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Abstract. Survival and behavior of the mayfly Choroterpes
picteti (Leptophlebiidae) exposed to acid mine drainage (AMD:
pH 3.3–6.4) and a reservoir polluted with arsenic (pH 6.8) from
S¼o Domingos mine (Portugal) were studied in laboratory and
in situ bioassays (48 h) with the Multispecies Freshwater Bio-
monitor, and compared with water from a reference river and
acidified reference water (acid only). Metal body-burdens
showed a negative pH dependency for Mn and As, a positive
one for Pb, and for Zn, Cu, Co, and Cd a decrease at pH < 4.4.
Generally, survival decreased with decreasing pH. The 48-h
LC50 (pH) for AMD and for acid only were similar (pH 4.8–
4.9); however, the LT20 (h) at pH 3.3 revealed AMD to be less
toxic than acid only. C. picteti show diurnal rhythm with in-
creased locomotor activity in the night. The circadian rhythm
was weakened by acid exposure, but less so by AMD exposure.
Compared to reference river water, ventilation was stimulated
at pH < 6.0 in acid only and in reservoir water. Locomotion was
stimulated at pH 5 in acid only and reservoir; however, it was
reduced in all other treatments, when compared to reference
river water. Under acid-only exposure, both locomotion and
ventilation were significantly higher compared to AMD ex-
posure at the corresponding pH values. The laboratory results
were field validated.

Accidental spills of acid water and metals from ongoing
mining activities and drainage from abandoned mining areas
are of concern for the integrity of freshwater ecosystems,
fisheries, human health, and local rural economies (Feasby and
Jones 1994). The most obvious effects of such pollution are
reduced abundance and biodiversity of the aquatic fauna, be-
cause of extinction of sensitive species (e.g., Burton et al.
1982; Singer 1982; Soucek et al. 2000). Toxicity is related to
(1) pH alone, (2) increased bioavailability of metals at low pH,

and (3) precipitation of metal hydroxides, these factors being
difficult to separate (Campbell and Stokes 1985). Replacement
of sensitive species by tolerant ones may compensate for
biodiversity loss at low pH, combined with shifts in the food
web structure towards more predators and changes of activity
patterns in individuals (Gerhardt et al. 2004).

The use of behavioral parameters as indicators of sublethal
toxicity was initially suggested by Warner et al. (1966) listing
three advantages, namely, that behavioral change (1) is the
final integrated result of biochemical and physiological pro-
cesses and so a more comprehensive measure than a single
biochemical or physiological parameter, (2) is a sensitive
indicator of sublethal toxicity, and 3) can be measured without
harming the animal. Little (1990) concluded that behavioral
observations provide a unique toxicological perspective be-
cause they link biochemical causes of pollutants with eco-
logical consequences on the population and community levels.
Behavior can be quantified and automated with modern tech-
nology, such as, for example, light beam technique (Aagaard
et al. 1991), time-lapse photography and video-filming (Van-
derploeg and Pfaffenhçfer 1985; Atchison et al. 1987), and, as
in the present study, with impedance conversion technique
(e.g., Gerhardt 1999a; Heinis et al. 1990).

To keep close to ecological reality, we chose the locally
resident mayfly Choroterpes picteti, belonging to the Lepto-
phlebiidae, a mayfly family found in high abundance in
streams and lakes worldwide (Elliott et al. 1988), and therefore
relevant for this kind of investigation. Their large size, long
life cycle, and their detritivorous feeding habits may be
arguments for their use as biotest species (Johnson et al. 1993;
Janssens de Bisthoven and Gerhardt 2003). Their tolerance
towards acidity and metals and their occurrence in mining
areas (Engblom and Lingdell 1984; Gerhardt 1993) make them
ecologically relevant biotest species for sublethal effect studies
in freshwater ecosystems affected by mines. Exposure to sin-
gle metals has been shown to induce behavioral changes in
mayflies (Gerhardt 1994; Gerhardt and Palmer 1998). These
changes were associated with an increased bioaccumulation of
the concerned metals. However, the combined action of acidity
and a mixture of heavy metals may be different from the action
of acidity alone or single metals at selected pHs. For example,
iron will precipitate to Fe(III)hydroxide at pH > 3.8, creating
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an orange crust where only some chironomids thrive (Koryak
et al. 1972), as observed in the study site (Gerhardt et al. 2004;
Janssens de Bisthoven et al. 2005). Also, at low pH, metals
tend to desorb from insects (Krantzberg and Stokes, 1988), and
toxicity of divalent metal ions is known to decrease with
decreasing pH because of competition of the hydrogen ion
with metal ions at binding sites (Campbell and Stokes 1985;
Gerhardt 1993).

The purpose of the present study was to test the following
hypotheses for the mayfly C. picteti: (1) short-term toxicity
(survival) of acid mine drainage (AMD) differs from that of
acid only at corresponding pH values, and (2) C. picteti elicits
a quantifiable behavioral effect outside the normal range of
variability when exposed to AMD or acid only.

Materials and Methods

Study Sites

The experiments were conducted in a whole effluent toxicity design
(Chapman 2000) with water from (1) the River Vasc¼o (reference); (2)
the Mosteir¼o stream, polluted by acid mine drainage from an aban-
doned cupriferrous pyrite mine; and (3) a nearby water reservoir, all
situated within a 50-km radius from the village of ��Minas do S¼o
Domingos,�� SE Portugal [37� 39¢ 56¢¢ N, 7� 28¢ 46¢¢ W] (Pereira et al.
1999). The River Vasc¼o is characterized by slightly alkaline pH (pH
7.0–7.8), a conductivity of 630 lS cm)1, and the absence of any metal
or other anthropogenic pollution. Here C. picteti was found in great
abundance and was collected for the experiments. The polluted Mo-
steir¼o stream receives AMD from the mine, creating a dynamic pH/
metal gradient between pH 6.4 and 2.3 with a conductivity of 1332 lS
cm)1. The reservoir has approximately neutral pH and a conductivity
of 352 lS cm)1 and is polluted by arsenic.

Multispecies Freshwater Biomonitor

The Multispecies Freshwater Biomonitor (MFB) is an automated
biotest system based on the quadropole impedance conversion tech-
nique (Gerhardt et al. 1998; Gerhardt 1999a). The test organisms were
placed individually in flow-through acrylglass test tubes, sealed on
both ends with polyamide rings with nylon netting (mesh size: 500
lm) in order to allow for water exchange. Two pairs of stainless steel
electrode pairs were attached to the chamber walls, one generating a
high-frequency (100 kHz) alternating current, the other non-current
carrying pair serving as sensor of impedance changes, caused by the
test organisms� movements in the chamber. By observing individuals
placed in an MFB chamber under a binocular microscope and
simultaneously recording the activity signals in real time by the MFB,
different types of behavior, such as locomotion (low frequency and
high amplitudes: 0–2.5 Hz) and ventilation (high frequency and low
amplitudes: >2.5 Hz) have been assigned and are supported by pre-
vious studies (Gerhardt and Palmer 1998). The occurrence of signal
frequencies in percentage of the total record (4 min) was calculated by
the MFB software via a discrete Fast Fourier Transformation Analy-
sis.

Experimental Design

Three 48-h experiments were performed: (1) a laboratory exposure to
reference water from River Vasc¼o, a reservoir (both habitats for

C. picteti) as well as to AMD-polluted water of the Mosteir¼o stream
at different pHs; (2) a laboratory exposure to acidified reference water
from the River Vasc¼o; and (3) an in situ exposure in the reservoir and
in the AMD-polluted Mosteir¼o stream. A few days prior to the
experiments, nymphs of C. picteti were collected in the River Vasc¼o
by gentle manual rinsing of cobbles in water filled buckets and
transported to the laboratory in cooling boxes. In the laboratory the
animals were allowed to acclimate to the conditions for at least 2 days
prior to the experiments. No food was added to the short-term
experiments.

Short-term bioassays (48 h) with water from the above-mentioned
locations (reservoir: pH 6.8; AMD: pH 5.0, pH 4.4, and pH 3.3;
reference river water) were performed in triplicate in artificial flow-
through polypropylene channels of 40-cm length, 16.5-cm width, and
15-cm depth and a volume of 4 L. Water from 5 L polyethylene
buckets, aerated with air stones, was pumped via a multichannel
pump (Watson/Marlow 2058) through each artificial stream at a
maximal speed of 18 ml/min and back to the buckets. Oxygen satu-
ration remained more than 80% in all treatments. The renewal time of
water in the stream was 4 h. The whole set-up was placed in a climate
room at 18�C (SD = 0.5), 16 h day/8 h night diurnal cycle and illu-
mination per channel with two 30-W neon lights. pH, oxygen, con-
ductivity, and temperature were monitored daily. Water and animal
samples were taken at the end of the experiments for chemical
analysis (see below). Thirteen MFB chambers with one nymph each
were distributed among the three channels per pH treatment (4+4+5).
Moreover, each of the triplicate channels per pH treatment contained
10 free-living nymphs, thus exposed to the same conditions (water,
neither substrate nor food) as the ones captive in the MFB chambers.
The average length of the nymphs was 6 mm (SD = 1.3, N = 125).
The measured pH followed the nominal pH values without drift and
with minor variations (SD = 0.02–0.2) during 48 h of exposure.
Survival of the free-living nymphs was counted after 48 h. Survival
and behavior of the nymphs exposed in the MFB chambers were
recorded automatically every 10 min for periods of 4 min throughout
the 48-h exposure.

In a second set of experiments, mayflies (length: mean = 8 mm,
SD = 1.4, N = 124) were exposed in duplicate artificial stream
channels in the climate room exactly as described above during 48 h
to unpolluted reference water (River Vasc¼o) and to Vasc¼o water that
was acidified to pH = 3.3, 4.4, and 5.0 with HNO3, in order to test
whether the observed behavioral reactions in the first experiment were
due to acid exposure in combination with a metal mixture or to acid
exposure alone.

In the in situ test, the same artificial streams were placed in
duplicates in the pH/metal gradient in the S¼o Domingos mine (pH
5.0) and the reservoir (pH 6.8). The water temperature fluctuated
between 16 and 24�C during the day, and the water level was higher
because of rainfall than during sampling for the laboratory experi-
ment. To allow for a continuous flow, nine holes (diameter 9 mm)
were bored at both ends of the channels, which were sealed with
nylon nets (mesh size: 500 lm), glued with hot glue to prevent
escape of the animals. The channels were topped by a wooden
frame that spanned a net (mesh size: 500 lm). In the wooden frame,
holes (9-mm diameter) were bored to pass the cables of the MFB-
chambers (Janssens de Bisthoven et al. 2004). The channels were
exposed in the current and fixed to poles on the stream bottom.
Each channel contained 10 free-living individuals and 4 MFB
chambers with one individual in each. After 1-h acclimation, and
after an additional 8, 22, and 48 h of exposure, the chambers were
plugged to the MFB without moving them in the water. The MFB
was connected to a laptop with power supply from a battery and the
mayflies� behavior was then recorded (a trace of 4 min). At the end
of the experiments, survival of the free-moving animals was as-
sessed manually and samples of mayflies were taken for metal
analysis.
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Chemical Analyses

Water samples were analyzed for Cd, Co, Cu, Zn, Mn, Pb, and As
with ICP-MS (detection limit: <0.01 lg/L) and for Fe, Na, Mg, S,
Ca, and high values of As with ICP-AES (detection limit: <10 lg/
L). Chlorine was determined with ion chromatography (detection
limit: 0.01 mg/L). Animal samples from each treatment and all
experiments were taken in triplicates and were kept frozen (–18�C)
until subsequent determination of metal body burdens with ICP-MS
and ICP-AES after wet digestion in 500 lL 30% HNO3 at 80�C
overnight, followed by digestion in 100 lL H2O2 at 80�C and
solution of the remnants in 100 lL HNO3 and 900 lL ultradistilled
water. Quality control of metal analysis was performed using
destruction blanks and reference materials (IAEA shrimp MA-A-3/
TM and IAEA simulated freshwater W4 (Timmermans and Walker
1989).

Statistics

Multiple (stepwise forward) and bivariate linear regressions were
calculated for the sites in S¼o Domingos Mine (pollution gradient) in
order to show statistically relevant relationships between (1) metals
and pH values in the water, (2) pH values in the water and mayfly
metal burdens, and (3) metal values in the water and organisms. After
testing the assumptions for analysis of variance (ANOVA), one-way
ANOVA was used to determine significant differences of metal levels
in water or mayflies between the different treatments.

Survival data were analyzed by linear regression of probit-trans-
formed mortality data plotted against pH after 48 h (LC50) (Weber
1986). Mortalities of animals exposed freely compared to animals
exposed in MFB chambers were tested with chi-square tests. From the
continuous survival data, generated by the MFB, we also calculated
LT20 values according to a log-logistic regression model (Dixon and
Newman 1991).

Test for normality of the behavioral raw data (chi-square goodness
of fit) and homogeneity of variances (Levene�s test) were performed
and raw data were transformed to arcsine (x0.5) prior to analysis of
covariance on the 48-h data. ANOVAs for activities in day and night
blocks throughout the experiment allowed for analysis of diurnal
rhythms.

Results

Metal Concentrations in the Water

In S¼o Domingos mine metal levels (Table 1) were dependent
on pH of the sites (water: pH = 6.5 – 0.47 Zn – 0.48 Cu + 0.1
As + 0.01 Mn, r2 = 0.99, p = 0.006). Metal levels increased
with decreasing pH values (F(6,7) = 45–6231, p = 0.01–
0.0001). Linear regressions of single metals against pH values
revealed significant bivariate relationships between most ele-
ments and pH (r2 > 0.86, p < 0.03): Cd, Co, Cu, Pb, Zn, and S,
from which some were disaffirmed in the multiple regressions.
All metals in the reservoir (except for As) were significantly
lower than in the AMD gradient (F(6,7) = 45–6231, p = 0.01–
0.0001) and all metals in the River Vasc¼o were significantly
lower compared to the AMD sites. The reservoir contained
significantly more arsenic than all other sites (F(6,7) = 515,
p = 0.001). In the field experiment at pH 5.0, all metals except
Fe were significantly lower than those in the laboratory
experiment, which we link to rainfall and variations in dis-
charge (F(1,2) = 27–1950, p = 0.02–0.0005).

Metal Body Burdens

Generally, body burdens of essential metals were orders of
magnitude higher than those of toxic metals, and were related
to pH values (Figure 1, body burdens: pH = 4.33 + 0.27 Cu +
0.68 Pb – 0.55 As + 0.25 Fe, r2 = 0.99, p = 0.03). At low pH
(pH 3.3 and 4.4) metal burdens were lower than at higher pH
levels for Cu (F(1,7) = 49.8, p = 0.0002), and Zn (F(1,7) =
4.43, p = 0.07). Pb body burdens at pH 3.3 were significantly
lower than in other pH treatments (F(6,13) = 3.9, p = 0.02).
There was no clear dependency of metal body burdens on
metal concentrations in the water, except for mayflies exposed
at pH 3.3, where the highest metal concentrations in the water
corresponded to the lowest metal body burdens (Figure 1).
Metal burdens of mayflies exposed to River Vasc¼o water

Table 1. Chemical characteristics (lg/l) of the water used in the experiments with Choroterpes picteti

As Caa Cd Cla Co Cu Fe Ka Mga Mna Naa Pb Sa Zna

Laboratory experiment (mean [€ SD], N = 2)
Vas. 3.2 25.4 0.1 109.0 0.3 15.2 36.1 3.9 42.9 14.7 82.1 5.5 16.7 0.056

(0.3) (0.5) (0.001) (4.0) (0.0) (1.2) (4.6) (0.1) (0.1) (3.8) (0.6) (1.2) (0.1) (0.002)
Res. 15.6 24.7 0.1 24.7 0.2 15.0 27.9 6.1 10.1 17.3 28.2 16.8 21.6 0.144

(0.1) (0.5) (0.001) (0.3) (0.0) (1.0) (5.2) (0.07) (0.1) (4.2) (0.4) (1.6) (0.08) (0.002)
pH 5.0 1.3 71.4 11.0 44.1 71.8 965.0 77.0 30.0 37.5 1.9 44.9 129.0 110.4 2.45

(0.1) (2.2) (0.5) (5.5) (0.5) (5.0) (18.0) (0.2) (0.5) (0.01) (0.02) (9.0) (1.0) (0.03)
pH 4.4 1.7 72.3 16.8 39.5 99.0 1429.0 111.5 3.4 36.8 2.7 41.8 269.0 128.1 3.28

(0.01) (1.0) (0.3) (5.5) (1.2) (1.0) (38.0) (0.1) (0.6) (0.2) (0.1) (42.5) (1.1) (0.5)
pH 3.3 2.5 69.1 24.5 29.5 143.0 2203.0 2170.1 3.7 35.8 3.8 37.4 307.0 151.6 4.90

(0.5) (1.3) (0.4) (0.5) (1.0) (38.0) (78.0) (0.3) (1.2) (0.2) (1.2) (25.0) (2.5) (0.1)
Field experiment
Res. 15.3 24.6 0.05 29.0 1.5 43.0 1.6 3.6 9.5 5.3 25.8 16.9 18.4 30.2

(0.4) (2.1) (0.05) (3.5) (1.1) (25.0) (1.0) (0.9) (1.2) (2.7) (2.0) (12.4) (1.9) (3.2)
pH 5.0 5.5 30.9 0.5 39.5 17.9 49.1 52.0 3.3 16.3 0.9 22.3 34.2 28.6 51.0

(3.8) (0.0) (0.4) (14.5) (3.1) (22.2) (21.4) (2.4) (13.3) (0.2) (17.5) (30.4) (26.2) (4.0)

a mg/L
Res.= Reservoir, Vas.= River Vasc¼o, sites in the AMD pollution gradient are named according to their pH.
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(reference) were significantly lower than in all other treat-
ments for Cu, Fe, and Mn (F(9, 40) = 3.0, p < 0.005). Metal
body burdens of mayflies exposed in situ were not different
from those exposed in the laboratory, except for Fe, being
higher in situ (F (1,2)= 29, p = 0.03).

Survival

In the laboratory and in situ experiments with AMD, C. picteti
survived equally well when exposed free in the artificial
streams compared to those in the test chambers (p > 0.05).
Mortality within 48 h of exposure ranged from 0% (River
Vasc¼o) to over 8% (reservoir) to 100% (pH 3.3 in AMD and
in acid only). In the field exposure, survival was similar
compared to survival in the laboratory experiment (p > 0.05).
The 48-h LC50 (pH) (AMD) was reached at pH 4.8 (95%
CI ¼ 4.7–5.1, r2 ¼ 0.78, p = 0.0003). The mortality in the in
situ exposure at pH 5.0 was situated exactly on the probit
regression line fitted for the laboratory data of corresponding
pH. Survival of C. picteti under acid-only exposure was sig-
nificantly pH-dependent and decreased at low pH values
(F(5,6) = 11.4, p = 0.005). The 48-h LC50 (pH) (acid only)
was reached at pH 4.9 (95% CI: 4.7–5.0, r2 = 0.71,
p = 0.0001). The LT20 values for the AMD laboratory exper-

iment decreased with decreasing pH (Table 2). In water from
the reservoir some C. picteti died, probably because of the high
As concentrations. In general, toxicity of AMD and acid only
started to be apparent at pH values of pH 5.0 and below. The
LT20 values showed that toxicity of AMD or acid only can be
detected with C. picteti already within 15 h of exposure, hence
faster than with the fixed-time 48-h LC50 analysis.

Behavior

A typical behavioral record (4 min) of C. picteti exposed in
water of their origin (River Vasc¼o) was characterized by long
periods of inactivity (up to 80% of a record) alternated with
periods of locomotory activity (up to 25 % of a record) and
ventilation of the gills (up to 5% of a record). The variation in
behavior among the mayflies was low (locomotion: SE € 5,
ventilation SE 0.5), very similar to Adenophlebia auriculata
(Gerhardt and Palmer 1998). C. picteti showed a diurnal
activity pattern with elevated locomotion at night combined
with decreased ventilation (Figure 2), in the reservoir, River
Vasc¼o, at pH 5.0 and pH 4.4 (Res.: F(1, 329) = 30.4,
p = 0.0001; Vasc¼o: F(1, 208) = 8.3, p < 0.005; pH 4.4: F(1,
355) = 25.9, p = 0.0001 and especially at pH 5.0: F(1,
416) = 190.6, p = 0.0001). At pH 3.3, the animals died too
quickly to prove diurnal activities in AMD or acid water. The
phenomenon of diurnal activity patterns was less expressed
under acid exposure alone in the laboratory experiments.
Mayflies exposed to water from the reservoir were signifi-
cantly more active than in the AMD gradient and water from
River Vasc¼o (F(6, 2297) = 93.4, p < 0.001). In all treatments,
locomotor activity of mayflies slightly decreased with ex-
posure time. Generally, mayflies were more active in acid
water than in AMD water (pH 4.4: F(1, 1584) = 331,
p = 0.001; pH 5.0: F (1, 788) = 84.8, p = 0.001) (Figure 2).
At pH 3.3, some mayflies were still alive and active, whereas
in AMD at pH 3.3 they had already died (F (1, 458) = 57.6,
p = 0.001). Generally the animals spent only a little time on
gill ventilation (less than 5% of the behavior record)
(Figure 3), and ventilation in the water from the reservoir was
significantly higher than in the River Vasc¼o and other treat-
ments (F(6, 11873) = 95, p = 0.0001). In the acid-only treat-
ments, ventilation was significantly higher than in the AMD
treatments, especially at pH 4.4 (F(1, 4171) = 297,
p = 0.0001) (Figure 3). A summary of mean activity levels of
the mayflies from the whole exposure time shows the differ-

Fig. 1. Metal body burdens (means, SE) in nymphs of Choroterpes
picteti after 48 h exposure in the laboratory to water from the AMD
gradient and the reference. Curve fitting with least-squares method.
Points from left to right side represent metal burdens at sites with
decreasing pH value.

Table 2. LT20 (logit regression model: y = logit mortality and x = time) for Choroterpes picteti exposed during 48 h to AMD, acid-only water,
Reservoir (Res.) and River Vasc¼o (Vas.) water.

Site/pH Regression LT20 (h) CI: 95% r2 p

AMD
Vas. No mortality
Res. y = 2.67 – 0.82 x 20 17.3 – 21.4 0.42 0.0001
5.0 y = 3.10 – 1.49 x 10.0 8.7 – 11.4 0.63 0.0001
4.4 y = 7.32 – 2.29 x 13.5 13.0 – 14.0 0.79 0.0001
3.3 y = 8.99 – 3.64 x 3.5 3.0 – 4.1 0.77 0.0001
ACID-only
5.0 y = 3.1 – 1.4 x 13.0 12.0 – 14.0 0.45 0.0001
4.4 y = 3.1 – 1.5 x 10.0 9.0 – 10.5 0.66 0.0001
3.3 y = 0.04 – 1.45 x 0.25 0.0 – 1.0 0.37 0.0001
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ences in the response pattern of C. picteti to acid-only and
AMD exposure as a function of pH (Figure 4). A steep pH-
dependent relationship of decreasing locomotory activity with
decreasing pH was only found in the acid-only treatments.

The in situ validation showed significantly higher locomo-
tory activity of C. picteti at pH 5.0, especially at the beginning,
and in the reservoir, compared to the respective laboratory
experiment, especially during the first 8 h of exposure (F
(2,23) = 11.3, p < 0.001) (Figure 5). Ventilation was higher in
all field exposures compared to laboratory experiments (F(1,
81) = 62.27, p = 0.0001).

Discussion

Water Chemistry

The River Vasc¼o showed low metal concentrations in the
range of natural background values (Jørgensen et al. 1991;
Kelly 1991). This confirms the choice of the River Vasc¼o as a
good reference site. The reservoir was contaminated by As,
probably because of a combination of storm water and atmo-
spheric transport (Gerhardt et al. 2004), which could be the

reason why C. picteti only occurred there in low numbers. It
has been documented that the acid mine drainage of S¼o Do-
mingos mine is characterized by a temporal and spatial vari-
ability in pH and concentrations of metals and salts, which is
due to seasonal changes in rainfall and discharge, causing
extreme conditions, from desiccating pools to sporadic flash
floods (Gerhardt et al. 2004; Janssens de Bisthoven et al.
2005). In the AMD gradient, aqueous metal concentrations
increased linearly with decreasing pH values for most metals.
Increased acidification has been proven to increase dissolution
of metal ions from metal salts, e.g., for Cu (pH < 6), Pb (pH <
6), or Al (pH < 5) (Campbell and Stokes 1985; Gerhardt 1993).

Metal Body Burdens

Mayflies exposed to reference water from River Vasc¼o had
significantly lower metal body burdens, as compared to ani-
mals exposed to AMD water. It indicates that mayflies ex-
posed to AMD increased their metal body burden for essential
and toxic metals during 48 h, either externally adsorbed and/or
internally taken up. Lead body burdens of the mayflies were
positively related to pH in the water, whereas other metals (Zn,
Cu, Co, and Cd) showed a decrease only at low pH (pH 3.3 and
pH 4.4). Mn and As, on the other hand, increased gradually
with decreasing pH. Krantzberg and Stokes (1988) mentioned
similar pH dependencies for body burdens of Al, Cd, Cu, Fe,
Mn, Ni, and Pb in chironomids. The reasons for decreased
metal body burdens at pH < 4.4 might be the following: (1) in
spite of high extent of dissolution and bioavailability of metals
at low pH, competition with other mono- or bivalent ions at the
membrane receptors might counteract increased metal uptake
above a saturation level, which might already be reached at a
pH around 5 (Campbell and Stokes 1985; Wren and Ste-
phenson 1991; Gerhardt 1993). (2) Metal body burdens during
48-h exposure might have consisted mostly of externally ad-
sorbed metals, which desorbed from the organisms surface at
extremely low pH (pH 3.3–4.4) (Krantzberg and Stokes 1988).

Survival

Survival of mayflies exposed in MFB chambers did not differ
from mayflies freely exposed in the artificial streams. This
reveals that survival of mayflies was not negatively affected by
the limited space in the test chambers and the high-frequency
alternating current in the MFB chambers, as confirmed earlier
for fish (Craig and Laming 2004), amphipods (Kirkpatrick,
University of Belfast, personal communication), and chirono-
mids (Janssens de Bisthoven et al. 2004). Survival of C. picteti
in the laboratory experiments was also similar to that in the
field experiments. As far as survival is concerned, the MFB
proved reliable for short-term toxicity bioassays in the labo-
ratory as well as in situ. Because survival data can be recorded
automatically on a continuous basis, the MFB data can gen-
erate more reliable LT values than when survival would be
ascertained sporadically on a visual basis.

Mayflies can be found down to pH 4.5 (Kelly 1991), which
supports our experimental results. Survival of mayflies
exposed to AMD or acidified water decreased significantly

Fig. 2. Locomotory activity of Choroterpes picteti in the different
AMD and acid-only conditions in laboratory exposures (48 h). Least-
square fit of the raw data (N = 12–16, means presented, SD bars
omitted for clarity, SD: 2–5%). Dark bars = night. (A) pH 3.3 and 4.4
and (B) Vasc¼o (= reference), reservoir and pH 5.0.
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with decreasing pH values. Although the 48-h LC50 (pH) for
acid-exposed and AMD-exposed individuals was similar (pH
4.8–4.9), the LT20 for pH 4.4 and 3.3 was reached earlier in
acid-only water compared to AMD. Organic matter, a possible
confounding factor, was similar in both experiments (Gerhardt,
unpublished data). Both the River Vasc¼o (acid-only experi-
ment) and Mosteir¼o stream (AMD experiment) belong to the
same catchment. Furthermore, the observed differences be-
tween effects of AMD and acid only cannot solely be attrib-
uted to the type of acidity (H2SO4 in AMD experiment versus
HNO3 in the acid-only experiment) itself: we expect the dif-
ference in effects between both types of acids at comparable
pH values to be several orders of magnitude smaller than the
difference caused by the number of metals in the AMD and
their respective concentrations.

The 48-h LC50 (pH) for acid stress has been reported to be
pH 4.0 for the mayflies Baetis sp. and Leptophlebia marginata
(Økland and Økland 1986), thus indicating C. picteti to be
somewhat more sensitive than those species. During short-term
exposure (96–192 h) to low pH, Leptophlebia cupida showed
loss of Na+ and Cl- at pH 3.5 and 30% mortality, but not at pH
4.5 in the range of Ca2+ and K+ regulation with 100% survival
(Rowe et al. 1989). Fluxes of Na+ showed a higher net loss in
mayfly nymphs at pH 4 compared to pH 5 and 6, with the

presence of the metal Al reducing this effect (Herrmann et al.
1993). Under acid exposure, insects are generally better to
maintain internal Na+ and Cl- balances than crustaceans, thus
supporting the acid tolerance of insects (Havas 1981).

Toxicity of divalent metal ions is known to decrease with
decreasing pH because of competition of the hydrogen ions
with metal ions at receptor sites (Campbell and Stokes 1985;
Gerhardt 1993). A similar toxicity-mediating effect was found
for the mayfly Ephemera danica exposed to pH 5 and Al
(Herrmann et al. 1993). Earlier short-term toxicity studies
(LC50) for Leptophlebia marginata showed increased acute
toxicity of Cd, Pb, and Fe at pH 4.5–5.0 compared to pH 7
(Gerhardt 1992b; Gerhardt 1994). However, the metal con-
centrations were much higher than in the present study, except
for the Fe values, being close to the previously reported LC50s
for Leptophlebiidae.

Moreover, chronic exposure to Fe during 30 days at pH 4.5
and 7.0 revealed less activity and lower survival of the mayfly
Leptophlebia marginata at pH 4.5 at concentration levels
similar to our present study (Gerhardt 1992a). This indicates
that Fe levels in the AMD might have seriously contributed to
sublethal behavioral effects as well as mortality in C. picteti.
The Pb values in the present experiments ranged between 0.01
(pH 5.5) to 0.3 (pH 3.3) mg/L, much below the 96-h LC50 (>5
mg/L at pH 7 and 1.09 mg/L at pH 4.5) found for Leptophlebia
marginata (Gerhardt 1994). Copper concentrations in the
AMD water ranged between 0.97 mg/L (pH 5.0) and 22 mg/L
(pH 3.3) and were up to 1000 times greater than natural
background levels (Jørgensen et al. 1991). At pH €7 the 48-h
LC50 for the leptophlebiid mayfly Adenophlebia auriculata
was 0.79 mg/L Cu (Gerhardt and Palmer 1998). Values for As
in the AMD were below the 48-h LC50 for daphnids, chiron-
omids, and fish (Jørgensen et al. 1991). The LC50 range (48–
96 h) for Cd in aquatic species is between 2 lg Cd/L to 4.6 g
Cd/L (Hoekstra et al. 1994); therefore it is in the toxic range of
Cd levels in the AMD in the mine. However, for the mayfly
Atalophlebia sp., 840 lg Cd/L was reported (Wang 1987),
which might indicate tolerance of leptophlebiid mayflies
including C. picteti to Cd. We remain careful in the interpre-
tation of mixture toxicity effects because investigations with
(1) more than binary metal mixtures in equitoxic mixtures and
(2) metals in realistic mixtures are rare, (3) interaction models
become complicated the more metals are added, and (4) the

Fig. 3. Ventilation activity of Choroterpes picteti in the different
AMD and acid-only conditions in laboratory exposures (48 h). Least-
square fit of the raw data (N = 12–16, means presented, SD bars
omitted for clarity, SD: 0.2–1%). Dark bars = night. (A) pH 3.3 and
4.4 and (B) Vasc¼o (= reference), reservoir and pH 5.0.

Fig. 4. Mean activity levels of Choroterpes picteti at different AMD-
and acid-only treatments.
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biotic ligand model (Santore et al. 2001) was not applied here
because of shortcomings in the extent of application to dif-
ferent test species, metals in mixtures, and extreme pH values.

Behavior

Compared to pelagic fish (Gerhardt et al. 2002) and planktonic
species, for example, Daphnia sp. (Gerhardt et al. 2003), the
mayfly Choroterpes picteti was a rather inactive species,
typical for benthic organisms, such as Gammarus pulex
(Gerhardt 1995). In the MFB, locomotory activities of benthic
mayflies and chironomids represented around 25% of the
recording time (Gerhardt and Palmer 1998; Janssens de Bis-
thoven et al. 2004). C. picteti showed a diurnal activity pattern
with increased locomotory activity and decreased ventilation
during the night. Diurnal activity patterns have often been
observed in invertebrates, for example, with Hydropsyche
angustipennis (Gerhardt 1996), Gammarus pulex (Gerhardt
et al. 1998; Gerhardt and Quindt 2000), Ephemeroptera (Elliott
et al. 1988; Huhta et al. 2000), or the plecopteran Dinocras
cephalotes (Gerhardt 2000).

In the reservoir, ventilation and locomotory activity were
significantly higher than in the AMD gradient and the River
Vasc¼o, which might be because the water contained the

highest arsenic values, but low values for other metals. The
exposure to AMD resulted in pH-dependent behavioral chan-
ges of C. picteti, consisting of (1) increased diurnal activity
variations at pH 5 compared to all other treatments, and (2)
decreased locomotion at low pH (pH 3.3 and 4.4). Under acid-
only exposure, both locomotion and ventilation were signifi-
cantly higher compared to AMD exposure at the corresponding
pH values and the reference water. Under acid-only exposure,
diurnal rhythms were weakened. At pH 4.4 in acidified water,
ventilation of C. picteti was highest, a pH value that corre-
sponds to the natural minimum pH, where mayflies occur
(Kelly 1991; Gerhardt 1993).

Increased locomotion can be interpreted as escape trials and
could lead to increased nocturnal drift in nature (Elliott et al.
1988). Mayflies exposed to short-term (8 h) acid pulses down
to pH 4.6 or 5.2 responded with increased drift (Kratz et al.
1994). Under extreme chemical stress, mayflies might also
increase day activity and drift, thus explaining the higher
general activities and the weakened diurnal rhythms in the
acid-only treatments in our experiment. Increased gill venti-
lation can be interpreted as a trial to remove toxic substances
from the gills by increasing the water flow.

The ��Toxicity Bioassay Continuum�� (Gerhardt 1999b) is a
concept explaining the gradient from laboratory bioassays to
field bioassays, that is, increasing ecological realism for dif-
ferent factors such as experimental design, test species, test
medium, scale of containers, duration, and end points. There-
fore, we performed our laboratory tests with whole effluent
water from a natural AMD gradient, and we used the same
experimental design as in the in situ test. Survival of mayflies
in the laboratory experiments was similar to that in the field
experiments. Good agreement of standard laboratory tests and
in situ tests of 48 h with daphnids exposed in flow-through
chambers (mesh size 50 lm) in the S¼o Domingos mine were
previously found at highly contaminated sites; however, at
intermediately polluted sites, in situ toxicity (mortality) was
higher than in the laboratory tests (Pereira et al. 1999).
Especially at the beginning of the experiments, activities of the
field-exposed mayflies were higher compared to those in the
laboratory experiments, which might have been because of
differences in handling stress (transport of organisms to the
study site) and differences in water temperature (laboratory:
18�C and field: 16–24�C) and its diurnal fluctuations.

In conclusion, within the pH-metal gradient of the AMD of
S¼o Domingos, exposure of the ephemeropteran C. picteti
during 48 h at a pH of 4.8 provoked 50% mortality, similar to
mortality in acid-only exposure at the same pH. Whereas 48-h
LC50 (pH) could not differentiate between AMD and acid-only
toxicity, LT20 (at pH 3.3) did so. Behavioral responses indi-
cated (1) arsenic pollution in the reservoir, and (2) AMD
pollution and acid pollution at £ 48-LC50 (pH) values.
Behavioral response times are starting already within the first
hours.
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