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Abstract
As a result of mining activities the exposure of metal sulphides to oxidation takes place with consequent release of acid mine drainage
(AMD). Biomonitoring instruments have been proven to have the best deterrent eﬀect upon polluters. A new approach in online biomonitoring, with the Multispecies Freshwater BiomonitorTM (MFB), was developed combining behavioural and feeding responses of
the Portuguese indigenous benthic shredder, Echinogammarus meridionalis (Pinkster, 1973) (Crustacea, Amphipoda). These endpoints,
along with mortality, were measured and analyzed for a gradient of sublethal doses of AMD. Original river water was used as the control
and three doses of treatments were attained by adding increasing volumes of AMD to the control. The increase in AMD concentration
and concomitant decrease in pH and increase in the concentration of most metals was followed by an overall increase of the mortality,
decrease of locomotion/feeding activity and inhibition of the feeding rate. Mortality was observed in the two highest concentrations of
AMD. Signiﬁcant decrease in average locomotion/feeding activity took place in the second treatment. Although an inhibition of feeding
was observed along the gradient of AMD concentration only in the highest concentration the feeding rate was signiﬁcantly reduced.
 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Biomonitoring instruments have been proven to have
the best deterrent eﬀect upon polluters (Gerhardt, 2000a)
addressing the need to determine the eﬀects of pollutants
on benthic invertebrates. The study of biological responses
allows the assessment of toxicity of environmental pollutants taking bioavailability into account (Hoekkstra
et al., 1994). These responses can be measured with online
biomonitoring systems (Gerhardt et al., 1998) having the
advantage of giving information of the exposure of toxic
compounds on a continuous real-time basis (Gerhardt,
2001). Indigenous organisms are better biomonitors than
standard test species since they play an ecological role in
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the aquatic ecosystems where they occur, and have been
proven to be better indicators for anthropogenic stressors
(Pontasch and Cairns, 1991), hence providing more environmentally realistic results (Gerhardt, 2000a).
Biomonitoring should rely on sublethal endpoints rather
than mortality alone. Behaviour is a sublethal parameter
readily altered by stress (Beitinger, 1990) and its changes
may have ecological consequences, e.g. avoidance behaviour or decreased activity may inﬂuence population levels
by aﬀecting migration or susceptibility to predation (Gerhardt, 1995b). Behavioural endpoints are more sensitive
than mortality tests (Gerhardt, 1995a), reﬂecting diﬀerent
levels of susceptibly of organisms to environmental stimuli,
and are therefore appropriate indicators for biomonitoring
purposes (Gerhardt et al., 1994; Ulfstrand, 1996). Once a
determined behaviour can be quantiﬁed, it has the potential
to be used as a biomarker in the assessment of stress (Beitinger, 1990). Feeding inhibition can be used as a general
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stress response to a wide range of contaminants and has
been applied with a variety of organisms (Naylor et al.,
1989; McWilliam and Baird, 2002). Feeding responses can
be applied with ecological relevant species for the assessment of water quality linking physiological organism-level
responses to population or community-level eﬀects (Maltby
et al., 2000). Behavioural studies of feeding habits or mobility patterns help to clarify diﬀerences in the response of
organisms to anthropogenic stressors (Ulfstrand, 1996).
Abandoned mines can be responsible for several impacts
in their surrounding environment due to the chemical nature of their eﬄuents. Mining activities often focus on ores
rich in heavy metals and expose metal sulphides to oxidation, with consequent release of acid mine drainage
(AMD) (Boult et al., 1994).
In the research work presented in this paper a new
approach for online biomonitoring, using the Multispecies
Freshwater BiomonitorTM (MFB), was developed combining behavioural and feeding responses of Echinogammarus
meridionalis. The purpose of this study is to test the
hypothesis that an observable and quantiﬁable behavioural
response and an inhibition in the feeding rate of E. meridionalis is elicited, outside the normal range of variability,
when exposed to a gradient of AMD concentration.

2. Methodology
2.1. Test species
The amphipod E. meridionalis is found in slow running
streams with gravel substrate that may be slightly polluted
with domestic eﬄuents. It is a benthic macroinvertebrate
feeding primarily on detritus such as decaying leaves. In
common with other freshwater amphipods it plays an
important role in lotic systems, namely in the detritus processing and as an important food item for several species of
ﬁsh. The specimens were collected in river Lena (N
3835 0 28.300 , W 840 0 30.200 ), near Porto-de-Mós (district of
Leiria, Portugal), four d before the beginning of the experiment so that they could acclimate to the laboratory conditions: temperature of 20 ± 2 C; cycles of 16 h of light, 8 h
of dark (0800–2359 light/0000–0759 dark). During acclimation time they were fed ad libitum with dried alder leaves.
Along with the organisms, river water (pH 7.6) was also
brought to the laboratory to be used as the E. meridionalis’
aquaria medium before the experiment began and to be
used in the test trays during the experiment.

are abundant in the sulphide minerals exposed to weathering by mining activity (e.g., Fe, Mn, Cd, and Pb).
It was decided to use AMD dilutions in order to obtain
a realistic chemical approach since in nature populations
are exposed to mixtures of chemical contaminants (Logan
and Wilson, 1995). Four test trays were labelled according
to the following pH gradient: A – pH 7.6 (control tray), B –
pH 7.0, C – pH 6.4 and D – pH 5.8. The lowest pH level
(tray D) was selected since, in spite of the fact that there
were no published data for E. meridionalis pH lethal concentration (LC) values, it has been reported that exposure
to pH 4.5–6.0 results in rapid mortality for several Gammaridae species (Havas, 1981; Økland and Økland, 1986;
Hargeby and Petersen, 1988).
The pH of each tray was attained adding AMD to the
water from the river Lena with a diﬀerence of ca. 0.6 pH
units between trays. The trays had a volume of 4 l of river
water, AMD was added while the pH was measured with a
pH meter, maintaining the total volume at 4 l by draining
excess liquid into a connected bucket where the medium
(ca. 5 l) was aerated (Fig. 1). The water from this bucket
was returned to the original tray via a Watson–Marlow
peristaltic pump (90 rpm). The 24 tubes from the pump
were divided by the 4 trays which gave a number of six
tubes per tray with a total pumping rate of 132.6 ml min1.
The exposure design therefore consisted of a semistatic system where the medium pH was adjusted every two d by
addition of AMD.
The following physical parameters were recorded daily:
pH, oxygen concentration (%), conductivity (lS cm1) and
temperature (C). At the end of the experiment, mortality
was registered.
Three samples of the AMD from S. Domingos mine and
daily samples of the medium in the trays were taken for
chemical analysis. The samples were analysed by both
‘‘inductively coupled plasma atomic emission spectroscopy’’ (ICP-AES) and ‘‘inductively coupled plasma mass
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2.2. Experimental design
The AMD was collected from the abandoned mine of
S. Domingos, southeast of Portugal (N 3739 0 5600 , W
728 0 4600 ), near Beja, with pH 2.4. The ore-body of the mine
consists of cupric pyrite (Oliveira, 1997) and therefore its
high acidic drainage is enriched in dissolved metals that
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Fig. 1. Constituents of the exposure semistatic system of the experiment
and the MFB (chambers, measuring instrument and desktop).
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spectroscopy’’ (ICP-MS). When the values were less than
30 lg l1 the results from ICP-MS were used. For most elements the correspondence between values determined by
these alternative methods was excellent. The following elements were only analysed by ICP-AES: Ca, Fe, Mg, Na
and S. Cl was analysed by ion chromatography.
2.2.1. Behavioural responses
The MFB construction and functioning is described
elsewhere (Gerhardt et al., 1998; Gerhardt, 2001). Brieﬂy
it is based on the quadropole impedance technique and
consists of a desktop computer, a measuring instrument
with 48 channels, and the respective 48 chambers (Fig. 1).
The chambers are made of plexiglas pipe (2 cm in diameter
and 4 cm long) with two pairs of stainless steel electrodes
attached oppositely to the inner walls and capped with
1 mm mesh in both ends. In one pair of electrodes a high
frequency alternating current is applied and the movements
of the organism create an impedance to the current that is
measured by the other pair of non-current-carrying electrodes. The signal measured is then sent to the desktop
where the data are registered with the MFB software.
The result of the organisms’ movements is plotted as a
graph of current (V) over time, that can be transformed
by a discrete fast Fourier transformation (FFT) with the
Hamming function into a frequency histogram, that
includes the relative amounts of the low frequency behaviours (0–4 Hz) (e.g. locomotion, feeding behaviour) and
high frequency behaviour (4–8 Hz) (e.g. ventilation) (Gerhardt, 2000b) (Fig. 2). These measurements are recorded
every 10 min, for 4 min, while the MFB is online. The
MFB was online in this experiment from 1728 of d 0 to
1614 of d 5, i.e. a total of 116 h.
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2.2.2. Feeding inhibition responses
The feeding test was adapted from the methodology
proposed for Gammarus pulex feeding inhibition bioassays
(Naylor et al., 1989; Maltby et al., 1990a). Individual E.
meridionalis were deployed in the MFB chambers. Twelve
chambers were allocated per treatment (trays), nine of
them containing one adult male amphipod (3.32 ±
0.54 mg) and a ration of ﬁve preweighed alder leaf discs
(10 mm diameter); three chambers containing only leaf
material were used to control leaf weight loss due to physical or microbial degradation. Tests were based on male
gammarids, obtained by the disruption of precopula pairs,
to avoid possible diﬀerences in the feeding rates and sensitivity to AMD between males and females. Leaves were rehydrated in the solutions four d before the beginning of the
experiment. After the 116 h exposure period (ca. ﬁve d),
animals and leaf material were washed and dried at 60 C
for four d and then weighed.
Feeding rate (FR), expressed in terms of dry weight of
food (mg d1), was calculated using the equation: FR =
((Pi · Cf)  Pf)/d, where Pi is the initial dry weight of leaf
discs, Pf is the ﬁnal (after 5 d) dry weight of leaf discs, d
is the elapsed time in d, and Cf is the leaf weigh change correction factor and is given by the mean of the quotient of
the ﬁnal to initial weight of control leaf discs i.e. deployed
in the control cages (adapted from Maltby et al., 2002).
2.3. Statistics
The behavioural responses were analysed using one-way
ANOVA with the SigmaStat statistical package (SPSS,
1995) and pair-wise multiple comparison procedures with
the Student-Newman–Keuls method whenever signiﬁcant
diﬀerences between treatments were found. Statistical analysis was carried out with a signiﬁcance level of p < 0.05.
Behavioural frequencies were arcsine transformed to
ensure normality and homoscedasticity of data (Zar,
1996). For each tray, the average locomotion/feeding and
ventilation were calculated resulting of four values for the
locomotion/feeding and four values for the ventilation
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Fig. 2. (A) Characteristics of the signals of locomotion/feeding and
ventilation. (B) FFT diagram.
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Fig. 3. Average frequency (%) (± standard error) of the locomotion/
feeding and ventilation activities, for each tray.

1666

J.A. Macedo-Sousa et al. / Chemosphere 67 (2007) 1663–1670
Day 0

30

Day 1

Day 2

Day 3

Loc/Feed A
Loc/Feed C

25

Day 4

Vent A
Vent C

Day 5

Loc/Feed B
Loc/Feed D

Vent B
Vent D

Acclimation

% Frequency

20

15

10

5

0
0

4

8

12

16

20

24

28

32

36

40

44

49

53

57

61

65

69

73

77

81

85

89

94

98 102 106 110 114

Time (hours)

Fig. 4. Baselines for the behaviours’ frequency (%), in the trays, during the 116 h experiment. The ﬁrst 8 h were considered as the acclimation period. The
lines above 15% represent the locomotion/feeding (Loc/Feed) in trays A–D; the lines below 10% represent the ventilation (Vent) in trays A–D.

(Fig. 3). The diﬀerent behaviours were also integrated over
the 116 h of the experiment, by creating sets of locomotion/feeding and ventilation lines for the trays. These lines
are presented in the form of baseline activities obtained from
the average of every measurement registered and the ﬁrst
measurement, hence overcoming the high variability of these
responses (Fig. 4). For the feeding bioassays, one-way
ANOVA were performed using the SigmaStat statistical
package (SPSS, 1995) and whenever signiﬁcant diﬀerences
between treatments were found, Dunnett’s method was used
as post-hoc testing to determine statistical diﬀerences
between treatments and the control. Statistical analysis
was carried out with a signiﬁcance level of p < 0.05. Feeding
rates were square root transformed to ensure normality and
homoscedasticity of data (Zar, 1996). Dead organisms were
excluded from data analysis for both behavioural endpoints
and feeding inhibition.
3. Results
3.1. Physical and chemical data
The physical and chemical parameters taken during the
experiment are registered in Table 1. Although the pH was
adjusted during the experiment, it increased in every tray
with initial pH values for the trays A 7.6, B 7.0, C 6.4,
and D 5.8, reaching 8.2, 8.0, 8.0, and 7.8, respectively.
From tray A to tray D there was an increase in the conductivity due to an increase in the concentration of electrolytes
(ions) as more AMD was added to lower the pH. The air
saturation was around 80–83% in the trays. The average
temperature in the four trays ranged between 18.7 and
19.4 C. The analysis of the total concentration of metals
in the trays showed an overall tendency to increase with

the increasing levels of AMD, from tray A to tray D,
except for Cl, K and Pb, which did not conform to this
overall pattern. For each of these elements, the concentration in the AMD collected at the S. Domingos mine (Cl
90 mg l1; K 20 mg l1; Pb 51.8 lg l1) was higher than
that recorded from the river Lena, and therefore the addition of AMD would theoretically lead to their increase in
the treatment trays. For some heavy metals such as Cd,
Cu and Zn, there was an increase in concentration of several orders of magnitude, as the concentration of AMD
rose, respectively, from 0.03 to 17.0, 3.7 to 260, and 35.1
to 1641 lg l1.
3.2. Behavioural data
As the AMD increased in concentration from tray A to
tray D, pH decreased and was associated with behavioural
changes in exposed animals (Fig. 3). Considering the average locomotion/feeding activity for each tray, two groups
were formed: A/B and C/D (respectively, 19.35 ± 0.12%/
19.46 ± 0.15% and 15.78 ± 0.16%/16.00 ± 0.24%). A statistically signiﬁcant decrease in the average locomotion/
feeding was evident between tray B and tray C (F3,2744 =
149.485; p < 0.001). The ventilation behaviour in tray B
(2.77 ± 0.08%) was signiﬁcantly lower (F3,2744 = 235.620;
p < 0.001) compared with the other treatments (A:
5.55 ± 0.11%; C: 5.61 ± 0.12%; D: 5.26 ± 0.10%).
In the graphic of Fig. 4, the variation of the behaviour is
integrated over 116 h experiment in the form of baselines.
As the baselines are obtained from the medium of two measurements, they do not represent the exact percentage of
frequency but a trend of the behaviour at each measurement point. The ﬁrst 8 h were considered as the acclimation
period of E. meridionalis and were not included in data
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Fig. 5. Mean feeding rate (± standard error); * denotes signiﬁcant
diﬀerences, Dunnett method p < 0.05.

analysis. In trays C and D, locomotion/feeding behaviour
showed a decreasing trend and reached the lowest frequencies (around 15%) of all trays in spite of the fact that activity in tray D was the highest in the beginning of the test.
Locomotion/feeding activity in trays A and B ended at values of ca. 20%, having started in tray A lower than in other
trays but with an increasing tendency after 26 h. In tray B
ventilation decreased over time (ending with 2.8% frequency), whilst ventilation recorded from the other trays
were comparable in value and remained stable over time
apart from tray D, where ventilation demonstrated a
higher initial value but stabilised at a frequency of 5% after
22 h.
3.3. Feeding data
The average feeding rate (Fig. 5) was 0.426, 0.369, 0.181
and 0.007 mg d1 in trays A, B, C and D, respectively.
Inhibition of feeding was observed in all tested concentrations of AMD (13.3% reduction in feeding in tray B, 57.4%
in tray C and 98.2% in tray D) with E. meridionalis feeding
rate signiﬁcantly reduced (F3,27 = 3.598; p < 0.05) at the
highest AMD concentration (tray D).
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534.2 ± 1.38
588.2 ± 2.40
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19.1 ± 0.1
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424.8 ± 23.03
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4. Discussion

A

T (C)
Cond (lS cm1)

K (mg l1)

427 ± 0.2
86 ± 0.4
–
2.4
AMD

971± 3

0.03 ± 0.0
1.5 ± 0.3
7.6 ± 1.7
17.0 ± 2.1
81 ± 5
83 ± 4
83 ± 5
82 ± 5
7.6–8.2
7.0–8.0
6.4–8.0
5.8–7.8
A
B
C
D

0.6 ± 0.0
2.7 ± 0.6
11.0 ± 4.3
11.3 ± 5.8

66 ± 5
74 ± 3
77 ± 1
78 ± 1

9.1 ± 2.6
1.1 ± 0.2
9.3 ± 0.1

3.6 ± 0.1

Zn (lg l1)
S (mg l1)
Pb (lg l1)
Ni (lg l1)
Na (mg l1)

314 ± 9
37.5 · 103 ± 9.2 · 102
89.2 ± 0.5
1.4 · 103 ± 0.0
90 ± 18

31 ± 18
306 ± 99
1.6 ± 0.7
1.6 ± 0.9
0.7 ± 0.3
0.6 ± 0.1
1.2 ± 0.4
1.2 ± 0.5
0.2 ± 0.0
11.7 ± 0.8
43.4 ± 3.6
85.2 ± 2.6
38 ± 9
3±2
26 ± 2
29 ± 3

3.7 ± 0.5
50.2 ± 12.0
215 ± 88.0
260 ± 139

Fe (mg l1)
Cu (lg l1)
Cr (lg l1)
Co (lg l1)
Cl (mg l1)
Cd (lg l1)
Ca (mg l1)
As (lg l1)

Total metal concentration
O2 (%)
pH
Tray

Table 1
Physical and chemical parameters, and metal contents in the four trays during 116 h experiment; pH is presented in the form of range of the values registered; air saturation (O2), conductivity (Cond.),
temperature (T), and total metal concentration are the average values (± standard error) measured; metal contents and pH in the AMD from S. Domingos mine
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As pH decreases, the increase in H cations competing
with metals for organic and inorganic ligands raises the
concentration of free metal ions (Niyogi and Wood,
2003). These free ionic species represent a more bioavailable form of the metal that are more readily taken up by
aquatic organisms (Depledge et al., 1993). In the present
experiment the AMD with a pH 2.4 and enriched in heavy
metals, was diluted by river water at pH 7.6 with hardness
of 203 mg CaCO3 l1. As AMD was added to the tray it
was dissolved in the hardwater, at circumneutral pH, and
most of the metals complexed with other metals, complexed with the tray and chamber surfaces or formed a precipitate on the bed of the tray. This may have been the case
of Fe and Pb that tend to co-precipitate (Hakansson et al.,
1989). Hence the chemical nature of river Lena mitigated
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the toxicity of the AMD. The high buﬀering capacity, with
alkalinity of 146 mg CaCO3 l1 in addition to the aeration
process may explain the diﬃculty in obtaining lower pH
values in the trays (as shown in Table 1), thus reducing
the physiological deleterious eﬀects associated with high
concentration of H+ ions (Havas, 1981). Also, due to the
high water hardness, both Ca2+ and CO2
3 may have acted
to diminish the AMD’s toxicity by aﬀecting metal speciation. Cd and Zn, and at a less extent Cu are considered
to be amongst the most available metals (Alonso et al.,
2004). According to the biotic ligand model (Di Toro
et al., 2001; Niyogi and Wood, 2003), Ca2+ is expected to
compete with Cd, Zn and Cu cations for binding with
the biotic ligand that is the site of toxic action on the
organism. In addition CO2
3 tends to complex with metals
transforming them into less bioavailable forms. Therefore,
as the proportion of river water increases, and AMD
becomes more dilute, toxicity to E. meridionalis is reduced.
In previous experiments with the MFB, the behaviour of
aquatic invertebrates was studied to assess the eﬀects of
AMD. In short-term 48 h bioassays, the crustacean species
Atyaephyra desmaresti (Gerhardt et al., 2004; Janssens de
Bisthoven et al., 2006) and Daphnia magna (Gerhardt
et al., 2005b), and also the insects Choroterpes picteti (Gerhardt et al., 2005a) and Chironomus (Janssens de Bisthoven
et al., 2004) showed an overall decrease in locomotion with
increasing AMD concentration (and decreasing pH).
Results from this study corroborate previous research as
shown in Fig. 3, with a signiﬁcant decrease of locomotion
from tray B to C. However, diﬀerences in the AMD concentration were not detected between trays A and B, and
C and D by this simplistic approach, i.e. considering only
the average behaviour. Mortality provides further evidence
of the increasing toxicity from tray B to C; it was only
observed in trays C (22%) and D (67%). For relevant toxic
heavy metals in solution such as Cd and Zn, LC50 (96 h)
for E. meridionalis – LC50 44.15 lg l1 Cd, and LC50
6.67 mg l1 Zn (Pestana, unpublished data) – is higher than
the concentrations observed in tray D where mortality was
above 50%. The presence of several metals in solution may
lead to synergistic and/or antagonistic eﬀects (Depledge
et al., 1993) although in this case when comparing the
LC50 values with metal concentrations suggests that synergistic eﬀects occurred. Furthermore, the pH level below 6 in
tray D (at least when the pH was adjusted) was of major
importance as it represents the survival threshold for many
gammarid species (Hargeby and Petersen, 1988). The eﬀect
of AMD must, therefore, be interpreted by a holistic consideration of heavy metals and the acidity due to the complexity of chemical interactions taking place in this eﬄuent
and their respective and combined toxicity eﬀects.
The variation in E. meridionalis’ behaviour shown in the
graph of Fig. 4 permits the distinction of behaviour
between trays (unlike the data from Fig. 3) but does not
give a clear idea for the separate variation in low frequency
behaviour feeding and locomotion, during the 116 h of the
experiment. Nevertheless in some stages it seems possible

to extrapolate the variation in locomotion and in feeding
separately. In tray D the initial high activity in the locomotion/feeding behaviour probably corresponded to the
eﬀorts of the organisms to escape the deleterious conditions
in this tray (Beitinger and McCauley, 1990; Gerhardt et al.,
1998), and therefore, corresponding to locomotion. The
trend decrease in this activity might have been higher if
feeding had not occurred, which provided energy that
could be used to restore homeostasis and oﬀset the eﬀects
of the AMD. It would be informative in future experiments
to distinguish these two activities separating a discrete
band of frequencies corresponding to the feeding in the
MFB software in order to get the information of the feeding activity over time. The locomotion/feeding activity in
trays C and D was initially high but decreased after 14 h,
which corresponded to the beginning of light period in
the laboratory. It has been reported for other benthic invertebrates (Kratz et al., 1994; Gerhardt, 1996) that drifting
activities occur mainly during the night, probably due to
lower predation pressure. As soon as the light was turned
on simulating daytime eﬀorts to escape ceased and the
low locomotion/feeding activity observed suggests that
the animals that survived suﬀered sublethal eﬀects.
In tray B the average ventilation was signiﬁcantly lower
than in the other trays (Fig. 3), and demonstrated an overall
trend to decrease (Fig. 4). The uptake of metals via the
water that passes through gills represents the dominant
uptake pathway for aquatic organisms (Gerhardt, 1992)
and due to the chemical conditions of tray B a decrease in
organisms ventilation would act to decrease metal uptake.
This compensatory response could have been maintained
during the 116 h of the test in order to suppress the metal’s
pathway without jeopardising the organisms’ homeostatic
balance. In the other treatment trays, since this physiological parameter is highly resistant to toxic stress as an essential body function (Naylor et al., 1989; Maltby et al., 1990b;
Gerhardt, 2000b), no variation occurred in relation to the
control (tray A).
Feeding is in most cases one of the ﬁrst responses to
environmental perturbations (McLoughlin et al., 2000).
The feeding rate of E. meridionalis was only signiﬁcantly
diﬀerent from the control in tray D in this study, possibly
as a result of the relatively few replicates employed that
aﬀected the power of statistical tests. Nevertheless, previously reported data on the eﬀects of metals on the feeding
behaviour using G. pulex have demonstrated signiﬁcant
eﬀects (lower observed eﬀect concentrations, LOEC) at
low concentrations of heavy metals, 20.6 lg l1 for Cd,
23.0 lg l1 for Cu, and 0.5 mg l1 for Zn (Maltby, 1994).
Cadmium and zinc have also aﬀected the feeding activity
of E. meridionalis in lab trials with a LOEC of 6.5 lg l1
for Cd and 0.4 mg l1 for Zn (Pestana, unpublished data).
From the metal concentrations in our trays (Table 1) the
concentration of Cu was twice as high as the LOEC for
the gammarid G. pulex in tray B, and in tray C the concentration of Cd and Zn was higher than the LOEC for the
previous trials using E. meridionalis.
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5. Conclusions
The analysis of the data obtained demonstrated an overall positive relation between AMD and toxicity to E. meridionalis with increase in AMD concentration, a decrease in
pH, an increase in the concentration of most metals resulting in an increase in mortality, decrease in locomotion/
feeding activity and inhibition of the feeding rate. However, the variation in the physical–chemical parameters
was not always linearly related to these biological endpoints. No mortality occurred in tray B although pH was
lower and metals were present in higher concentration than
in the control. For the behavioural endpoints, the decrease
in average locomotion/feeding was only signiﬁcantly diﬀerent between tray B and tray C, whereas the toxic eﬀects of
AMD on ventilation were observed in tray B although
there was no evidence of an increased eﬀect associated with
the increasing in AMD concentration between trays C and
D. Feeding rate was inhibited with increasing AMD concentration, but only decreased signiﬁcantly in the treatment
with higher AMD concentration (tray D).
Comparing the results for mortality, behavioural and
feeding endpoints the dose of AMD above which deleterious eﬀects were apparent seems to occur at AMD concentration that was between the concentration of tray B and C,
where the toxic concentrations (metals and H+) appeared
to exceed the regulatory capacity of E. meridionalis.
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