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Abstract. The interest in the ecological relevance of risk assessments and, thus, in in situ bioassays has
been increasing in the last years. The present study developed a time- and cost-effective in situ bioassay,
aiming at obtaining, in a short period of time and with a minimum of resources, a set of ecologically
relevant toxicological information in a site-specific approach. Poecilia reticulata and Gambusia holbrooki
were chosen as test species. Post-exposure feeding inhibition and the biomarkers acetylcholinesterase,
lactate dehydrogenase and glutathione S-transferases were the endpoints tested. The battery of biomarkers
as a whole was sensitive to the in situ exposure in an acid mine drainage impacted effluent, although
responses varied between test species. Post-exposure feeding inhibition was the most sensitive endpoint, and
its association with biomarker responses was discussed. The linkage between individual responses, such as
feeding, and biomarkers suggested that, at least in this case, biomarkers can be relevant at higher levels of
biological organization. Altogether, the proposed short-term in situ bioassay seems to be a promising tool,
since it represents a reasonable compromise between sensitivity, time/cost-effectiveness and ecological
relevance.
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Introduction

In situ bioassays are useful tools in ecotoxicology,
mainly because they integrate ecological relevance
in toxicity testing, by incorporating field fluctua-
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tions (within semi-controlled conditions) in a
cost-effective way. Fish have broadly been em-
ployed in in situ testing, and test chambers and
general procedures have long been described (e.g.,
Wilde and Parrot, 1984; Jones and Sloan, 1989).
Ideally, researchers should work with toxicity
estimates derived from reproductive and demo-
graphic endpoints, especially in risk assessment.
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However, prolonged field exposures are required
to estimate sublethal/chronic toxicity. Such an in
situ bioassay is neither cost- nor time-effective, and
difficulties arise from a practical viewpoint.
Therefore, a preferable alternative is to perform
short-term field exposures and, afterwards, to
quantify relevant sublethal endpoints capable of
responding in such a short period of time. This has
been accomplished by using biochemical or other
subcellular responses (i.e., biomarkers) as test
endpoints. Comprehensive field work has been
developed in this area, namely in field caging
experiments (Lindstrom-Seppd and Oikari, 1990;
Soimasuo et al., 1995, 1998; Gokseyr et al., 1996;
Fenet et al., 1998; Stien et al., 1998; Pacheco and
Santos, 1999), as well as in biomonitoring surveys
(e.g., Gokseyr et al., 1996; Van der Oost et al.,
1996; Kosmala et al., 1998; Wall et al., 1998; Ste-
phensen et al., 2000; Sturm et al., 2000), both
measuring biochemical markers in several fish
species. In general, these studies were performed
with large species, such as salmonids (Lindstrom-
Seppd and Oikari, 1990; Fenet et al., 1998), flatfish
(Gokseyr et al., 1996; Wall et al., 1998) or eels
(Van der Oost et al.,, 1996; Fenet et al., 1998;
Pacheco and Santos, 1999). Although small fish do
not provide such large amounts of tissue for bio-
marker quantification, they are preferred for lo-
gistic reasons (e.g., less complex test-chambers), as
well as for usually having shorter life cycles.

In spite of their rapid responsiveness and sensi-
tivity to contaminant exposure, biomarkers have
questionable ecological relevance, as a result of
being endpoints at a low level of biological organi-
zation (Peakall, 1992). Therefore, in situ bioassays
using biochemical markers should combine them
with more comprehensive sublethal variables, such
as growth or behavioral responses (swimming
activity, feeding, etc.), as test endpoints. Behavioral
endpoints are commonly recognized as individually
based responses resulting from the integration of a
multiplicity of biochemical and/or physiological
processes (Peakall, 1992; Heath, 1995). Feeding
responses are usually regarded as behavioral end-
points, although effects on such variables may ex-
tend beyond their behavioral outcome. Any
eventual depression in feeding rate will have impli-
cations in the energetic input, and thus in the
growth, reproduction, or survival of the individual,
and may, subsequently, have adverse effects at the

population/community level (Kumar and Chap-
man, 1998; Taylor et al., 1998).

The aim of this study was to develop a sensitive
and ecologically relevant short-term in situ bioas-
say with small fish species, which could work as an
early warning tool, combining organismal (post-
exposure feeding) and biochemical (biomarkers)
responses. The biomarkers chosen were acetyl-
cholinesterase (AChE), lactate dehydrogenase
(LDH), and glutathione S-transferases (GST). An
acid mine drainage impacted aquatic reservoir was
the location selected for deploying the in situ bio-
assays. It was also the objective of this work to
establish a relationship between biochemical and
organismal responses, in an effort to clarify the
significance of the set of biomarkers at higher
levels of organization.

Mosquitofish (Gambusia holbrooki) and guppy
(Poecilia reticulata), both belonging to Poeciliidae,
were used as test species in the in situ bioassay.
G. holbrooki is an abundant fish species in Euro-
pean freshwaters, ever since its introduction in
mosquito-control programs (Holcik, 1991; Alma-
¢a, 1995; Garcia-Berthou, 1999). It occupies a key
intermediate position in the trophic chain of lakes,
since it preys on insects and zooplankton, while
being eaten by piscivorous fish (some of commer-
cial value) (Cabral et al., 1998; Garcia-Berthou,
1999). P. reticulata is a standard test-organism,
recommended by EEC (1992) and OECD (1982)
guidelines for toxicity testing. Additionally, poe-
ciliids are indigenous inhabitants of tropical inland
waters, and there are substantial possibilities for
using these methodologies in tropical countries,
where rapid and ecologically relevant toxicological
information is most needed.

Materials and methods
Study sites

The aquatic system surrounding Sdo Domingos
mine — an abandoned copper mine — in the SE of
Portugal, was the location chosen for the deploy-
ment of the in situ bioassays. The mine effluent is
strongly acidic due to the continuous oxidation of
abandoned mine tailings, and contains large
amounts of heavy metals (in decreasing order: Fe,
Al, Zn, Cu, Mn, Co, Ni, Cd, Pb, Cr, As) (Lopes



et al., 1999; Pereira et al., 1999, 2000). After some
dilution due to a small watercourse, the untreated
effluent enters the Changa River reservoir (part of
the Guadiana River basin) near an ancient dam.
The source of contamination (pH and heavy
metals) is isolated and well identified, since no
other significant contamination sources are known
(e.g., pesticides, industrial discharges or urban
runoffs). Furthermore, there is extensive literature
on the biology, ecology and water chemistry of the
system (Pereira et al., 1995, 1999, 2000; Ribeiro
et al., 1995; Lopes et al., 1999). Four sites were
chosen to perform the in situ assays: three in the
mine effluent, along the contamination gradient
(S3, S2 and S1, from most to least contaminated),
and a reference site (REF), located in a good water
quality upstream lake (Fig. 1). This lake has no
significant sources of contamination and it sup-
ports substantial communities of fish, amphibians,
reptiles, birds, and mammals (Ribeiro et al., 1995).
Apart from pH and metal concentrations, water
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Figure 1. Schematic representation of the study area (Sdo
Domingos mine), showing the location of reference and
contaminated sites.
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chemical characteristics of REF were similar to
those of contaminated sites. Furthermore, it has
been successfully used as a reference site in previ-
ous in situ bioassays (Pereira et al., 1999, 2000).

Test organisms

Male adult guppies (P. reticulata), 2.0-2.5 cm
standard length, were obtained from a local sup-
plier and acclimated in the laboratory, for almost
2 weeks, to a temperature of 25 £ 2 °C and a
photoperiod of 16 h L:8 h D. Fish were all from
the same strain with the purpose of reducing ge-
netic variability, and thus increasing experimental
precision. Concern on this matter, especially when
dealing with biochemical responses, such as enzy-
matic biomarkers, was already expressed in other
studies (Garcia et al., 2000). Guppies were kept in
glass aquaria with ASTM hardwater and were fed
a commercial flake food diet (TetraMenu-Tetra-
Werke, Germany) ad libitum, two times a day (the
amount of food added was consumed 2-3 min
subsequently to its addition). In the improvised
field laboratory, guppies were subjected to a 3-day
acclimation period, prior to testing. Initially, they
were acclimated to field temperature fluctuations
(25-30 °C), followed by gradual acclimation to
filtered (150 pum) reference water. Only male gup-
pies were used in the in situ bioassay, thus eradi-
cating the chance of accidentally introducing an
exotic species into Portuguese waters.

G. holbrooki were caught in the reference lake
(REF) using hand nets (mesh size 1.0 mm). Adult
males of appropriate size (2.0-2.5 cm long) were
separated from the rest and kept in aerated con-
tainers with filtered (150 um) reference water, until
the deployment of the in situ bioassays (less than
24 h).

In situ bioassay chamber design and general
protocol

In situ bioassay chambers were made from 1.5-1
polyethylene terephthalate bottles (transparent),
which are easily available and can be obtained at
almost no cost. Although the sorption of organic
contaminants was not a matter of concern in the
present study, it may possibly occur in future
studies elsewhere. An in situ pre-exposure of the
test-chambers in local water can surpass this
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shortcoming. Two lateral rectangular openings
and a circular opening at the bottom were made on
the bottles and covered with 1.0-mm nylon mesh
(Fig. 2), allowing water flow inside the
test-chambers. Ideally, the mesh-size used in in situ
bioassay chambers should be small enough to
prevent test-organisms from escaping, and large
enough to allow a proper water flow/renewal and
aeration (Sibley et al., 1999). A 1.0-mm mesh, as
the one used in the present study, satisfied both
these demands, although it did not retain autoch-
thonous food sources (e.g., local zooplankton).
The mesh was sealed to the chamber with white
thermal glue (supplied by Elis-Taiwan, Taiwan,
ref. TN122/WS, with a chemical composition of
50% ethylene—vinyl-acetate copolymer, 45% syn-
thetic hydrocarbon, and 5% polyethylene wax),
which has been shown to be non-toxic to cladoc-
erans (Pereira et al., 1999).

Following the placement of the chambers
in situ, organisms were introduced through the top
opening of the bottle using a funnel-like appara-
tus. A polyethylene terephthalate screw cap was
then placed on the top opening, and chambers
were anchored to the shore with nylon rope. Two
sets of two air-filled 1.5-ml microtubes attached to
the outside of the chamber with transparent
adhesive tape acted as floaters (Fig. 2), guaran-
teeing the buoyancy of the bioassay chamber in an
appropriate position. The top opening is poten-
tially useful if, in future studies, feeding the fish
becomes necessary (e.g., growth bioassays). After
unscrewing the cap, chambers were held in vertical
position (cap up) and withdrawn from the water
except for the last 5 cm (approximately). This en-

abled ‘‘trapping” the organisms in a confined
volume of water, allowing a proper observation of
the fish through the top opening, and therefore a
clear assessment of their condition.

Short-term in situ bioassay with adult fish

The 4-d in situ bioassay was performed at S1, S2,
S3 and REF with adult male P. reticulata and
G. holbrooki. For both species, three fish per test
chamber were used. Two sets of test chambers
were placed in each site as described above: 2 x 3
chambers per site for the guppy bioassay; 2 x 4
chambers for the Gambusia bioassay. Organisms
underwent a 24-h starvation period prior to the
deployment of the in situ bioassay. No food was
added to the chambers during the test. Physical—
chemical parameters were measured and registered
at the beginning and end of the in situ bioassay.
Conductivity was measured with a WTW LF 330
conductivity meter (Reagente 5, Porto, Portugal),
and pH measurements were performed using a
WTW 340-A pH meter, with a SenTix electrode
(Reagente 5). Dissolved oxygen concentrations
were determined with a WTW OXI 320 oxygen
meter (Reagente 5). A min/max thermometer was
used to monitor water temperature fluctuations
during the assay.

At the end of the test, test-chambers and fish
were brought to the field laboratory, in local wa-
ter, for further processing. Organisms from the
first set of chambers were killed by decapitation
for biomarker quantification (see below); gills,
head, and dorsal muscles were immediately re-
moved. This procedure was performed in ice-cold

1.0-mm nylon mesh

Floater

Screw cap

Polyethylene terephtalate 1.5-L bottle

Figure 2. In situ bioassay chambers were made from transparent 1.5-1 polyethylene terephthalate bottles. Three openings (2 lateral and
1 at the base), covered with 1-mm nylon mesh, allowed proper water flow. The in situ bioassay started with the introduction of the
organisms (3 per test chamber) in the chambers, which were previously placed near the water surface.



phosphate buffer (0.1 M, pH = 7.2) and took, in
average, about 3 min per fish. After removal of
blood vestiges, each tissue was placed in the
appropriate buffer for each biomarker: gills in
phosphate buffer (0.1 M, pH = 6.5) for glutathi-
one S-transferases determinations; head in
phosphate buffer (0.1 M, pH = 7.2) for acetyl-
cholinesterase analysis; dorsal muscle in Tris—
NaCl buffer (0.1 M, pH = 7.2) for lactate dehy-
drogenase determinations. Samples were minced
using a scissors and frozen at —20 °C (head and
muscles) or in liquid nitrogen (gills). Fish from the
second set of chambers were used in post-exposure
feeding trials (see below), except for S3, where
high mortalities resulted in an insufficient number
of organisms to perform the test.

Biomarker quantification

In the laboratory, frozen samples were thawed
and homogenized using an Ystral GmbH Dot-
tingen homogeniser (Reagente 5). Samples were
always kept on ice, as well as throughout all
subsequent processes, until the enzymatic assay.
Gill homogenates were centrifuged at 9000 x g
for 30 min (at 4 °C), while muscle and head
homogenates were centrifuged at 5000 x g for
3 min. Supernatants were then normalized to
approximate protein contents of 0.3 and 0.9 mg/
ml for head and muscle samples, respectively.
The activity of AChE was determined by the
method of Ellman et al. (1961) adapted to mi-
croplate, as described in Guilhermino et al.
(1996). GST activity was determined by the
technique described by Habig etal. (1974),
adapted to microplate. The activity of LDH was
determined according to Diamantino et al.
(2001), which is an adaptation to microplate of
the spectrophotometric method described by
Vassault (1983). All enzymatic assays were per-
formed in triplicate, at 25 °C, and activity was
expressed as Units (U) per mg of protein; a U is
a nmol (for AChE and GST) or umol (for LDH)
of substrate hydrolyzed per minute. The con-
centration of protein was determined in triplicate
by the Bradford (1976) method adapted to mi-
croplate, using bovine y-globulin as standard. A
Labsystem Multiskan EX microplate reader
(supplied by Paralab, Porto, Portugal) was used.
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Post-exposure feeding trials

Ideally, feeding impairment should be assessed
during the test, but in situ exposures pose too many
technical difficulties. Therefore, two types of feeding
trials were performed following the in situ exposure:
a 3-min continuous-observation assay, and a
90-min feeding trial. Subsequently to the in situ
exposure, fish were kept in the field laboratory in
aerated containers with respective local water until
the beginning of the feeding trials (between 2 and
8 hlater). Ideally, this time gap should be reduced to
a minimum and all treatments should be given an
identical waiting time. Fish were then individually
transferred to polyethylene terephthalate vessels
with 20 cm of diameter (1 organism per vessel)
containing 330 ml of filtered (150 um) reference
water. After a 5-min period for the fish to become
calm, the 3-min feeding trial was started with the
addition of 12 particles of TetraMenu, between 500
and 1000 um (obtained using a simple sieving pro-
cedure). Food flakes were evenly spread over the
surface of the test water, and the individual fish
feeding behavior was monitored. Small fish, like
guppies or mosquitofish, would have difficulties
ingesting particles larger than 1 mm, which could
lead them to split the food flakes in two or more
pieces in their feeding strikes, thus misleading the
observer. Nevertheless, particles should be large
enough to allow a proper observation, and thus the
choice of a minimum flake size (500 um). The time
elapsed between the beginning of the trial (addition
of food) and ecach feeding strike (i.e., feeding
movement where ingestion actually occurred) was
registered, through direct individual observation.
The feeding trial was stopped when the 3-min period
expired or when the fish completed 12 successful
strikes. Preliminary experimentation had shown
that healthy fish would eagerly eat the food parti-
cles, and that a small number of particles would be
preferable for improved visualization. These
experiments also showed that, under these condi-
tions, healthy guppies would eat all the particles in
less than 1 min, although Gambusia were not so
voracious. Since some sort of feeding impairment
was expected on the contaminated mine effluent, a
3-min test period seemed adequate to monitor
changes in the fish feeding behavior between sites. A
similar feeding trial was described by Little and
DeLonay (1996) involving video recordings.
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Subsequently to the continuous-observation
assay, a pre-quantified amount — 12.06 + 0.84
(average £ SD, n=15) mg/organism — of 500-
1000 um food particles was added, thus setting off
the long-term (90 min) feeding trial. Preliminary
experimentation indicated that, during the 90-min
period, healthy fish would consume a major per-
centage of this quantity of food. After removal of
the fish, the test water was filtered through a
200-um nylon mesh, thus gathering the uneaten
food particles. Prior to this procedure, faecal pel-
lets were removed with a plastic pipette, if present
in the bottom of the test vessel. Food particles
were then carefully collected from the mesh and
stored in 70% ethanol (to avoid putrefaction) in
1.5-ml microtubes. In the laboratory, the surplus
of ethanol was removed with a pipette, and food
particles were transferred to pre-weighed foil cups
and dried for 48 h at 60 °C. Dry weights of the
uneaten food were then obtained on a METTLER
UMT?2 microbalance (Soquimica, Porto, Portugal)
to the nearest microgram. Food intake was ex-
pressed as the proportion of food consumed rela-
tively to the initial amount of food (12 mg, for
calculation purposes). All feeding trials were per-
formed in similar conditions, at a temperature of
25 £ 2 °C. As stated above, high mortalities in S3
resulted in an insufficient number of organisms to
perform the feeding trials in fish from this partic-
ular site.

Statistical analysis

Mortality was tested for significance using the
Fisher exact test. Biomarker data (AChE, LDH
and GST) were separately analyzed for differences
between sites using one-way analysis of variance
(ANOVA). Food intake (after arcsine transfor-
mation) was also tested for significance with one-
way ANOVA. In both cases, a Tukey multiple
comparison test followed the ANOVA, when
applicable. Data resulting from the
continuous-observation feeding trial were ana-
lyzed using non-parametric techniques (Log-rank
and Wilcoxon statistics), usually employed in
survival-time analysis, which allow the analysis of
censored data. Correlation analysis was used to
analyze the relationships between food intake
(after arcsine transformation) and biomarkers.
These analyses were performed with the mean

values of the biomarkers, since fish were from a
different set of test-chambers.

Results
Short-term in situ bioassay with adult fish

The range of physical and chemical parameters
registered during the in situ bioassays are pre-
sented in Table 1. High temperatures were regis-
tered in all sites, and a progressive acidification
and increased conductivity were observed in the
most contaminated sites (S2 and S3, see Table 1).
Dissolved oxygen (DO) was more or less constant
during the in situ exposures, except in S3, where it
decreased to 3.7 mg/l. Some fishes escaped from
the test chambers, through gaps formed in the
mesh-bottle linkage (Table 2). The worst case
happened in REF with G. holbrooki, where four
organisms escaped.

A mortality increase (Table 2) of P. reticulata
was observed along the contamination gradient.
Nevertheless, mortality was significantly higher
than REF only in S3 (the most contaminated
site), where 70.6% of the organisms died. With
G. holbrooki, mortality was only registered in S2
and S3, and in both cases it was significantly
different from REF.

Biomarkers response was considerably different
between P. reticulata (Fig. 3) and G. holbrooki
(Fig. 4). In comparison to the REF station,
P. reticulata AChE activity was inhibited (ANO-
VA: Fza6 =727, p=0.001) in the most con-
taminated sites (S2 and S3). LDH activity was
significantly stimulated (ANOVA: Fg 54y = 3.95,
p =10.020) in S1, and GST was not significantly
affected (ANOVA: F;36 = 0.87, p=10.471). In
G. holbrooki adults, only LDH activity was

Table 1. Range of physical and chemical parameters registered
in the field during the in situ exposures

Temperature D.O. Cond.
Site Q) (mg/l) pH (nS/em)
REF 18-34 8.2-8.4 7.2-7.8 185-185
S1 18-34 7.0-9.3 6.3-6.9 260-266
S2 18-34 7.4-9.5 4.5-52 350458
S3 18-34 3.7-5.0 3.7-5.2 365-558




Table 2. Mortality and recovery of adult fish at the end of the
short-term in situ bioassay

Species Site Ninitial Nrecov Ndeaa  Mortality (%)

P. reticulata REF 18 18 1 5.6
S1 18 18 2 11.1
S2 18 16 4 25.0
1

S3 18 17 2 70.6%*
G. holbrooki  REF 24 20 0 0

S1 24 24 0 0

S2 24 23 7 30.4*

S3 24 21 15 71.4%**

Fisher exact test: significantly different from REF (*p<0.05;
**p<0.01; **¥*p<0.001).

Ninitiar — number of fish at day 0; Nyov — number of fish
retrieved at the end of the test (including dead ones); Ngeaq —
number of dead fish at the end of the bioassay.

significantly affected (ANOVA: Fg 35 = 4.23,
p=0.012), with a clear inhibitory effect being
observed. Significant differences were not found
between sites, either for AChE (ANOVA:
Fi335 =231, p=0.093) or for GST (ANOVA:
F(3’32) = 116, pP = 0339)

Post-exposure feeding trials

Post-exposure feeding trials were successfully
conducted with P. reticulata but not with
G. holbrooki, since the latter did not eat any
TetraMenu particles during the feeding trials. The
3-min continuous observation assay monitored the
feeding activity of the fish, as illustrated by
Fig. 5a. Fish exposed in REF ate all the food
particles quickly (<80 s), while fish from S1 did
not eat all the particles within the 3-min interval.
Organisms from S1 occasionally refused food
particles by spitting them out (not accounted as
successful feeding strikes). Almost no feeding re-
sponse was recorded in fish from S2, with only one
fish demonstrating interest in the food particles,
eating one at 41 s and refusing two others. All
other fish from S2 were hypoactive, and showed no
curiosity towards the food. Significant differences
(log-rank and Wilcoxon statistics: p < 0.05)
between REF, S1 and S2 feeding curves were
registered (Fig. 5a).

The 90-min post-exposure feeding trial was also
successful only in P. reticulata. Food intake (the
proportion of food consumed per mg of initial
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food supplied) was impaired in the contaminated
sites (S1 and S2), relatively to the reference (REF)
site (Fig. 5b), as revealed by the significant differ-
ences registered between sites (ANOVA:
Fpo15 =169, p=145x 107%). No feeding trials
were performed with fish from S3, because of high
mortalities in that site.
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Figure 3. Enzymatic activities of AChE, LDH, and GST from
P. reticulata after the 96-h in situ exposure. Error bars represent
standard deviation. Different letters (a, b) represent statistically
significant differences between sites, for each biomarker
(»<0.05). REF - reference site; S1, S2, and S3 — sites along the
contamination gradient.
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significant differences between sites, for each biomarker
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contamination gradient.

Feeding versus biomarkers

Since no data on feeding was available for G. hol-
brooki, only P. reticulata results were used in this
analysis. A significant correlation was found be-
tween AChE and food intake (r= 0.823,
p< 0.001), LDH and food intake (r = —0.654,
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Figure 5. (a) Feeding activity of P. reticulata after in situ expo-
sure in REF, S1 and S2. Each set of points represents the
cumulative number of food particles ingested by the organisms
during the 3-min feeding trial, for each treatment. Different let-
ters (a, b, ¢) represent statistically significant differences between
feeding curves (Log-rank and Wilcoxon statistics: p<0.05).
Numbers in brackets stand for the number of organisms used in
each of the treatments. REF — reference site; S1 and S2 — sites
along the contamination gradient. (b) Food intake (mg dry food
consumed/mg of initial food) in P. reticulata quantified through a
post-exposure feeding trial. Individual observations (triangles)
and means (circles) are represented for each site. Error bars
represent standard deviations. Different letters (a, b, ¢) represent
statistically significant differences in food intake, between sites
(»<0.05).

p = 0.003), and GST and food intake (r = 0.831,
p < 0.001).

Discussion

Short-term in situ bioassay with adult fish

The in situ bioassay chambers allowed successful
exposure and retrieval of the fish, although a small



minority escaped. Low pH and heavy metals in the
mine effluent caused significant mortality in the
most contaminated stations, in both guppy and
mosquitofish. Low mortalities were to be expected
but the strong evaporation led to a progressive
acidification, and consequent increase in the
number of deaths. In S3, low oxygen levels might
have worked as a confounding factor in this vari-
able. Nevertheless, a clear increase in mortality
was observed along the contamination gradient in
both species. Both metals and low pH are known
to affect ion regulation (Lacroix and Townsend,
1987; Heath, 1995). Lacroix and Townsend (1987)
have shown that pH alone can be responsible for
severe ionic imbalance, leading to mortality of the
fish, and that ionic depletion was further enhanced
by Al (in combination with low pH).

Besides mortality, metals and acidity also pro-
duce numerous sublethal effects, such as feeding
impairment and other behavioral alterations
(Lacroix and Townsend, 1987; Blaxter and Hal-
lers-Tjabbes, 1992; Peakall, 1992; Heath, 1995;
Gerhardt, 1998; Beaumont et al., 2000). Biomar-
ker alterations are also among the sublethal out-
comes caused by metals. Although several types of
contaminants can affect AChE (Guilhermino
et al., 1998; Garcia et al., 2000), it is still success-
fully employed as a specific biomarker of exposure
to organophosphorous and carbamate pesticides
(Beyers and Sikoski, 1994; Stien et al., 1998;
McLoughlin et al., 2000; Sturm et al., 2000).
Metals usually inhibit AChE in vitro (Gill et al.,
1991, 1992; Garcia et al., 2000), but in vivo re-
sponses of AChE seem to vary. Gill et al. (1991,
1992) have shown that in vivo AChE activity can
be unaffected, stimulated or inhibited in different
organs of rosy barb, by copper and cadmium,
respectively. The underlying physiological mecha-
nism for in vivo AChE stimulation or inhibition by
metals is still unclear. The results from the in situ
bioassay suggested that mosquitofish AChE was
insensitive to metals and to low pH, while guppy
AChE was inhibited in the most contaminated
sites. This result suggests an adverse effect for
guppy on this key enzyme, with harmful conse-
quences in the central nervous system and neuro-
muscular function.

LDH is a glycolytic enzyme, and its activity can
be used to assess the metabolic state of the
organisms. It is considered a nonspecific indicator
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of cell integrity when quantified in plasma samples,
which is not the present case. LDH has been
shown to be related with growth (Pelletier et al.,
1995), although its response to metals has revealed
to vary with the tissue (Gill et al., 1991, 1992).
Nevertheless, both copper (Gill et al., 1992) and
cadmium (Gill et al., 1991) did not significantly
affect LDH activity from skeletal muscle of rosy
barb. In the present study, LDH muscle activity
responded differently in tested species. This subject
should be further exploited in future studies, since
both inhibition (as seen in the mosquitofish) and
stimulation (as seen in the guppy) of LDH activity
can be explained by the existing literature. The
inhibition of LDH activity could be due to the
direct effect of metals in the enzymatic activity, as
shown by Diamantino et al. (2001) and Gill et al.
(1991). LDH stimulation, on the other hand, may
be a consequence of a local hypoxia “syndrome”,
at the muscular level, resulting from an ammonia-
mediated toxicity mechanism (may be a general
stress response). Beaumont et al. (2000) described
this mechanism in brown trout exposed to copper
at low pH, after observing high lactate concen-
tration and glycogen depletion in the red and white
muscle, which was consistent with tissue hypoxia
(Heath, 1995). These authors also suggested that
this phenomenon was not due to the limitation of
the oxygen supply to the muscles, but resulted in-
stead from a general stress response in combina-
tion with an electrophysiological disruption.
Hyperammonaemia appeared to be related with all
of these metabolic changes, although the exact role
of ammonia was not fully understood. Whether it
is a general stress response or a more complex
mechanism, it is apparent that low pH and copper
(this may be true for other metals) induce a met-
abolic shift at the muscular level, promoting
anaerobic metabolism. The increase observed in
the muscular LDH activity of P. reticulata may
result from this metabolic shift, as reviewed by
Heath (1995). The two opposite response patterns
of LDH activity between the two species tested
remain, however, unanswered.

GST are commonly used biomarkers for
hydrophobic organic chemicals, including PCBs
and PAHs, which are detoxified via glutathione
conjugation (Phase II detoxification mechanism)
(Habig et al., 1974; Van der Oost et al., 1996;
Fenet et al.,, 1998; McLoughlin et al., 2000).
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Although metals are not natural substrata for
these enzymes, recent studies have shown in vivo
GST induction in fish (Paris-Palacios et al., 2000)
and mussels (Canesi et al., 1999) exposed to heavy
metals. GST are among the antioxidant defenses
of vertebrates and invertebrates, and metals are
known promoters of oxidative stress (Heath, 1995;
Paris-Palacios et al., 2000). It is therefore possible
that GST metabolize oxidative stress-originated
byproducts, which are responsible for the induc-
tion of these enzymes (Canesi et al., 1999; Paris-
Palacios et al., 2000). Nevertheless, Serafini and
Romeu (1991), for example, have shown that
metals can also inhibit GST, namely in vivo. In the
present study, however, no significant effects were
recognizable in GST activity, although a decrease
in their activity was apparent. Other authors have
also found a lack of response of fish GST to
contaminants (Jensen et al., 1991; Fenet et al.,
1998), or a less sensitive response than other re-
lated biomarkers (Huuskonen et al., 1996; Van der
Oost et al., 1996). Although their practical appli-
cation may thus be questionable, GST have suc-
cessfully been included in biomonitoring studies
(e.g., Stien et al., 1998).

In general terms, the battery of biomarkers
chosen revealed to be sensitive to the effluent
exposure, and, as a whole, it was more sensitive
than mortality. McLoughlin et al. (2000) have
used ChE and GST for evaluating sublethal effects
of several toxic chemicals (zinc, LAS, lindane,
pirimiphos-methyl, and permethrin). Their results
showed that these biomarkers were more sensitive
than mortality and may work in a complementary
way, especially if further complemented with other
measures (e.g., feeding inhibition). Other authors
have shown that a more or less diversified battery
of biomarkers can be successfully used, and in a
time-effective manner, in in situ monitoring of
effluents, whether it is in biomonitoring (Van der
Oost et al., 1996; Stephensen et al., 2000) or in
field-caging studies (Soimasuo et al., 1995; Stien
et al., 1998).

The set of biomarkers used in the present
study were chosen as indicators of key physio-
logical functions: AChE for neurotoxicity, GST
for detoxification/oxidative stress, and LDH as
an indicator of the metabolic condition of the
organisms. Peakall (1992) first suggested this
approach, recognizing the utility of biochemical

markers apart from their more popular use as
contaminant-specific indicators. The battery here
proposed did not intend to be specific for acid
mine drainage contamination and there is
evidence, from our laboratories research
(Guilhermino et al., 1994, 1996, 1998, 2000;
Ribeiro et al., 1999; Diamantino et al., 2000,
2001; Garcia et al., 2000) and from the work of
McLoughlin (2000), that these biomarkers will
respond to several other types of contaminants.
Ideally, a large set of biochemical endpoints
should be used to properly check-up the normal
physiological condition and, at the same time, to
identify the causal nature of the physiological
disturbance due to the comprehensive contami-
nant specificity of the selected biomarkers. Thus,
both general and highly specific biomarkers can
be integrated in the bioassay, although, as seen
here, a simple battery can also provide a
sensitive response.

Based solely on the results, it would be sound to
recommend guppy, not mosquitofish, as a prefer-
able test-species. However, it is fundamental that
the use of native species is encouraged, although
this might require additional optimization of
methodologies (the use of live local food is rec-
ommended — see below). Here, mosquitofish and
guppy were used due to their availability, but
virtually any small fish species has potential to be
included in the bioassay.

Post-exposure feeding trials

The post-exposure feeding trials were not suc-
cessful with G. holbrooki, maybe because fish
caught in the field may require a pre-acclimation
to the food used. Little and DeLonay (1996) rec-
ommend such a procedure when it is intended to
use a novel (i.c., strange) food source in the feeding
trial. However, post-exposure feeding trials with P.
reticulata were successfully conducted using
TetraMenu, which were fed with this same type of
food during laboratory rearing. For locally col-
lected fish, it could be preferable to use a different
food source, such as indigenous zooplankton.
The 3-min feeding trial aimed at analyzing the
feeding behavior of the fish, after the in situ
exposure. Similar behavioral assays were proposed
by other authors, which analyzed the number of
feeding strikes (Buckler et al., 1995; Little and



DeLonay, 1996). Guppy feeding behavior was
impaired in the contaminated stations, and was
subjectively qualified as active feeding, in REF,
sluggish feeding, in S1, and no feeding, in S2. Fish
were increasingly hypoactive along the effluent
sites, revealing decreasing interest in the food
particles. The underlying mechanism of this de-
crease in the fish interest to feed is unclear. Other
authors that have observed feeding inhibition
provoked by metals, also hypothesized on the
mechanism leading to feeding impairment. Some
suggested that damages to sensory organs and
receptors induced by metals and low pH cause loss
or impairment of sensorial perception of the fish
(namely olfaction) (Waiwood and Beamish, 1978;
Blaxter and Haller-Tjabbes, 1992). Taylor et al.
(1998) suggested gut poisoning as the toxicity
mechanism of cadmium in feeding-impaired
Daphnia. The inhibition of AChE is responsible
for an impairment of neuronal and neuromuscular
function, and could also affect the feeding behav-
ior of the fish (Dell’lOmo et al., 1997; Jensen et al.,
1997; Beauvais et al., 2000; Brewer et al., 2001).
However, in the present study, feeding impairment
was observed where no AChE inhibition occurred
(site S1). The most probable cause of feeding
inhibition is, however, a combination of several or
all of these factors, and more work is required to
clarify this issue.

The observed reduction in the feeding activity
had consequences in the amount of food con-
sumed, as seen by the results of the 90-min feeding
trial. Similar feeding trials were successfully con-
ducted by Waiwood and Beamish (1978) and
Kumar and Chapman (1998), for copper and
profenofos, respectively. In both cases, feeding was
significantly impaired. Feeding inhibition revealed
to be, in this study, the most sensitive parameter
measured, in all of the feeding trials. Feeding
inhibition of Gammarus pulex was also the most
sensitive endpoint tested in a study by McLoughlin
et al. (2000), where mortality, AChE activity, GST
activity, and feeding rate were compared in terms
of their sensitivity to five different compounds
(zinc, LAS, lindane, pirimiphos-methyl, and per-
methrin). Feeding inhibition was almost always
the most sensitive endpoint and it was affected by
all of the contaminants tested.

Several contaminants, including metals and low
pH, affect the feeding of fish. Lacroix and Town-
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send (1987) have shown that pH alone can depress
feeding responses in juvenile Atlantic salmon, in
an in situ experiment. Feeding activity in this
species has also shown to be an extremely sensitive
response to pH alone and to aluminium (Buckler
et al., 1995). In rainbow trout, food consumption
and gross conversion efficiency were significantly
impaired by copper and low pH (Waiwood and
Beamish, 1978). Thus, not only the feeding rate of
the fish can be affected by heavy metals, but also a
reduction in the metabolic efficiency can occur
(Waiwood and Beamish, 1978; Kumar and
Chapman, 1998).

Ultimately, food intake can be considered to be
a rough measure of energy input, and a reduction
in energy input will affect growth and reproduc-
tion. Copper- and pH-induced growth reduction
has been related to feeding inhibition in rainbow
trout (Waiwood and Beamish, 1978). Kumar and
Chapman (1998) have shown evidences of growth
impairment and reduction in lipid content associ-
ated with reduced feeding rate in rainbow fish
exposed to an organophosphate (profenofos). The
energy status of the organisms is also a main factor
when analyzing reproductive endpoints. Maltby
and Naylor (1990) showed a correspondence be-
tween feeding rate depression and long-term
reproductive impairment in Gammarus pulex, after
zinc exposure. Impairment of feeding rate can also
have serious consequences at the community level,
and several authors have focused their attention
on this issue. Taylor et al. (1998) questioned the
possible consequences in the fish and phyto-
plankton communities of feeding inhibition ob-
served in populations of a primary consumer
(Daphnia). Maltby and Naylor (1990) and Forrow
and Maltby (2000) addressed the problem of re-
duced efficiency of detritus processing and nutrient
cycling, as a plausible consequence of feeding
inhibition observed in key benthic detritivores,
such as Gammarus.

Feeding versus biomarkers

The approach proposed in the present study was
to attempt linking subcellular responses (AChE,
GST and LDH) with ecologically relevant indi-
vidual endpoints (in this case, feeding inhibition),
as the first step to assess the ecological relevance of
biomarkers. This approach is not new, although
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previous studies have only exploited individual
biomarkers, based on some sort of underlying
physiological mechanism, such as AChE inhibition
and behavioral changes (Dell’Omo et al., 1997;
Jensen et al., 1997; Beauvais et al., 2000; Brewer
et al., 2001). Pelletier et al. (1995) have shown a
strong positive relationship between glycolytic
enzymes (including LDH) and growth rate, but did
not study the response of this association to toxi-
cants.

It is difficult to understand the significance of
biomarkers at higher levels of biological organi-
zation level, although their role as early warning
tools is recognized. Toxicant-induced changes at
the individual level are an outcome of the inte-
grated molecular, subcellular, cellular, and physi-
ological alterations (Heath, 1995). Plus,
ecologically based changes result from the inte-
grated alterations in growth, feeding and repro-
duction of the organisms. Amidst all of these
integrative phenomena, it is difficult to compre-
hend what is the ecological significance behind
subcellular or molecular alterations.

In the present study, significant correlations
between biomarkers and food intake were ob-
served, especially for AChE and GST, but this was
feeble for LDH. Since biomarkers will respond
differently to different contaminants, a battery of
biomarkers is strongly preferred, when linking bi-
omarkers with endpoints at higher levels of bio-
logical organization. As previously stated, the set
of biomarkers used can be broadened, but it is
clear that these three biomarkers alone were able
to detect physiological alterations due to low pH
and high heavy metals concentration and were
relevant at higher levels of organization. At least
for AChE, there could be an underlying mecha-
nistic linkage with feeding behavior.

The connection between early warning signals
(subindividual responses) and ecologically relevant
parameters (population and community effects) is
vital in order to enable the use of biomarkers in
environmental effects assessment. Recently, De
Coen and Janssen (2003b) have proposed a suc-
cessful quantitative approach for predicting pop-
ulation level effects from short-term biomarker
endpoints in Daphnia. In a previous study by the
same authors (De Coen and Janssen, 2003a), they
were able to establish a relevant connection be-
tween cellular energy allocation (CEA) and pop-

ulation level responses in Daphnia. This parameter
is most likely related to feeding, which, due to its
behavioral nature, also requires an extrapolation
basis to higher-level parameters in order to be
regularly used in environmental effects assessment.
Future research is therefore required to further
establish a reliable connection between -early
warning responses, such as biomarkers and other
individual or subindividual parameters (including
feeding), and population-level responses. The
present study presented a first step in that direc-
tion, although future comparisons with popula-
tion-level responses are needed. Nevertheless, we
emphasize the role of this assay as a short-term
and cost-effective early warning tool, which is
especially useful to scientists in developing coun-
tries, where this type of information is most nee-
ded.

Conclusion

The aim of this work was to develop an in situ
bioassay with small fish integrating feeding and
biomarkers. There is novelty in this approach,
namely because: (i) in situ exposures reduce the
uncertainty related with sample manipulation,
while, at the same time, allowing a much more
realistic scenario of exposure to contaminants; (ii)
caging (or in situ) experiments are usually per-
formed with large species, such as salmonids; (iii)
endpoints at two levels of organization are in-
cluded in the assay. The proposed assay should be
used as an early warning tool, especially while
biochemical endpoints are not fully linked with
alterations at ecologically relevant levels of bio-
logical organization, such as population or com-
munity. Many other parameters can be assessed at
the end of the assay, depending on the purpose of
the study: behavioral changes and general physi-
ological biomarkers can be introduced in the assay
in order to understand the mode of action of the
pollutant(s); contaminant-specific biomarkers can
elucidate which classes of contaminants are pres-
ent, as well as which pose more drastic conse-
quences to the test organisms. Laboratory research
must also continue, especially to build a robust
database on the effects of contaminants (metals,
pesticides, hydrocarbons, etc.) and water chemis-
try (pH, alkalinity, etc.) on the selected endpoints.



The results here presented have shown that the 96-
h in situ bioassay is sensitive and cost/time-effec-
tive, since it identified a contamination gradient at
an impacted reservoir. Furthermore, the in situ
approach makes this a site-specific tool for eco-
toxicological studies, allowing the rapid attain-
ment of ecologically relevant information. In this
study, it was also shown that biomarker responses
were related to feeding inhibition. This is a first
step to support the idea that a battery of biomar-
kers may be an indicator of biological effects at
higher levels of organization. Future work should
further attempt to elucidate the link between bio-
markers and effects at the population or commu-
nity levels.
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