
Ecotoxicology and Environmental Safety 47, 27}38 (2000)

Environmental Research, Section B

doi:10.1006/eesa.2000.1926, available online at http://www.idealibrary.com on
Water-Column, Sediment, and in Situ Chronic Bioassays with Cladocerans
Anabela M. M. Pereira,* Amadeu M. V. M. Soares,* Fernando Gonialves,- and Rui Ribeiro*,1

*Departamento de Zoologia da Universidade de Coimbra, Instituto do Ambiente e Vida, Largo MarqueL s de Pombal, 3004-517 Coimbra, Portugal; and
-Departamento de Biologia da Universidade de Aveiro, Campus UniversitaH rio de Santiago, 3800 Aveiro, Portugal

Received July 9, 1998
In situ bioassays are becoming very popular for laboratory
test validation and 5eld extrapolation. Natural conditions, in-
cluding environmental variables, a4ect the 99behavior:: of con-
taminants and, consequently, their toxicity. This work aimed to
develop protocols for in situ chronic bioassays with cladocerans
and to assess the ecological relevance of conventional protocols
for laboratory testing (water-column and sediment). An aquatic
system impacted with acid mine drainage was chosen for the
study. At some stations that were contaminated with heavy
metals, water-column bioassays did not reveal any toxicity, while
sediment and, especially in situ bioassays, revealed a delay in
reproduction and a reduction in fertility. Thus, both laboratory
bioassays underestimated the actual toxicity of studied sites:
sediment, besides being an important contaminant source, be-
came signi5cantly altered with sampling, transport, storage, and
manipulation. Therefore, an extra caution is needed when inter-
preting laboratory results, since the extrapolation to natural
systems could be a very problematic step. ( 2000 Academic Press
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INTRODUCTION

Chronic bioassays, under controlled conditions, supply
useful information for estimating the potential adverse ef-
fects of contaminants on aquatic organisms in order to
develop an understanding of causal relationships (Rand and
Petrocelli, 1985). While the objective of most laboratory
studies is not the simulation of "eld conditions, the extra-
polation to natural ecosystems is the most important and
problematic step. Environmental factors (including phys-
ical, chemical, and biological factors) that can a!ect the
concentration, bioavailability, toxicity, distribution, and
fate of a contaminant must be carefully considered when
making conclusions about the risk posed by a speci"c con-
taminant in aquatic ecosystems (Rand and Petrocelli, 1985).
Some of these processes and factors are di$cult to replicate
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and cannot be accurately reproduced in the laboratory
environment. This study aims to develop and adapt
ecotoxicological tools allowing a sounder extrapolation
from laboratory to the "eld, essentially suitable for
ecotoxicological risk assessment at contaminated sites. Eco-
logical relevance of standard sublethal tests is addressed
here through the comparison of results obtained under
controlled and "eld conditions, using water-column, sedi-
ment and in situ bioassays. Since sediments could act as
source, sink, and cycling center for toxicants, sediment
toxicity bioassays have been increasingly recommended and
used (Burton, 1991; Stemmer et al., 1990a). Sediment samp-
ling, manipulation, and exposure design variables have been
found to a!ect laboratory toxicity results (Stemmer et al.,
1990a,b). In situ bioassays are becoming a very popular tool
for laboratory test validation and "eld extrapolation (Clark,
1989; Sasson-Brickson and Burton, 1991; Ireland et al.,
1996). In situ bioassays can be used to con"rm or validate
predicted responses based on laboratory studies to those
obtained in the "eld (Cairns, 1984).

In situ bioassays began to be conducted with acute expo-
sures of "sh (Kelly, 1991). Recently, some in situ bioassays
have been successfully developed with a great variety of
organisms such as estuarine crustaceans (Baughman et al.,
1989), periphyton (Lewis et al., 1993), phytoplankton
(Munawar and Munawar, 1987), mussels (Salazar et al.,
1995; Warren et al., 1995), amphipods (Crane et al., 1995),
benthic invertebrates (Hare et al., 1994; Chappie and Bur-
ton, 1997), mysids (Clark et al., 1987), oligochaetes (Monson
et al., 1995), and also cladocerans (Sasson-Brickson and
Burton, 1991; Ireland et al., 1996; Ojala et al., 1995). Snyder-
Conn (1993) conducted chronic bioassays in situ, but only
with locally collected cladocerans. Most of these studies
have found that in situ toxicity responses provide an e!ec-
tive means of assessing water and sediment quality.

This work had three principal objectives: (i) to develop
protocols for in situ chronic bioassays with cladocerans, (ii)
to evaluate the toxicity of a contaminated site using three
di!erent bioassays (water-column, sediment, and in situ
bioassays); and (iii) to assess the ecological relevance of
0147-6513/00 $35.00
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FIG. 1. Study site: location of sampling stations and test sites (stations
1 through 7).
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water-column and sediment laboratory bioassays and their
use to make valid "eld extrapolations in a particular ecosys-
tem impacted by an acid mine e%uent.

Low pH of acid mine drainage (AMD) can stress aquatic
organisms, which can result in &&acidemia'' (Kelly, 1991) or
even the death of some organisms. Some of the physiolo-
gical e!ects of low pH include the denaturation of cellular
components, the alteration of ionic balance across organism
membranes, and increased exposure to toxic metals (Maltby
et al., 1987). AMD is characterized by low pH and high
concentrations of heavy metals. Variables such as pH, water
hardness, alkalinity, and temperature have been reported to
a!ect heavy metal toxicity in invertebrates (Kelly, 1991).
These variables reveal #uctuations in nature very di$cult to
simulate in the laboratory.

MATERIALS AND METHODS

Study Site

The present work was conducted in an aquatic system
located in southeastern Portugal (Fig. 1), impacted by
a mine e%uent that still #ows, though the mineral exploita-
tion ended in 1966 (CustoH dio, 1996). Through several centu-
ries, S. Domingos Mine was an important source of iron,
copper, and sulfur (Rodrigues and Cunha, 1992). With the
end of the exploitation the mine pit was inundated. The
actual heritage of S. Domingos Mine includes the mine
e%uent, a system of channels and acids ponds (that were
built in the last century for the e%uent treatment), an
abandoned sulfur factory, and many ruins and mine tailings.
The mine e%uent, with very acid pH and high concentra-
tions of heavy metals (e.g., iron, copper), is discharged into
the Chania Reservoir, after an insigni"cant dilution by the
Mosteira8 o Stream (Lopes et al., in press) (Fig. 1).

Sampling Stations

The locations of the study site and the sampling points
are illustrated in Fig. 1. The mining company constructed
Lakes A and B to provide water for their operations. The
former still contributes to the #ow of the mine e%uent
(Pereira et al., 1995). Stations were selected to represent
a gradient of contamination, with station 1 potentially the
most contaminated site, and station 7 the reference station.

Test Animals and Culture Conditions

Stock cultures of Ceriodaphnia dubia Richard were main-
tained in groups of 20}30 individuals in 1000 mL of recon-
stituted hard medium (ASTM) (Weber, 1991). Daphnia
magna Straus were maintained in individual cultures, using
175-mL beakers, with 100 mL of ASTM medium. An or-
ganic supplement, Marinure 25 (supplied by Pann Bri-
tannica Industries Ltd, Waltham Abbey, U.K.) was added
every second day before medium exchange. This supplement
is an extract of the alga Ascophyllum nodosum (Baird et al.,
1989). Organisms were fed daily with the alga Selenastrum
capricornutum (1.5]105 cells/mL). The cultures were main-
tained at 20$13C, with a 16:8 light:dark cycle. Neonates,
6 to 24 h old and from the third to "fth broods, were used to
initiate bioassays.

In Situ Bioassays

In situ chronic bioassays were conducted in fall with
D. magna. They were performed in chambers constructed for
this purpose, which were previously tested for their suitabil-
ity for acute testing. At each site, two types of in situ
bioassays were run: one (T) using test chambers allowing the
#ow-through of water, and the other (C) using closed cham-
bers without contact with the surrounding medium. The test
chambers were 50-mL polypropylene beakers that had three
windows covered by a 50-lm mesh. Closed chambers were
also 50-mL polypropylene beakers without windows and
"lled with site water, previously "ltered with a 50-lm mesh.
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To guarantee a tight "t, the caps were wrapped with a piece
of laboratory "lm. The bioassay conducted in closed cham-
bers (C) had the purpose of eliminating the stress factor of
low food availability in the "eld. The di!erences between the
exposure conditions in this bioassay and those conducted in
the laboratory were thus restricted to light, photoperiod,
and temperature.

Control treatment (0) consisted of ASTM medium
(Weber, 1991), with the organic supplement Marinure 25
and food, in closed chambers, deployed in situ. Organisms in
the closed chambers (from C bioassay and control animals)
were fed S. capricornutum (3.0]105 cells/mL) every second
day, simultaneously with the change of medium. In closed
chambers, a small volume of air was kept to maintain
a su$cient concentration of dissolved oxygen in the water,
which was regularly monitored. Before beginning the bioas-
say, all neonantes from stock cultures were removed with
a plastic pipet to a glass vessel containing ASTM medium.
From this vessel, one organism was transferred to each in
situ chamber, previously "lled with "ltered site water or
ASTM medium in the case of the control. This was done in
the laboratory, and chambers were then transported to the
"eld inside plastic containers "lled with "ltered site water.
Ten to twelve replicates, with one organism each, were run
at each station. The chambers were placed in the "eld,
attached to a plastic structure, which was kept in the bottom
near the sediment with a stone on it. This allowed the
maintenance of the right position of test chambers, with the
net of the cap in contact with the sediment. These structures
with the chambers were placed approximately 0.5}1 m deep
and 2}4 m from the margin. Chambers were removed every
day, and the nets were cleaned, to avoid a decrease in water
#ow-through inside the chamber. Chambers were checked
for broods every day. At the end of the bioassay, all cham-
bers were collected and transported to the laboratory. In
test chambers and closed chambers, eggs/embryos present
inside the marsupial chamber at the end of the bioassay
were counted as a brood (generally the second broad, N2),
and the number of days until this brood was extrapolated by
adding 1 or three days (respectively for embryos or eggs) to
the bioassay duration. The criteria followed for the valida-
tion and for the bioassay ending were as recommended by
Weber et al. (1989), for the 21-day test, with some modi"ca-
tions: (i) the bioassay ended when more than 60% of control
females had the eggs corresponding to the third brood in the
marsupial chamber; (ii) the bioassay was considered valid if
the control survival was at least 80%, and the total number
of juveniles per surviving female was equal to or higher than
40, on average (Gersich and Milazzo, 1990).

Laboratory Bioassays

Polyethylene beakers were used to collect water-column
samples from each site. Composite sediment samples, col-
lected with a plastic scoop from each site, were placed in
black airtight plastic containers and were maintained in the
laboratory at 43C until bioassay start. Sediment samples
consisted approximately of the upper 6 cm of the sediment
surface.

Summer bioassays were conducted only in laboratory
using C. dubia, while in fall laboratory and in situ bioassays
were performed with D. magna. Laboratory bioassays basi-
cally followed USEPA protocols (Weber et al., 1989). Neon-
ates of D. magna and C. dubia, less than 24 h old, from third
to "fth broods, were used. Two types of bioassays were run
for each site: water-column and sediment. C. dubia bioassays
were performed with 30 mL of site water for the water-
column bioassay and with 15 mL of of sediment and 15 mL
of site water for the sediment bioassay, both in 42-mL
beakers. D. magna bioassays were performed in 175-mL
beakers, using 50 mL of site water for the water-column
bioassay and 50 mL of sediment and 50 mL of site water for
the sediment bioassay. For each site and bioassay, 10 to 12
replicates were used, with one organism per vessel. The
control consisted of ASTM medium with the organic sup-
plement. All test organisms were fed every day with S.
capricornutum (1.5]105 cells/mL), and the medium was
changed every second day. This concentration of algae
corresponds to 55 mg/m3 chlorophyll a, measured accord-
ing to APHA (1989). Renewal of media for the sediment
bioassays was always done 24 h before, to allow the "ne
particles to settle. Before beginning the bioassays, all neon-
ates from stock cultures were removed with plastic pipets to
a glass vessel containing ASTM. Broods were checked and
registered every day.

System Parameters

All laboratory bioassays were conducted at 20$13C,
with a 16:8-h light:dark cycle. Physical and chemical
parameters (pH, temperature, dissolved oxygen, and
conductivity) were monitored every second day, in the la-
boratory and in the "eld. Measurements of pH and temper-
ature were performed with a WTW 537 pH meter.
Dissolved oxygen concentrations and conductivity were
measured with WTW OXI 92 and WTW LF 92 meters,
respectively.

Water samples were collected in polyethylene beakers,
transported and maintained at 43C, for chemical analysis of
metals (total recoverable), hardness, alkalinity, and chloro-
phyll a. Except for metals, Hach (1993) protocols were
followed. Heavy metals (total recovered) in water-column
samples were determined by a combination of inductively
coupled argon plasma (ICP) and atomic absorption spec-
troscopy (AAS) (after acidi"cation with HCl 37%, until
a pH equal to or lower than 2). Mercury was analyzed by
AAS, without #ame, with Hg vapor, and arsenic was ana-
lyzed by AAS, with a hydrate generator.



TABLE 2
Concentrations (mg/L) of Metals (Total Recoverable) in Surface

Water Samples from the Aquatic System of S. Domingos Mine,
in Fall

Metal 4 5 6 7

A1 (0.05a (0.05 (0.05 0.0817
As 0.00091 0.00069 0.00083 0.00053
Cd (0.020 (0.020 (0.020 (0.020
Cr 0.0060 (0.006 0.0076 (0.006
Cu (0.020 (0.020 (0.020 (0.020
Fe 0.0141 0.0189 0.0945 0.0937
Mn 0.0299 0.0313 0.0765 0.0412
Ni (0.005 (0.005 (0.005 (0.005
Pb (0.1 (0.1 (0.1 (0.1
Hg (0.00071 (0.00071 (0.00071 (0.00071
Co (0.015 (0.015 (0.015 (0.015
Zn 0.0225 0.0337 0.0265 (0.020

aValues preceded by the &&less than'' symbol are below the detection limit.
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Endpoints

The responses used in the analysis were survival, fertility
(mean number of juveniles per surviving female), mean num-
ber of days until the "rst and second reproductions, and
total body length (from the top of the head to the base of the
tail spine) of laboratory animals. Body size was measured
with a calibrated eyepiece micrometer, to an accuracy of
0.01 mm.

Data Analysis

Fisher's exact test was used to determine the sites where
survival of C. dubia and D. magna was signi"cantly reduced.
Data from chronic bioassays were analyzed by ANOVAs
(Model I). The multicomparison Student}Newman}Keuls
test was used if signi"cant di!erences were found (P40.05).
Whenever heteroscedasticity or nonnormality of data was
pronounced, a nonparametric analysis of variance was em-
ployed (Kruskal}Wallis test), followed by nonparametric
multiple comparison testing (Zar, 1984). To make two-
sample comparisons, the t test was used.

RESULTS

Water Quality

The highest metal concentrations were detected in sum-
mer, especially at station 1, for Al, Cd, Cu, Mn, Ni, Pb, Co,
and Zn (Table 1). As, Cr, and Hg were present in concentra-
tions below detection limits in all stations. Metal concentra-
tions were generally lower in fall than in summer, Ni, Hg,
and Co being below detection limits at all sampling sites
(Table 2). Stations 1 and 3 were the only sites where Al and
TABLE 1
Concentration (mg/L) of Metals (Total Recoverable) in Surface

Water Samples from the Aquatic System of S. Domingos Mine,
in Summer

Metal 1 4 5 6 7

A1 11.3 0.116 (0.1 (0.1 0.17
As (0.005a (0.005 (0.005 (0.005 (0.005
Cd 0.0286 0.00056 0.00082 0.00129 0.00091
Cr (0.015 (0.015 (0.015 (0.015 (0.015
Cu 1.7 (0.015 0.027 (0.015 (0.015
Fe 1.64 0.0271 0.129 0.392 0.301
Mn 3.07 (0.03 0.081 (0.03 (0.03
Ni 68 0.032 (0.03 0.033 (0.03
Pb 4.60 0.0033 0.640 0.00506 0.00788
Hg (0.002 (0.0002 (0.0002 (0.0002 (0.0002
Co 90 (0.03 (0.03 (0.03 (0.03
Zn 12.10 0.088 0.288 0.2 0.064

aValues preceded by the &&less than'' symbol are below the detection limit.
Cu were detected, and had the highest values of Fe, Mn, and
Zn.

Considering all sampling stations, water temperatures
ranged from 26.1 to 27.23C in summer and from 20.7 to
21.93C in fall (Table 3). Conductivity and pH values mea-
sured in the "eld followed a spatial gradient, with the
highest values of conductivity and the lowest pHs being
recorded at station 1, in the mine e%uent. In summer, the
system was recently inundated, due to discharges from
a dam located in the Malagon River (Spain). The old dam
was submersed, failing to separate the two water bodies. The
highest value of conductivity registered in the summer was
681 lS/cm at station 7 (the reference station), when the
Chania River was not #owing there, being reduced to small
ponds. Dissolved oxygen was almost always higher than
8 mg/L, in both "eld campaigns.

In the laboratory, in water-column bioassay beakers, the
physical and chemical parameters were very similar to in
situ values (Table 3). In the sediment bioassay, there was
a general decrease in pH and dissolved oxygen and an
increase in conductivity values. In summer, at station 1, the
pH decreased by more than 1 unit and the conductivity
increased by more than 100 units. In fall, pH and conductiv-
ity in the laboratory were similar to in situ measurements.
Still, in the laboratory, the water exhibited a strong decrease
in dissolved oxygen, especially in the sediment bioassay. The
lowest value was 4.4 mg/L for station 6.

In summer, the sample from station 7 had the highest
value of hardness (181 mg/L of CaCO

3
), and all other sta-

tions had moderately soft water (about 80 mg/L of CaCO
3
)

(Table 3). In fall, the highest value of hardness was registered
at station 6 (136 mg/L of CaCO

3
). Stations 4, 5, and 7 had

moderately soft water. There was an evident spatial gradient
of alkalinity, with the highest values at the reference station



TABLE 3
Physical and Chemical Parameters (Mean Values) and Chlorophyll a Levels Measured in Summer and Fall, in the Aquatic System

of S. Domingos Mine (in Situ) and in the Respective Laboratory Tests (Water-Column and Sediment Bioassays)

Summer Fall

Parameter/Stations 1 3 4 5 6 7 1 3 4 5 6 7

In situ
Temperature (3C) 26.1 26.9 26.8 26.5 26.7 27.2 21.7 21.7 21.4 20.8 21.9 20.7
pH 7.15 7.34 7.57 7.42 7.87 8.30 3.45 3.45 7.14 7.32 7.81 7.16
Conductivity (lS/cm) 312 309 276 271 291 681 505 437 292 283 296 307
Dissolved oxygen

(mg/L) 8.7 7.5 9.1 8.9 9.1 8.9 9.2 9.1 8.9 8.9 10.0 8.0
Water-column

pH 7.03 6.28 7.72 7.79 8.00 8.41 * * 7.27 7.46 7.39 7.78
Conductivity (lS/cm) 323 321 281 290 299 743 * * 298 289 300 368
Dissolved oxygen

(mg/L) 9.5 9.4 9.5 9.3 9.4 9.1 * * 8.1 8.3 8.0 8.2
Sediment

pH 6.03 6.02 7.29 7.70 7.03 8.04 * * 6.98 6.93 7.02 7.69
Conductivity (lS/cm) 472 408 343 477 322 726 * * 320 308 349 403
Dissolved oxygen

(mg/L) 6.8 6.8 7.3 6.4 5.3 7.9 * * 5.5 5.4 4.4 6.9
Hardness

(mg CaCO
3
/L) 85.7 88.4 86.0 89.7 87.5 180.7 106.7 107.4 85.1 75.3 135.5 92.2

Alkalinity
(mg CaCO

3
/L) 6.5 7.8 32.4 27.0 40.7 131.3 * * 21.8 16.4 28.6 57.91

Chlorophyll a
(mg/m3) 0.80 2.06 0.92 1.71 3.80 1.97 0.34 0.16 0.90 0.67 2.27 0.25

TABLE 4
Survival of Ceriodaphnia dubia (in Summer) and Daphnia

magna (in Fall) in Chronic Bioassays Performed in the
Laboratorya

Summer Fall

Station W S W S C T

0 100% 100% 100% 100% 100% 100%
1 70% 0% * * * *

2 80% 0% * * * *

4 90% 80% 100% 100% 100% 100%
5 90% 90% 90% 100% 100% 100%
6 90% 80% 90% 90% 91.7% 83.3%
7 90% 90% 100% 60% 83.3% 100%

aW, water-column fraction; S, solid fraction; and in situ; C, closed
chambers; T, test chambers. 0"control. Value in boldface indicate a signi-
"cant reduction in survival (Fisher exact test).
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(131 mg/L CaCO
3

in summer and 58 mg/L CaCO
3

in fall)
and the lowest values in the mine e%uent (bellow 10 mg/L
CaCO

3
in summer). The highest levels of chlorophyll a were

registered at station 6, with 3.80 mg/m3 in summer and
2.27 mg/m3 in fall. The levels of chlorophyll a were higher in
summer, in all the test stations. The lowest value was mea-
sured at station 1, with 0.80 mg/m3 chlorophyll a. In fall,
station 7 had the lowest value of chlorophyll a, 0.25 mg/m3.

Summer Experiments

The duration of chronic laboratory bioassays with
C. dubia was 10 days. Fisher's exact test only revealed
lethal toxicity in the sediment bioassay of the two most
contaminated sites, stations 1 and 2, where no surviving
organisms were registered at the end of the bioassay
(Table 4).

The highest value of fertility was recorded at station 7, in
the sediment bioassay, with 37.4 juveniles per surviving
female (Fig. 2). Fertility in the water-column bioassay at
stations 1 and 4 was signi"cantly di!erent from that at the
control and reference site (station 7) (ANOVA: P(10~3,
F(6,55)"5.493). In the sediment bioassay, fertility at the
reference site (station 7) was signi"cantly di!erent from that
at all other stations, even from control (ANOVA: P(10~3,
F(4,39)"7.148). The sediment bioassay at the two
most contaminated sites (stations 1 and 2) demonstrated
lethal toxicity, with 100% mortality, but station 4 did not
reveal any toxicity (Fig. 2). Fertility values in the sediment
bioassay were higher than in the water-column bioassay at
stations 4, 5, and 7 (t tests: P(10~3, t(15)"!4.94;
P(10~4, t (16)"!5.95; P(10~3, t(16)"!4.43, respec-
tively).



FIG. 2. Fertility (average and standard deviation) of Ceriodaphnia
dubia, in a chronic laboratory test, conducted in the summer. W, water-
column test; S, solid-phase test. 0"control. *Signi"cantly di!erent from
all other stations; **signi"cantly di!erent from control and reference
station.

FIG. 3. Age until the "rst and second reproduction (average and
standard deviation) of Ceriodaphnia dubia females, in a chronic laboratory
test, conducted in the summer. W, water-column test; S, solid-phase test.
0"control.

32 PEREIRA ET AL.
Despite a small delay until the "rst reproduction ob-
served in the mine e%uent (6.0 days), this was not signi"-
cantly di!erent from the control (5.8 days), in any of the
tested sites, for water-column and sediment bioassays
(Fig. 3).

In the water-column bioassay, there were no signi"cant
di!erences in the number of days until N2, which ranged
from 7.8 days in the control to 8 days at the three stations
located in the mine e%uent. A Kruskal}Wallis test detected
signi"cant di!erences in the mean number of days until N2
in the sediment bioassay (P"0.0236, N"44, H"11.3);
however, the multiple comparison test was not able to
discriminate these di!erences. At stations 4, 5, and 6 the
mean was 8 days, against 7.6 days for the reference site
(Fig. 3).

The smallest animals were the ones from control
(1.04 mm) and from the water-column bioassay at stations
1 and 2 (1.01 and 1.08 mm, respectively) (Fig. 4). The largest
animals were those from station 6 in the water-column
bioassay, with 1.21 mm, which was signi"cantly di!erent
from that of the animals in the sediment bioassay at the
same station (1.18 mm) (t test: P"0.0147, t(16)"2.74).
Analysis of variance performed for the measurements of
laboratory animals (total body length) revealed that for the
water-column bioassay, the control animals were smaller,
having signi"cant di!erences from the animals from stations
4, 5, 6, and 7 (ANOVA: P(10~4; F(6,62)"11.025). The
animals from the most contaminated site (station 1) were
smaller than all others, except those from the control site
and station 2. In the case of sediment bioassays, no statist-
ical di!erences were found between the measurements of
C. dubia at all stations, but all the animals were larger
relative to control animals (Kruskal}Wallis: P(10~4,
N"52, H"30.9) (Fig. 4).

Fall Experiments

Fall chronic bioassays were conducted with D. magna.
Stations 1 and 2 were not tested for sublethal toxicity,
because in summer, these two sites presented lethal toxicity
for C. dubia. Fisher's exact test revealed lethal toxicity only
at station 7, in the sediment bioassay (Table 4). In this
precise bioassay and station, the highest fertility was re-
corded, with a mean of 101.5 juveniles per surviving female
(Fig. 5). The lowest values were obtained in test chambers, at
the most contaminated sites: stations 4 and 5 with 5.5 and
5.4 juveniles, respectively.

Fertility results demonstrated that there was a strong
reduction when the control was conducted under "eld



FIG. 4. Total body length (mm, average and standard deviation) of
Surviving Ceriodaphnia dubia females at the end of a chronic laboratory
test, conducted in the summer. W, water-column test; S, solid-phase test.
0"control. *Signi"cantly di!erent from control; **signi"cantly di!erent
from all other stations, except control and station 2.
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conditions (almost 50%). At the reference site (station 7), the
females in closed chambers had an average number of 53
juveniles, a value close to 46 juveniles recorded in the
control conducted in situ. In the test chambers at station 7,
females had a mean number of 19 juveniles. This corres-
ponds to more than 80% fertility reduction against the
value recorded for the sediment bioassay, at the same sta-
tion. At the contaminated sites, the reduction was even more
FIG. 5. Fertility (average and standard deviation) of Daphnia magna,
water-column test; S, solid-phase test; F, "ltrate test (closed chambers); T, in
**signi"cantly di!erent from control and reference site.
pronounced, being almost 95% at stations 4 and 5. In the
laboratory, water-column bioassays did not reveal toxicity
at any station, and in the sediment bioassay only at the most
contaminated site (station 4) was a signi"cant reduction in
fertility recorded (ANOVA: P"0.0013, F (4,40)"5.452).

In the water-column bioassay, the number of days until
N1 at stations 4, 5, and 6 was signi"cantly higher than in the
control (Kruskal}Wallis: P"0.0013, N"49, H"17.9)
(Fig. 6). At the second reproduction, the age ranged from
11.0 days in the control to 11.7 days at stations 4, 5, and 6,
the di!erences being signi"cant (Kruskal}Wallis:
P"0.0106, N"48, H"13.1) (Fig. 6). In the sediment
bioassay, organisms at station 6 reproduced, both for the
"rst and second times, signi"cantly later than control or-
ganisms (Kruskal}Wallis: P"0.0011, N"45, H"18.3,
and P"0.0021, N"45, H"16.8, respectively). In situ, in
closed chambers, there was a delay until the "rst reproduc-
tion at stations 4 and 5 relative to control (Kruskal}Wallis:
P(0.0001, N"64, H"26.5). The mean number of days
until N1 at station 4 was 10.1, against 8.25 in the control.
Still in the closed chambers, the number of days until N2
was signi"cantly di!erent from that of the contol at stations
4, 5, and 7 (Kruskal}Wallis: P(10~4, N"63, H"43.9).
In the case of test chambers, the delay was more pro-
nounced, and the mean number of days until N1 at stations
4 and 5 was 11.8 and 12, respectively, being signi"cantly
di!erent from control and from stations 6 and 7 (Krus-
kal}Wallis: P(10~4, N"65, H"53.2). The age at second
reproduction in the test chambers followed almost the same
pattern of di!erences as the age at "rst reproduction (Fig. 6).
The mean number of days until N2 at station 4 was 14.8,
being signi"cantly di!erent from the numbers for the con-
trol and stations 6 and 7 (Kruskal}Wallis: P(10~4,
in chronic tests (in the laboratory and in situ), conducted in the fall. W,
situ test (test chambers). 0"control; *Signi"cantly di!erent from control;



FIG. 6. Age until the "rst and second reproduction (average and
standard deviation) of Daphnia magna females in chronic tests conducted in
the fall. W, water-column test; S, solid-phase test; F, "ltrate test (closed
chambers); T, in situ test (test chambers); 0, control. *Signi"cantly di!erent
from control; **signi"cantly di!erent from control and from reference
station.

FIG. 7. Total body length (mm, average and standard deviation) of
Surviving Daphnia magna females at the end of chronic tests conducted in
the fall. W, water-column test; S, solid-phase test; 0"control. *Signi"-
cantly di!erent from control; **signi"cantly di!erent from control and
from reference station.
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N"65, H"59.1). All stations, except station 6, presented
a signi"cant delay relative to control.

The largest animals were those from the control with
a mean total body length of 4.16 mm and the smallest were
from station 4 at 3.43 mm, at the need of the bioassay
(Fig. 7). In the water-column laboratory bioassay, control
animals were larger than those from test stations (ANOVA:
P(10~4, F (4,43)"17.63). In the case of the sediment
bioassay (S), animals from all stations were signi"cantly
smaller than control animals, and animals at stations 4, 5,
and 6 were also signi"cantly smaller than reference site
animals (ANOVA: P(10~4, F(4,39)"59.06).

DISCUSSION

In the summer, all stations had a pH higher than 7. In the
laboratory, after 24 h, the pH of the sediment bioassay
dropped more than one unit at stations 1 and 2. Inversely,
conductivity was higher in the sediment samples than in situ,
the di!erence being more pronounced, again, at station 1. At
this station, pH in the "eld decreased almost 4 units and
conductivity increased almost 200 units, from summer to
fall.

Stations located upstream the old dam were the most
impacted by the acid mine drainage (AMD), presenting the
lowest values of pH and the highest values of conductivity
and metals. Chania Reservoir has moderately soft water
and low alkalinity, which is re#ected in the impact of the
acid mine e%uent on this reservoir: acidity characteristic of
AMD is not quickly annulled when the dilution is made.
This fact justi"es the lethal toxicity registered at stations
1 and 2 and the sublethal toxicity at station 4, located just
downstream the old dam. Stations 1 and 2 exhibited lethal
toxicity in the sediment bioassay, which proved that the
sediments from these two stations are e!ectively toxic. The
levels of several metals (e.g., Al, Cd, Cu, Ni, Zn) at station 1
were very high, leading to the expectation of strong mortal-
ity. However, this was registered only in the sediment bioas-
say; in the water-column bioassay only a signi"cant
reduction in fertility was observed. Stations 1 and 2 were not
tested in fall for sublethal toxicity, since they exhibited lethal
toxicity in the summer sediment bioassay.

One of the major problems in the impact assessment of
acid mine drainage is the complexity of these kinds of
e%uents. In addition to the acidity itself, there may be
problems from precipitation of iron(III) oxide, from high
concentrations of suspended solids, and from elevated con-
centrations of heavy metals (Kelly, 1991). The toxicity of
many divalent metals may be controlled by the acid-volatile
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sul"de (AVS) phase of sediments (Di Toro et al., 1990).
However, the AVS model has several potential limitations,
as demonstrated by Hare et al. (1994).

The toxicity of contaminants in sediments is in#uenced by
the extent to which the contaminant binds to sediment
(Kemble et al., 1994). Metals exist in water in equilibrium
between particulate, colloidal, dissolved, organic, and inor-
ganic forms (Depledge et al., 1994). Organic ligands, temper-
ature, hardness, redox potential, and pH are important
factors a!ecting metal speciation and bioavailability, giving
rise to a dynamic equilibrium between metals ions, dis-
solved metal, and organic and inorganic complexes (De-
pledge et al., 1994). Several authors have demonstrated the
importance of the chemical form of metals in assessing their
bioavailability and toxicity (Penttinen et al., 1995;
Rieuwerts and Farago, 1995). Most metals are generally
more toxic at lower pH values, which is usually attributed to
a greater concentration of free metal ions (Cummins, 1994).
Some of these factors that a!ect the metal speciation and
bioavailability indicated di!erences between laboratory and
"eld values. This could help to explain at least part of the
lack of agreement between the toxicity registered in laborat-
ory and in situ bioassays.

Most studies of the toxicity of metals have been con-
cerned primarily with the toxicity of individual metals; how-
ever, as in the case of acid mine drainage, it is common that
several metals, occur in the same environment. The chem-
ical and biochemical complexities involved when organisms
are exposed to mixtures of metals have not been su$ciently
understood, and the interpretation of results is di$cult
(Holdway, 1992). While the interactions are most commonly
additive, all possible interactions due to the presence of
a complex chemical mixture in a sediment are not known
(Hoke et al., 1993). However, antagonistic and synergistic
e!ects could be expected in the expression of chemical
mixtures (Hoke et al., 1993), as has been found for mixtures
of only two or three metals (Jak et al., 1996). The ecological
relevance of most studies of heavy metal toxicity could be
questionable, as factors that modulate in situ toxicity usu-
ally are not taken into account by current test procedures
(Depledge et al., 1994).

Laboratory summer bioassays revealed strong contami-
nation of sediments from stations 1 and 2, since on the
second day all C. dubia from the sediment bioassay in these
two stations were dead. At all other stations fertility was
higher in the sediment than in the water-column bioassay,
probably due to the presence of extra food supplied by
sediments. Food was added ad libitum to all #asks. How-
ever, it consisted of only one algal species: S. capricornutum.
it can only be hypothesised that bacteria present in the
sediments of these stations provide a better energy supply
than algae alone. Bacteria are not a primary resource for
cladocerans; however, their extracellular metabolites could
contribute to increase survival/reproduction of cladocerans,
especially during the "rst 4 to 5 days of life (Knight and
Waller, 1992). Sometimes, a poorly understood phenom-
enon called hormesis seems to occur; this generally consists
of a stimulation of reproduction/growth/survival at low
concentrations of contaminants that reduces these para-
meters at higher concentrations (Kooijman and Bedaux,
1996). The higher fertility of C. dubia found in the summer
sediment bioassay at stations 4, 5, and 6 could also be
explained on the basis of this phenomenon. However, in the
fall, a higher fertility in sediment bioassays was not re-
corded. On the contrary, at station 4 there was a signi"cant
reduction of fertility in the sediment bioassay, which indi-
cates sediment contamination.

The mean number of days until N1 and N2 of C. dubia
was revealed to be a nonsensitive parameter in summer
bioassays. In the fall, age at both N1 and N2 of D. magna
was sensitive enough to discriminate impacted stations from
the control. Measurements of summer-tested animals re-
vealed that the smallest were those from control site and
stations 1 and 2, in the water-column bioassay. This sim-
ilarity between control and contaminated sites most prob-
ably represents two distinct realities, i.e., a compromise
between somatic growth and a strong energy investment
toward reproduction versus a growth deceleration due to
chemical stress. This emphasizes the need to be very careful
when using growth as a toxicity endpoint. On the contrary,
in fall bioassays with D. magna, control animals were larger
than all others, and animals from stations 4 and 5 were
smaller than control and reference site animals, which cor-
roborated results relative to reproduction. Organisms at all
stations had similar body length in both water-column and
sediment bioassays, with the exception of C. dubia at station
6 in the summer: females in the sediment bioassay grew less
than those in the water-column bioassay. This was the
station with the lowest values of oxygen, with a mean of
5.3 mg/L, in the sediment bioassay. Their sediments appar-
ently had more organic matter, which could consume some
oxygen from the water column, resulting eventually in
a stressful condition for tested animals. However, that value
is above 4 mg/L, which is the recommended minimum level
for toxicity testing with these organisms (Weber, 1991).

Sediments play an important role in aquatic ecosystems,
since they serve as source, sink, and cycling centre for
nutrients, organic matter, and chemicals, including con-
taminants (Stemmer et al., 1990b). Often, sediments may
accumulate contaminants to higher concentrations than in
overlying waters (Stemmer et al., 1990a). Most protocols for
sediment bioassays generally recommend that the manip-
ulation of sediment samples (e.g., sieving and mixing) be
minimal, to maintain the chemical equilibrium of potential
contaminants associated with the sediments (Reynoldson
et al., 1994). Chemical, physical, and biological alterations of
sediments in polluted aquatic ecosystems can a!ect con-
taminant bioavailability (Burton, 1991). Sediment collection
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may induce some changes, including alterations in chemical
speciation due to oxidation and reduction, chemical equilib-
rium disruption, and changes in biological activity (Burton,
1991). Such changes may modify toxicity results, making the
extrapolation to the "eld inaccurate. However, in this study,
sediment results were more similar to in situ results.

In situ bioassays did not con"rm laboratory results, with
an evident sublethal toxicity at stations 4 and 5. These
results seem to indicate that the sediments of these stations
were a source of contaminants, e!ectively toxics. However,
this was not re#ected in the water-column quality. It seems
that, in this particular system, laboratory exposures follow-
ing classic methodologies represent unrealistic "eld condi-
tions and underestimated the real toxicity. This di!erence
between laboratory and in situ results could be partially
explained by additional stress induction due to handling in
the "eld. Physical conditions such as light and temperature
a!ect the reproductive success of organisms, as has been
proved in many works (Goss and Bunting, 1983; Cooney
et al., 1992a; Korpelain, 1986). Reproduction of D. magna
depends on energy reserves and body size and, thus, in-
directly on food availability and feeding rates (Kooijman
and Bedaux, 1996). Feeding rates a!ect not only reproduc-
tion but also survival and growth of cladocerans. These
responses depend on the quantity and nutritional value of
food available (Groeger et al., 1991; MartmHnez-JeroH nimo
et al., 1994; LaRocca et al., 1994), on temperature (Goss and
Bunting, 1983; Korpelain, 1986), on photoperiod (Cooney
et al., 1992a; Korpelain, 1986), and on water quality
(Cooney et al., 1992b), which were conditions not under
control in the "eld. In practice, not only these parameters
but also the environmental concentrations of contaminants
#uctuate and vary continuously in time (Mance, 1987). This
seems to be the most probable reason for the di!erences
found between laboratory and in situ results. Cooney et al.
(1992a) conducted a study in which they found that photo-
period and renewal frequency were the test conditions with
a higher impact on survival and reproduction. Temperature,
beaker size, and amount of food had only minimal e!ects on
reproduction and none on survival (Cooney et al., 1992a).
However, as pointed out by Groeger et al. (1991), the in#u-
ence of food quality available to zooplankton is important
in determining its success in a particular environment, since
it regulates growth and reproduction. In the fall, the lowest
levels of chlorophyll a were found at stations 1, 4, and 5. At
station 7, the fertility reduction in test chambers relative to
closed chambers can probably be explained on the basis of
the food available (quality and quantity). The concentration
of chlorophyll a in ASTM medium, with the addition of S.
capricornutum (1.5]105 cells/ml), is about 55 mg/m3. At
station 7 the level of chlorophyll a detected in a fall sample
was 0.25 mg/m3. This value is very low in comparison with
the optimal level of laboratory conditions. In a study con-
ducted by Jak et al. (1996), the sensitivity of cladoceran
species to a metal mixture seemed to increase with suscepti-
bility to low food concentrations. Hardness and alkalinity
values were low in water samples from stations 1, 3, 4, and 5.
In addition to organic ligands, temperature, and pH, al-
kalinity and hardness can also a!ect the toxicity of some
toxicants such as heavy metals, since they in#uence metal
speciation (Cummins, 1994). Studies conducted with
D. magna, ¹ubifex tubifex, and two species of gastropods
indicated that water hardness reduces the toxicity of zinc
(Mance, 1987). The general tendency is to have lower toxic-
ity of metals with higher values of hardness (Rand and
Petrocelli, 1985; Penttinen et al., 1995).

If growth is a!ected, feeding rate is altered as well and
consequently reproduction too, not only by a reduction in
allocation to reproduction, but also via a delay in the onset
of reproduction (Kooijman and Bedaux, 1996). In the labor-
atory work, in the fall, females from station 4 (sediment
bioassay) were smaller and had lower fertility than control
and reference site females. However, there was no delay in
the onset of reproduction. In the case of in situ bioassays, the
delay in the onset of reproduction had great reprecussions
in fertility values. At the end of the bioassay, a reduced
number of females reached maturity in test chambers, and
the eggs found in the marsupial chamber were counted as
N1. At station 4, the age at second reproduction needed to
be extrapolated in some cases for the closed chambers and
always for the test chambers.

The presence of indigenous animals in test chambers was
not checked, despite some occasional observations. Reynol-
dson et al. (1994) proved that the presence of indigenous
organisms could greatly a!ect chronic endpoints in sedi-
ment bioassays. It has been suggested that caged animals be
prevented from using avoidance behavior, which contrib-
utes to an overestimation of the actual toxicity (Baughman
et al., 1989). Probably, in this study this limitation is not as
important as it will be with caged "sh. However, this em-
phasized the fact that in situ caged animals were tested
under semiarti"cial conditions. Some works aimed to inves-
tigate if cladocerans are able to avoid toxicants by adapta-
tive swimming behavior (e.g., LaureH n-MaK aK ttaK et al., 1997).
There is a need to understand these complex e!ects when
the simulation of "eld conditions intends the extrapolation
to natural systems.

CONCLUSIONS

This study attempted to establish a direct link with labor-
atory information by in situ bioassays, and proved that
caution is needed when interpreting laboratory bioassay
results. Whenever there is a suspicion of sediment contami-
nation, sediment bioassays should be performed, since re-
sults are more closely related to "eld situations.

In the laboratory, #uctuations of physical}chemical para-
meters and toxic concentrations do not occur, and the toxic
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exposure is made under very controlled conditions, espe-
cially in the case of water-column bioassays, without the
presence of an important source of contaminants: the sedi-
ments. In opposition, in situ results can be very di$cult to
interpret because of all the variations in bioassay conditions
associated with "eld exposures. It has been emphasized that
ecotoxicological extrapolation from laboratory to the "eld
could be even more di$cult than the extrapolation from
animal data to humans (Koeman, 1982). The extrapolation
to natural systems is a very complex step, and in situ bioas-
says seem to be an important aid.
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