wilk’s and
Bartlett’s tests, respectively.

The 48- and 96-h LC20 and LC50 of cadmium and the
respective 95% confidence limits (95% CL) were calculated
using the software PriProbit 1.63 (http://ars.usda.gov/Services/
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docs.htm?docid¼11284), applying the probit transformation to
mortality and the logarithmic transformation to concentration.
The 48-h postexposure feeding 20% effective concentration
(EC20) and EC50 and respective 95% CLs were estimated by
fitting a logistic model [38].

To integrate the effect of cadmium on survival and on
individual feeding into a single parameter—the immediate
inhibition of population consumption—2 methods were
used [10,32]. First, the feeding rate at each concentration was
multiplied by the respective proportional survival and a logistic
model was fitted to estimate popECx values (i.e., concentrations
causing x% inhibition in the immediate population consump-
tion). Second, the concentration–response relationships of
feeding and of survival were integrated as x% of the population
consumption inhibition induced by the concentration that
simultaneously caused a y% mortality (i.e., the LCy) and a w
% depression on feeding (i.e., the ECw; therefore, LCy ¼ ECw),
x (in %) being quantified as [13,19]

x ¼ 1� 1� y

100

� �
� 1� w

100

� �h i
� 100

To quantify the influence of abiotic parameters on the
postexposure feeding rate, a multiple linear regression analysis
was performed with the data from the experiment at sites R1 to
R5, using the software R 2.6.0 (http://cran.r-project.org/bin/
windows/base) and Brodgar 2.5.7 (Highland Statistics). Explan-
atory variables included in the model were current velocity,
hardness, organic matter content, and percentage of sand
(particle size between 0.063 mm and 2.0 mm). Temperature
and pH were not included in the model because their variation
among sites was minimal. Conductivity and percentages of silt
and gravel were excluded because of strong collinearity with
hardness (r ¼ 0.89), organic matter content (r ¼ 0.99), and
percentage of sand (r ¼ 1.00), respectively. In the second
experiment on the influence of abiotic conditions, feeding rates
among the 3 reference sites (R1, R2, and R6) were tested with a
one-way nested ANOVA. Feeding rates at I5 and R6 were also
compared with a one-way nested ANOVA.

Except as otherwise stated, Statistica 7.0 (StatSoft) was used,
with F values being calculated according to Zar [30].

RESULTS

Feeding quantification

Culture age had no effect on feeding (F6,127 ¼ 1.64;
p ¼ 0.14), with daily means from 21 nauplii/organism/3 h to
29 nauplii/organism/3 h and CV from 30% to 49%. Neither size
class, nor repetition, nor their interaction influenced feeding
(F < 1.3; p > 0.26). No significant correlations between
feeding rate and either shell height (r ¼ 0.09; p ¼ 0.22) or
length (r ¼ 0.11; p ¼ 0.14) were found.

Endpoint sensitivity

Dissolved oxygen was always above 40%, and pH and
conductivity ranged from 7.2 to 7.9 and 547 mS/cm to 595 mS/
cm, respectively. In both 48-h and 96-h tests with cadmium, no
control mortality occurred. The 48-h and 96-h LC50 values (95%
CL) were 102 mg/L (89–115 mg/L) and 64 mg/L (54–76 mg/L),
respectively, whereas LC20 values were 77 mg/L (63–89 mg/L)
and 38 mg/L (28–46 mg/L), respectively. The 48-h postexposure
feeding EC50 and EC20 values were 85 mg/L (64–106 mg/L)
and 41 mg/L (23–58 mg/L), respectively. Figure 1 presents
detailed results of the observed percentages of mortality and
individual feeding inhibition in the 48-h tests with cadmium and
the respective mortality, individual feeding, and population
consumption (using the first integration technique, as both
techniques led to similar results) models. As expected, individual
feeding started to be inhibited at concentrations well below those
causing mortality, whereas the population consumption was
inhibited at cadmium concentrations below those inhibiting
individual feeding only for cadmium lethal concentrations. The
first integration technique led to 48-h population consumption
EC20 and EC50 estimates of 45 mg/L (35–55 mg/L) and 69 mg/L
(58–79 mg/L), respectively, whereas the second integration
technique led to an EC50 estimate of 71 mg/L, resulting from
14% mortality and 42% individual feeding depression; the
popEC20 with the latter technique was considered to be equal to
the individual EC20 because it occurred at concentrations below
that of the LC1 (i.e., for cadmium concentrations with mortality
well below 1%). The second technique also indicated that at the
48-h feeding, EC50 (85 mg/L), mortality would be 30% and

Table 3. Temperature (range, minimum–maximum), current velocity, conductivity (range, minimum–maximum at impacted sites), dissolved oxygen, hardness,
and pH during in situ experiments and assays based on postexposure feeding of the freshwater snail Theodoxus fluviatilis at reference (R1–R6) and impacted sites

contaminated with acid mine drainage (I1–I5)

Site Temperature (8C) Current velocity (m/s) Conductivity (mS/cm) DO (mg/L) Hardness (mg CaCO3/L) pH

R1 gravel fast 16.3–16.6 0.60 550 9.60 129.1 7.1
R1 sand fast 16.3–16.6 0.60 550 9.60 129.1 7.1
R1 gravel slow 16.3–16.6 <0.01 550 9.60 129.1 7.1
R1 sand slowa 16.3–16.6 <0.01 550 9.60 129.1 7.1
R2a 16.4–17.0 <0.01 528 10.3 129.1 7.8
R3 15.5–17.3 0.02 668 10.3 117.3 7.9
R4 15.9–17.2 0.25 175 9.60 47.14 7.1
R5 fast 14.4–16.1 0.20 45.7 13.2 11.25 7.1
R5 slow 14.4–16.1 <0.01 45.7 13.2 11.25 7.1
R1 sand slowb 16.7–18.7 0.02 550 9.60 —

c 7.1
R2b 18.2–21.3 <0.01 528 10.3 — 7.8
R6 20.3–20.7 <0.01 1240 3.60 352.0 7.5
I1 24.8–25.0 <0.01 4220–4260 9.50 2,103 2.1
I2 22.3–23.8 <0.01 2480–3050 17.7 —

c 2.5
I3 23.5–24.2 <0.01 1735–2060 12.0 —

c 5.5
I4 23.1–24.1 <0.01 1345–1650 10.0 —

c 7.0
I5 23.0–24.6 <0.01 1255–1540 10.2 621.4 7.2

aMeasured at the first in situ experiment.
bMeasured at the second in situ experiment.
cNot measured.
DO ¼ dissolved oxygen.
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population consumption would be depressed by 65%. At the 48-h
LC20 (77 mg/L), individual feeding and population consumption
would be depressed by 45% and 56%, respectively, whereas at the
48-h LC50 (102 mg/L), they would be depressed by 58% and
79%, respectively.

Influence of exposure conditions on postexposure feeding

Organisms were easily retrieved from the chambers, and no
mortalities were recorded. No environmental parameter influ-
enced feeding rates of organisms deployed in the first
experiment, at sites R1 to R5 (p > 0.15). A similar result was
found in the second experiment, at sites R1, R2, and R6
(F2,56 ¼ 2.02; p ¼ 0.21).

Postexposure feeding assay with contaminated natural waters

Metal concentrations at R6, I1, I4, and I5 are presented in
Table 4. Mortality occurred at all impacted sites, being 100% at
I1 to I4 and 37% at I5. Feeding at I5 was inhibited by 46%
relative to the reference site R6 (F1,24 ¼ 22.7; p < 0.001), with
means (� SD) of 20.7 nauplii/organism/3 h (� 12 nauplii/
organism/3 h) and 44.9 nauplii/organism/3 h (� 14 nauplii/
organism/3 h), respectively. Population consumption would be
inhibited by 71%.

DISCUSSION

Feeding quantification

The establishment of procedures to precisely quantify feeding
rates was the first specific objective toward the development of a
short-term sublethal laboratory and in situ toxicity assay based on
the postexposure feeding of the freshwater snail T. fluviatilis.
Ideally, feeding rates ought to be measured during exposure to
avoid a possible physiological recovery of the organisms after
exposure. However, because it is difficult to quantify feeding

during exposure, particularly during in situ testing, the use of
postexposure feeding has been widely acknowledged as a valid
approach because toxic effects generally persist in the period
immediately after toxicant exposure [6,12]. In the present study, a
postexposure feeding period of 3 h was established, being a
compromise between precision and a possible physiological
recovery. Shorter periods have been proposed for other
organisms, namely, 30 min for an amphipod [19] and 1 h for
a midge [16]. Physiological recovery by the cladoceranDaphnia
magna was found to occur approximately 4 h after exposures to
sublethal concentrations of copper, fluoranthene [6], and
phenol [39]. Brent and Herricks [39] reported the freshwater
amphipodHyalella azteca to be unable to recover its mobility 7 d
after 10-d exposures to cadmium and zinc.

Up to the present, to our knowledge, all toxicity tests with
snails based on feeding used egestion as a surrogate either with
spinach mats (the freshwater snail Lymnaea peregra [12])
or sediment as food (the estuarine mudsnail Hydrobia
ulvae [13,40]). In the present study, preliminary attempts to
quantify egestion after a feeding period on spinach mats were
first carried out. However, spinach consumption was minimal,
individual fecal pellets were difficult to quantify, and a high
variability in fecal pellets production was found. Preliminary
attempts revealed that defrosted nauplii of A. fransciscana were
readily consumed and were thus suitable food. Using nauplii
greatly simplified and speeded up feeding quantification,
yielding more precise results. Preliminary experiments showed
T. fluviatilis to eat significantly more when 150 rather than 100
nauplii were provided. This was an expected result because the
probability of a snail finding a nauplius increases with food
density, as has been observed previously with the midge
Chironomus riparius [16].

In the experiment on the influence of laboratory culture age
(up to 7 d) on the feeding rate of T. fluviatilis, no differences were
detected, indicating that culture procedures are suitable to

Figure 1. Observed mortality (%; n ¼ 5/concentration) and individual feeding inhibition (%; n ¼ 5/concentration) of Theodoxus fluviatilis exposed to a gradient
of cadmium concentrations for 48 h, and respective mortality, individual feeding, and population consumption models.
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maintain organisms under optimal conditions to be used in
feeding assays, increasing flexibility when scheduling toxicity
tests. Within the dimension boundaries tested in the present
study, a very narrow range of snail size is not mandatory for
toxicity testing because neither differences on feeding rates
between size classes, nor correlations between size and feeding
were found.

Endpoint sensitivity

Theodoxus fluviatilis proved to be very sensitive to lethal
concentrations of cadmium, with 48-h and 96-h LC50 values of
103 mg/L and 64 mg/L, respectively; this sensitivity was 6 times
to 50 times more than that of other freshwater snails, namely,
Physa acuta (48-h LC50 ¼ 1050 mg/L [41]), Lymnaea stagna-
lis (48-h LC50 ¼ 583 mg/L [42]), and Filopaludina martensi
(48-h LC50 ¼ 5010 and 96-h LC50 ¼ 2330 mg/L [43]),
and was the same as that of Aplexa hypnorum (96-h LC50 ¼
93 mg/L [44]).

After 48 h of exposure, feeding of T. fluviatilis was
marginally more sensitive to cadmium than survival, with
EC50 and EC20 values being 1.2 times and 1.9 times lower than
LC50 and LC20 values, respectively. The former difference—
1.2 times—was somehow unexpected, given that previous
studies found larger differences between both endpoints for other
invertebrates, namely, the estuarine crab Carcinus maenas (6.5
times [10]) also with cadmium and, with copper, the polychaete
Hediste diversicolor (4.6 times [7]), the estuarine mudsnail H.
ulvae (over 2.7 times [13]), and the freshwater amphipod
Echinogammarus meridionalis (2.2 times [19]). The possibility
that physiological recovery was responsible for such a small
difference found in the present study cannot be ruled out and,
thus, further studies are needed to unravel this issue.

After a short-term exposure to cadmium, lethality and feeding
depression of the survivors because of cadmium would seem to
contribute evenly to consumption inhibition at the population
level because the sensitivity of both responses was similar.
Therefore, the novel toxicity parameter [13,19]—the immediate
inhibition of population consumption—becomes pertinent to
assess cadmium effects at higher levels of biological organiza-
tion. In addition, such an ecosystem toxicity parameter may very
likely contribute to reducing uncertainties in extrapolations
inherent to ecological risk assessment, namely, those most
commonly made from the results of relatively simple laboratory
assays to quantify ecosystem-level effects. Two techniques were
used, each having advantages and disadvantages. With the first
technique, the popEC50 is computed by multiplying, for each
concentration, the individual feeding by the survival proportion,
with the advantage of allowing the computation of confidence
limits. However, it increases the chance of violating the
homoscedasticity assumption in regression, with means being
positively correlated with respective variances, because a strong
association between feeding depression and mortality is
expected. The second technique overcomes this drawback

because it integrates the concentration–response relationships
for feeding and for survival from independent tests. However, it
assumes that there is no correlation between the tolerance among
individuals to sublethal (feeding) and lethal levels of a toxicant.
Violating this assumptionmay lead to a biased estimation of risk.
For instance, if organisms more sensitive to feeding depression
are those dying earlier, then the survivors will feed at a higher
rate than the average of the initial population, thus partially
compensating at the population level for the loss of some
individuals (the dead ones) [13,19]. Both techniques led to very
close 48-h population consumption EC50 estimates (69 mg/L
and 67 mg/L of cadmium), corroborating the findings of Krell
et al. [13] (75 mg/L and 68 mg/L of copper) and Agostinho
et al. [19] (187 mg/L and 168 mg/L of copper) for a mudsnail and
an amphipod, respectively. At the 48-h LC20, the immediate
inhibition of population consumption would be 53%, which
corresponds to an expectedly strong disruption of ecosystem
functioning.

Influence of exposure conditions on postexposure feeding

The influence of environmental conditions, other than
contamination, on postexposure feeding was investigated
because they might act as confounding factors, especially
during in situ assays [7,9,13]. Feeding was not affected by
current velocity, hardness, conductivity, sediment organic matter
content, sediment particle size distribution, and their combina-
tions, allowing direct comparisons among sites within tested
ranges. Temperature did not influence postexposure feeding, but
the range among reference sites was very narrow. This parameter
was found to be significant in other studies [7,13,16]; thus,
caution is advised if sites with different temperatures are to be
assayed.

Postexposure feeding assays with contaminated natural waters

To evaluate the effectiveness of the in situ assay, organisms
were deployed at 1 reference site (R6) and at 5 sites (I1–I5)
impacted by acid mine drainage, within the same river basin.
Given that, among the impacted sites, live organisms (63%) were
recovered only at the site located furthest downstream from the
dilution gradient of the mine effluent (I5), only this site could be
used to evaluate feeding. Here, a severe depression—of 46%—

was found, corroborating feeding as a potentially responsive
sublethal endpoint. Moreover, the immediate effect on con-
sumption at the population level, through the integration of
survival and feeding at I5, would be 71%, which presumes an
intense impairment on ecosystem functioning.

CONCLUSIONS

The short-term sublethal laboratory and in situ assay based on
postexposure feeding of the freshwater snail T. fluviatilis proved
to be a potentially valuable tool to be added to the battery of
assays developed in recent years to assess contaminant effects in

Table 4. Metal concentrations during in situ assays based on postexposure feeding of the freshwater snail Theodoxus fluviatilis at reference (R6) and impacted sites
contaminated with acid mine drainage, both fully (I1and I4) and partially lethal (I5)

Al As Cd Co Cu Fe Mn Ni Pb Zn

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

R6 <0.06 3.2 <1.0 <2 <2 <0.03 0.28 <5 <3 <0.05
I1 26 1.3 310 120 2,800 17 4.2 61 3 15
I4 <0.06 1.1 3.8 29 50 0.05 1.9 11 <3 1.8
I5 <0.06 2.3 2.3 13 <50 0.06 0.66 9 <3 0.9
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freshwater aquatic systems, particularly in rivers. The species
T. fluviatilis was easy to collect, transport, maintain under
laboratory cultures, and manipulate, and has a key role in the
functioning of river ecosystems, all essential characteristics for
its proposal as a test species. The methodologies for in situ
deployment and retrieval of the organisms and for quantification
of postexposure feeding rates are simple, demand little time and
effort, are thus inexpensive, and allow a rapid estimation of the
response of snails to contaminants. These are critical aspects for
the assessment and monitoring of environmental quality,
especially now, in the context of the European Union’s Water
Framework Directive [45]. The integration of feeding and
survival into a single parameter—the immediate inhibition of
population consumption—may be useful to provide a more
relevant evaluation of potential toxicant impacts at the
population level and thus of key ecosystem processes.
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