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Abstract

Whole effluent toxicity was assessed for the fish Oryzias latipes and the prawnMacrobrachium nipponense for 18 h in

a dilution series (0–66%) of the inflow and effluent of a municipal waste water treatment plant as well as waste water

from a teramycin producing pharmaceutical industry, before, during and after a pilot laboratory purification process.

The waste waters caused acute toxicity as measured by inhibition of light emission in the luminiscent bacterium Vibrio

qingaiensis sp. nov. (Q67). EROD and aryl hydrocarbon hydroxylase activity in in vitro carp liver-cells showed a dose-

dependent toxic response to the municipal waste water. Behavioural responses and time-to-death of fish and prawn,

recorded online with the ‘‘Multispecies Freshwater Biomonitor’’ proved to be concentration- and time-dependent

sensitive toxicity indicators in both types of waste water. Behaviour changed stepwise from normal activity to (increased

or decreased) activity to more time spent on ventilation and finally to increased morbidity at higher concentration and

time of exposure. The municipal waste water treatment plant managed to reduce toxicity to bacteria (Q67), prawn

and fish. The pharmaceutical waste water treatment process still has to be improved, in order to reduce toxicity for fish

and prawn. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In 1995, industries in China discharged 27 billion m3

of waste water in open water bodies, municipal sources

discharged 15 billion m3. Waste water accounted for

about 4% of the total surface water runoff. Environ-

mental policies to speed up investment in water supply

and waste water treatment are a top priority. Safe

drinking water extraction is a serious problem along the

major rivers in Northern China. Treated waste water
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can replace the use of the limited drinking water in

industries and irrigation-dependent agriculture (World

Bank, 1998).

Conventional endpoints in acute toxicity tests have

primarily assessed lethality. However, an organism’s

ability to function normally in an ecosystem may be

impaired at sublethal toxicant concentrations. Behavio-

ural endpoints however represent early, sensitive and

highly integrative responses to toxicants and can be used

as non-destructive measures for repeated or even

continuous toxicological monitoring (Gerhardt, 1995).

Non-invasive techniques have the following advantages

over destructive methods: (1) in situ use, (2) population

decrements are avoided, (3) legislative restrictions on

the sacrifice of higher vertebrates can be overcome,

(4) ecologically important species having reduced num-

bers and endangered species can be analysed and (5)

repeated measures and time-series analysis are possible

(Fossi, 1994).

To study effects of toxicants on the metabolism

of animals, many biomarkers have been considered.

However ecological relevancy of the results is often

small because comparisons with toxicity endpoints on

other biological organization levels are missing (Johns-

son et al., 1993; Holdway et al., 1995). Cytochromes P-

450 are central catalysts in biotransformation of diverse

xenobiotics and endogenous compounds. They can be

induced by various xenobiotics (inductive xenobiotic

metabolism), e.g. PAHs, PCBs, PCDs and PCDFs. They

have frequently been used as rapid enzymatic fish bio-

assays. Another frequently applied rapid toxicity bio-

assay is the Microtox-test, based on bioluminescence as

a reaction of inhibited energy metabolism of bacteria.

The aims of this study were to test dilutions of waste

water from a municipal purification plant and a phar-

maceutical industry by use of two standard toxicity

methods, the P-450 biomarker for fish and the Microtox

for bacteria, combined with a non-destructive new

method based on behavioural stress responses measured

online in the Multispecies Freshwater Biomonitor

(MFB). Toxic orders (suborganismal, organismal, taxo-

nomic hierarchy) as well as species-dependent sensitivity

to two common types of waste water were investigated.

2. Materials and methods

2.1. Test species

Three test species of different taxonomic level repre-

senting a fish, a crustacean and a bacterium were used.

The Japanese medaka (Oryzias latipes) is an oviparous

freshwater killifish and has been widely used as toxicity

bioassay organism, especially the early life stage test

(Shima and Shimada, 1994; Rao et al., 1997; Chen and

Cooper, 1999). Standard toxicity tests with fish (acute

toxicity test, prolonged toxicity test following the OECD

guidelines use amongst other species, also the medaka).

The freshwater prawn (Macrobrachium nipponense) is

widely spread in China, Japan and Taiwan and com-

mercially exploited in Northern China for local con-

sumption. Its description is found in Cai and Dai (1999).

A new local species of luminescent bacterium, Vibrio

qinghaiensis sp. nov. (strain Q67), isolated from the body

surface of Cymnocypris przewalskii, one of the major

edible fish product in Qinghai province, has been used

for the Microtox test. This strain has been proposed to

monitor heavy metals, organic compounds and toxicity

of polluted river water samples (Ma et al., 2000).

2.2. Test water

2.2.1. Miyun reservoir

Reference water and the local test organism Mac-

robrachium nipponense were taken from Miyun reservoir

(Mi-Res), a large drinking water reservoir �80 km north

of Beijing. The Miyun reservoir is the largest reservoir in

the water system of the Chao and Bai rivers. The maxi-

mum pondage is 43:75� 108 m3 with a corresponding

water surface area of 188 km2. The average depth of

water is 12.68 m, maximum depth is 43.5 m (Chen,

1995). The reservoir is a major source for drinking

water, flood prevention, irrigation, power generation and

fish culturing. The reservoir is threatened by eutrophi-

cation (Chen, 1995). Analyses of the filtrate of water

samples did not indicate any pollution with pesticides as

measured with GC. According to the threshold values of

the German drinking water law all measured parameters

were well below the limits. The pH of the water varied

between 7.4 and 8.4.

2.2.2. Municipal waste water treatment plant

The mechanically (a sieve and a sedimentation tank)

pretreated inflow (M-IF) and effluent (M-EF) from a

waste water treatment plant in Beijing (capacity: 300,000

citizens) was studied. The treatment plant consisted of

the following steps: mechanical, anaerobic biological,

aerobic biological and sedimentation steps. The purifi-

cation capability of the waste water treatment plant is

characterised by the following parameters, monitored

in the effluent (purification plant authorities, personal

communication): COD: 19.4–60 mg l�1, BOD5: 20

mg l�1, SS: 30 mg l�1, Total-P: up to 10 mg l�1, Ntot: up to

40 mg l�1, S: <1 mg l�1, DO: <3 mg l�1 and pH 7. Ac-

cording to German waste water guidelines, P is limited

to 1–2 mg l�1, NH3–N to 0.6 mg l�1, BOD5 to 15 mg l�1

and COD to 75 mg l�1. Concentrations of heavy metals

including Fe did not diminish during the purification

process, except Mn, neither the anions and cations, ex-

cept P (Tables 1 and 2). Analyses of the filtrate of water

samples from the municipal waste water did not indicate

any pollution with pesticides as measured with GC
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(S€oodergren, personal communication). The pH values of

the municipal waste water in- and effluents were 6.9–7.2.

2.2.3. Pharmaceutical waste water

The pharmaceutical waste water (P-IF) was already

diluted 15 times and contained products of fermenta-

tion, metabolism and residues of teramycin as well as

acid, alkali and organic dissolvents. This water was

treated in a laboratory scale purification plant contain-

ing the following steps: anaerobic hydrolysis pretreat-

ment column (sludge bed) (P-IM), followed by a series

of a denitrification (sludge bed) and a nitrification col-

umn (fixed bed with plastic carrier), whose effluent was

indicated in this study as P-EF. The pH of the water

ranged from 6.5 to 8.0. This treatment plant achieved a

4-fold reduction in COD, a 2-fold reduction of teramy-

cin, a 10-fold reduction of ammonium-N. Na and S di-

minished in the effluent, whereas Ca and K increased.

The metals Co, Cr, Mn, Zn and Fe were decreased

during the purification process (Tables 1 and 2).

2.3. Test design

The test organisms were either caught in the field

(Macrobrachium nipponense from Miyun reservoir) or

obtained from a culture at the Animal Institute of the

Chinese Academy of Sciences (Oryzias latipes). The

organisms were not fed during the experiments and

meanwhile kept in aerated tapwater at room tempera-

ture (15–18 �C). Circumneutral pH and continuous light

were maintained. Mean sizes of organisms were 2.3 cm

(SD: 0.7 cm, N: 10) for fish and 2.5 cm (SD: 0.5, N: 8) for

prawn for the tests in municipal waste water. Mean sizes

of organisms were 2.6 cm (SD: 0.5 cm, N: 21) for fish

and 4.6 cm for prawn (SD: 0.5, N: 25) for the tests with

pharmaceutical waste water. Test organisms (N ¼ 6–8)

were exposed individually in test chambers of the MFB.

The chambers were of 4 cm length and 2.5 cm diameter,

for organisms smaller than 4 cm and of 10 cm length and

3.5 cm diameter for larger animals. Experiments were

performed in 10 l tanks containing 5 l test water in a

static test design. The test solutions were freshly pre-

pared as a dilution series of the respective type of waste

water with dechlorinated tapwater (provided by Miyun

reservoir) in a log–linear series as follows: 6 (1:17), 12

(1:8), 30 (1:3), 50 (1:2) and 66 (1:1.5) % toxic water. The

organisms were acclimated to the test chambers in de-

chlorinated tapwater for hours before exposure to the

toxic pollution pulse. Mixing of the water was supported

by stirring for 5 min. Behavioural changes were recorded

Table 2

Water chemistry parameters (mg l�1)

Sample Ca K Mg Na Cl P S COD NH4–N NO3–N

Mi-Res 36.41 5.87 9.02 10.90 0.36 0.22 12.33 – – –

DW 400.00 25.00 50.00 150.00 250.00 6.70 0.5 6.0

M-IF 47.97 12.37 12.76 45.90 1.83 5.62 15.77 – – –

M-EF 50.52 13.32 10.70 50.50 2.00 0.19 19.21 60 30–40þ
P-IF* 0.89 56.59 14.30 301.50 1.39 1.33 54.69 1000 125 0

P-IM 10.33 57.43 13.51 316.80 1.44 0.40 338.39 960 188 0

P-EF 29.43 121.02 10.17 81.70 0.63 0.03 25.66 260 38 2.7#

DW––thresholds for drinking water. þ total-N; #: P-EF contained up to 10.9 mg l�1 NO2–N. *P-IF: this waste water from the

pharmaceutical industry was already diluted 15 times. Mi-Res.––Miyun reservoir (control water); M-IF––municipal purification plant

inflow; M-EF––municipal purification plant outflow; P-IF––pharmaceutical waste water treatment inflow; P-IM––pharmaceutical

waste treatment water pretreatment; P-EF––pharmaceutical waste water treatment outflow.

Table 1

Metal concentrations in the test water (lg l�1)

Samples As Cd Co Cr Cu Fe Mn Mo Ni Zn

Mi-Res 1.50 0.03 0.08 5.50 12.10 22.00 0.90 2.55 2.30 34.00

DW 10.0 1.0 – 50.00 300.00 200.00 50.00 – 50.00 3000.00

M-IF 2.84 0.00 0.37 4.00 2.29 21.00 32.20 2.68 1.20 36.00

M-EF 2.20 0.03 0.23 8.10 7.21 20.00 9.00 3.49 1.10 50.00

P-IF* 0.78 0.02 13.95 9.90 1.49 189.00 74.60 1.80 7.00 113.00

P-IM 0.68 0.01 8.14 11.20 2.10 90.00 73.60 0.43 8.00 83.00

P-EF 0.84 0.02 1.36 3.80 1.47 41.00 7.80 1.95 4.60 20.00

DW––threshold values for drinking water, the metals Hg, Pb and Sn were below 1 lg l�1. *P-IF: this waste water from the phar-

maceutical industry was already diluted 15 times. Mi-Res.––Miyun reservoir (control water); M-IF––municipal purification plant

inflow; M-EF––municipal purification plant outflow; P-IF––pharmaceutical waste water treatment inflow; P-IM––pharmaceutical

waste treatment water pretreatment; P-EF––pharmaceutical waste water treatment outflow.

A. Gerhardt et al. / Chemosphere 47 (2002) 35–47 37



online during 18–20 h (record. 4 min, interval: 6 min).

Water chemistry parameters (pH, temperature, DO)

were recorded regularly during the experiments. DO

varied normally between 70% and 100%.

2.4. Chemical analyses

NHþ
4 –N was determined according to Water and

Wastewater Monitoring and Analyzing Method (1989).

COD was determined on a rapid COD analysing meter

(CTL-12, Huatong, Chengde, Hebei). TOC was mea-

sured on a TOC analyzer (Shimadzu, TOC-500, Japan).

SO2�
4 , NO�

3 –N, NO
�
2 –N and oxalic acid were determined

by ion chromatography (IC100, YEW, Japan) and or-

ganic acid on the same equipment with a different col-

umn. Teramycin was measured by ion chromatography

(Dx 4000i, Dionex, USA) with a Dionex PCX-100 an-

alytical column. The metals, Cl, P and S were deter-

mined by ICP-AES and ICP-MS.

2.5. Toxicity parameters and methods

2.5.1. Behaviour and survival

Behaviour patterns (locomotion, ventilation) and

time-to-death (TTD) were recorded online with the

MFB based on quadropole impedance conversion

technique (Gerhardt et al., 1994; Gerhardt, 1999, 2000).

Quadropole impedance conversion technique is based

on the animal functioning as resistant in an alternating

current between electrodes at the opposite walls of a

water-filled test chamber. A second, non-current carry-

ing pair of electrodes records the changes in impedance

caused by the animals movements and generates specific

electrical signals for different kinds of behaviour, such as

locomotion and ventilation (Gerhardt et al., 1994). Sig-

nal analysis is based on a stepwise discrete fast Fourier

transform thus generating a histogram of the frequency

of occurrence of signal-frequencies between 0.5 and 8.5

Hz (in steps of 0.5 Hz) (Gerhardt et al., 1998).

2.5.2. Bioluminescence toxicity bioassay (Q67)

A modified Microtox-test (Ma et al., 2000) was used,

in order to avoid the use of the marine P. phosphoreum

for toxicity tests in freshwater. The assays were carried

out by adding 0.1 ml bacterial suspension and 0.9 ml test

medium to a commercially available low-background

plastic tube. The initial and the final (after 20 min ex-

posure) relative light units (RLU) were recorded by a

luminator (Berthold, Germany) at 22 �C.

2.5.3. Cytochrome P-450 mono-oxygenase activity

Cytochrome P-450 dependent MFOs belong to the

detoxification enzymes, e.g. in fish liver-cells microsome

fraction. These enzymes are of toxicological relevance

due to their inducibility by numerous organic xenobi-

otics, e.g. PAHs, PCBs, furanes, dioxins and various

pesticides. For this reason, the measurement of the

catalytic activity of this enzyme system has been used as

biomarker of exposure since the 1970s (Schramm et al.,

1999). MFO-determination uses as substrate for P-450

ethoxyresorufin (EROD), which after reaction with P-

450 and NADPH transforms to a fluorescent colour

resorufin. EROD determination was performed by stan-

dard methods for preparation and protein determination

using an UV-120-02 spectrophotometer (Bradford,

1976). The catalytic activity of the MFO-system was also

measured by aryl hydrocarbon hydroxylase (AHH)

reaction in a spectrophotofluorometer using 3-hydrox-

ybenzo(a)pyrene as reference. Each assay was performed

in triplicate and exposure of fish liver tissue at 25 �C to

toxic water lasted for 15 min.

2.6. Data analysis

LC50 (6, 12, 18 h) and LT50 (6%, 12%, 30%, 50% and

66%) were calculated on ranked mortality percentages

with the logit method when 2 or more partial kills were

present or with the formula of Spearman–K€aarber, when
only one partial kill was present. As the survival data

were obtained with dilution series of toxic waters in log–

linear series and mostly only one partial kill occurred,

no additional statistical modelling seemed appropriate

(Hoekstra, 1993). Time-to-death (TTD, h) was calcu-

lated, according to the definition of ‘‘time where irre-

versible–inactivity started’’ from the online behaviour

data and compared to the traditional LT50 methods.

Regressions were calculated between TTD, time-to re-

sponse, duration of response and concentration of toxic

water.

For each animal, selected behavioural signal fre-

quencies (2, 3, and 5 Hz) were plotted over time and

analysed for ‘‘time to response’’ and ‘‘duration of re-

sponse’’. Non-linear curve fitting according to the least

square method was performed as well as partial linear

regressions for response slopes. Original behavioural

data (selected indicative frequencies) were arcsin
ffiffiffi

x
p

transformed and analysed by repeated measures ANO-

VA for concentration-dependent differences throughout

the whole experiment.

As after exposure time of 7 h, responses could be seen

in most concentration levels, these data were treated

with canonical variates analysis (CVA) (Podani, 2000)

in order to show behavioural variances in the data set,

indicate the most discriminating behavioural frequencies

and their concentration-dependent shifts.

Toxic risks were calculated by pT ¼ 10 logðT=100Þ,
where T is number of times dilution/concentration nee-

ded to reach EC50 in luminescent bacteria test (Polman

and De Zwart, 1993) for Q67 and the other biomarkers

in order to compare toxicity orders.
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3. Results

3.1. Survival and normal behaviour of fish and prawn in

Miyun reservoir

Killifish showed swimming activity with the tail (up

to 2.5 Hz and 2.5 V), movements of the dorsal and

pectoral fins while not swimming (2–2.5 Hz, 1.3 V),

mouth and operculum movements (ventilation) were

between 3 and 4 Hz and below 1 V signal amplitude

(Fig. 1). Fish exhibited a greater variance in control

behaviour than prawn, the latter showing more con-

sisting and homogenous behaviour. Prawn showed lo-

comotory activity at high amplitudes (up to 2.5 V) and

low frequencies (0.5–2.5 Hz) and ventilation at low

amplitudes (up to 500 mV) and high frequencies (3–5.5

Hz) (Fig. 2). No mortality occurred in Miyun water in

either test species.

3.2. Survival in municipal waste water

The inflow (M-IF) was toxic at dilutions of P 30%

(prawn) and at 66% (fish) (Table 3). The LC50 for prawn

was 44% after 6 h and 26% after 18 h. TTD decreased in

a significant linear (p < 0:05) concentration-dependent
way for both species, the differences between the species

being not significant (prawn: y ¼ 11:12� 0:14x; fish:

y ¼ 7:08� 0:07x). The LT50–M-IF for prawn was 7 h (at

30%) and 3 h (P 50%). LC50 and LT50 values for fish

could not be calculated due to lack of enough partial

kills. The effluent from the municipal waste water

treatment plant (M-EF) was not toxic within 18 h of

exposure in any of the dilutions tested with fish and

prawn.

3.3. Survival in pharmaceutical waste water

The pharmaceutical waste water (P-IF) from the

antibiotic production line was toxic in a significant

(p < 0:05) concentration-dependent way for both spe-

cies, no significant differences between both test species

were found. The LT50 and TTD for both species de-

creased in a significant (p < 0:05) linear concentration-
dependent way for all types of pharmaceutical waste

water (fish: y ¼ 13:6� 0:25x; prawn: y ¼ 17:0� 0:34x).
The LC50 (18 h) of P-IF for prawn and fish were 4% and

27%, respectively (Table 3). After the first treatment step

(P-IM), toxicity at low concentrations increased, the

slopes of the regression line between concentration and

TTD were less steep, and no significant differences be-

tween the species were found (fish: y ¼ 9:6� 0:14x;
prawn: y ¼ 10:8� 0:14x). The whole purification pro-

cess reduced toxicity for prawn by a factor of 6 (Table

3), while for fish toxicity remained substantial.

Fig. 1. Behavioural pattern of Oryzias latipes . Top left: swimming, top middle: movements with the fins, top right: ventilation (mouth

and operculum). Middle: FFT and signal of a fish spending most time on locomotion. Bottom: FFT and signal of a fish spending>50%

of the time on fin movements and ventilation while not swimming.
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3.4. Behavioural responses in municipal waste water

3.4.1. Stress-indicative frequencies and behavioural shifts

As after 7 h of exposure fish showed visible re-

sponses in most of the treatments, a CVA was per-

formed to show variance of the data and to reveal which

behavioural frequencies were most indicative for the

separation of the treatment groups (Fig. 3). For fish,

locomotion (Bd 1, 0.5–2.5 Hz) as well as 3 Hz (ventila-

tion) revealed a clear concentration-dependent shift

from increased locomotion (2 Hz) as first stress response

to increased ventilation (3 Hz) in the higher con-

centrations of the effluent (locomotion and ventilation

p < 0:05). In the inflow, a direct response towards in-

creased ventilation was observed. A clear linear con-

centration- and time-dependency was found for stress

responses at 3 Hz (time to response: y ¼ 5:59� 0:07x;
duration of response: y ¼ 10:6þ 0:05x).

3.4.2. Response times and slopes

For fish, 2 Hz was chosen as most indicative fre-

quency for time-dependent stress responses as here the

shift between locomotion and ventilation occurs (Fig. 1).

Time spent on 2 Hz of a mean of eight fish was plotted

as least square fit over the whole experimental period

(Fig. 4).

A concentration-dependent decrease in time to re-

sponse (i.e. time where a significant (>10% deviation)

and consistent shift in 2 Hz started) in municipal waste

water inflow was found for fish (Fig. 4). Significant

differences were found between different concentrations

of municipal waste water and the control (p < 0:05). The
effluent was less toxic, as indicated by reduced mortality,

but showed increased locomotory stress responses in fish

at concentrations of M-EFP 30%.

For prawn 3 and 5 Hz, both characterizing ventila-

tion, were chosen as stress indicators (Fig. 2). Although

in the inflow TTD was concentration-dependent, no

clear concentration-dependent shifts in responses could

be found over time, however ANOVA revealed sig-

nificant lower ventilation of prawn at intermediate

concentrations of municipal waste water inflow (p <
0:05).

3.5. Behavioural responses in pharmaceutical waste water

3.5.1. Stress-indicative frequencies and behavioural shifts

A typical shift in behaviours of prawn exposed to

pharmaceutical waste water, especially after the first

pretreatment, where also mortality increased, occurred

as follows. After initial increase in time spent on venti-

lation (3 Hz), activity (2 Hz) and ventilation decreased

towards morbidity and death (p < 0:05) (Fig. 3). With

increasing concentration of pharmaceutical waste water

inflow and pretreated water the response time for in-

creasing ventilation (3–4 Hz) decreased and duration of

Fig. 2. Behavioural pattern ofMacrobrachium nipponense in the test chambers in Miyun reservoir water, after 15 min acclimation time.

Top left: ventilation signals (�5 Hz), top right: locomotion signals (0.5–2.5 Hz), middle: FFT and signal of a prawn spending most time

on ventilation, bottom: FFT and signal of a prawn spending most time on locomotion.
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response increased (prawn: P-IF: 10:48� 0:29x; P-IM:

9.26 exp(�0:053x) and duration of response increased

linearly (prawn: P-IF: 9:33þ 0:18x).

3.5.2. Response times and slopes

Decreased locomotion (2 Hz) of fish revealed a clear

significant (p < 0:05) concentration-dependent shift to-
wards shorter response times and indicated morbidity

(Fig. 5).

The pharmaceutical waste water pretreatment (P-IM)

provoked a serious increase in locomotion of fish at

higher concentrations (‘‘escape’’) during the first hours

of exposure and activity decreases with morbidity to-

wards the end of experiment, thus significant differences

to the control and 6 12% concentration levels (p ¼
0:001). The effluent of the pharmaceutical waste water

was less toxic as indicated by longer response times and

smoother response slopes. Significant differences of

concentration levels 30% and 50% from the lower levels

were found (p ¼ 0:05).
For prawn, increased ventilation (3–5 Hz) was a

significant (p < 0:05) concentration-dependent stress

indicator in the pharmaceutical waste water (Fig. 6). The

pretreated water caused directly more severe and faster

behavioural responses than the inflow, whereas the ef-

fluent provoked behavioural responses only at P-EF

50% (ventilation of 5 Hz). All treatments revealed sig-

nificant differences from the control (p < 0:05).

Table 3

Toxicity bioassays and mortality of prawn (S) and fish (F) in the waste waters. Bioassays are Q67 luminiscence inhibition (%), in-

duction of EROD (%) and AHH (%) M (%): mortality, TTD: mean TTD (h	 SD), LC50 (18 h) (% toxic water, for after 6 and 12 h see

text), LT50 (h)

Toxicity bioassays Mortality

Water Q67 EROD AHH M (%) TTD (h) LC50 (18 h) LT50

S F S F S F S F

MI-RES 20(0,3) 126(3) 100(0) 0 0 – – – – – –

M-IF 26

M-IF 6 – – – 0 0 – – – – – –

M-IF 12 – – – 0 0 – – – – – –

M-IF 30 – 1219(18) – 88 14 7(0,5) 5 – – 7 –

M-IF 50 –10(0,2) 1299(50) 192(6) 100 0 4(2) – – – 3 –

M-IF 66 – 1453(51) – 100 100 2(0,5) 2,5(1) – – 3 –

M-IF100 –89(2,6) 1787(46) 313(7)

M-EF

M-EF 30 – – – 0 0 – – – – – –

M-EF 50 11(0,1) 456(4) – 0 0 – – – – – –

M-EF 66 – – – 0 0 – – – – –

M-EF 100 25(0,7) 826(35) 53(1)

P-IF 4 27

P-IF 6 – – – 88 0 13(4) 13(3) – – 11 –

P-IF 12 – – – 100 57 16(1) 10(7) – – 9 18

P-IF 30 – – – 100 75 5,5(3) 5(3) – – 7 7

P-IF 50 – – – 100 100 0,5(50) 1,5(400) – – 3 3

P-IF 100 –100(6) 356(18) 367

P-IM

P-IM 6 – – – 100 100 11(3) 8(200) – – 12

P-IM 12 – – – 100 100 9(2) 9(0,5) – – 9 13

P-IM 30 – – – 100 100 5(40) 5(500) – – 3 8

P-IM 50 – – – 100 83 5(5) 9(6) – – – –

P-EF 25 33

P-EF 6 – – – 0 0 – – – – – –

P-EF 12 – – – 0 50 – 16(1,5) – – – 16

P-EF 30 – – – 0 67 – 11(4) – – – 13

P-EF 50 – – – 100 88 4(1) 11(4) – – 3 13

P-EF100 265(1) 313(4) 305

MI-RES: Miyun reservoir, M-IF: municipal waste inflow; M-EF: municipal waste effluent, P-IF: pharmaceutical waste inflow; P-IM:

pharmaceutical waste pretreatment; P-EF: pharmaceutical waste effluent. Absence of values means not measured or not calculated.
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3.6. Bacterial bioassay, EROD and aryl hydrocarbon

hydroxylase

The light emission of Q67 was inhibited by both types

of inflowing waste waters, but showed similar low values

for the unpolluted Miyun water and the effluent of the

municipal purification plant. It reflected the dilution

steps and showed an improvement of water quality from

M-IF to M-EF and from P-IF to P-EF. EROD and

AHH activity showed a concentration-response rela-

tionship with the dilution series of the municipal waters

(Table 3) by improvement from M-IF to M-EF by a

factor 2 (EROD) and 6 (AHH). EROD and AHH scored

similarly for P-IF and P-EF, i.e. three times the control

values of water from Miyun reservoir. The EC50 for Q67

of 40% M-IF was the basis for the comparison of toxic

orders calculated as pT values. According to this for-

mula, the toxic risk of M-IF was ‘‘serious’’ for fish sur-

vival, ‘‘increased’’ for all other parameters and species.

The EC50 for EROD was 10% and EC50 for prawn (3 Hz,

ventilation) was 7%, i.e. the behavioural stress response

was the most sensitive test. For fish and other types of

waste water this comparison was not possible due to high

mortalities, lack of data or high variability of data.

4. Discussion

4.1. Survival and bioassays

4.1.1. Municipal waste water

In the municipal waste water treatment plant, all

biotests including exposure of fish and prawn, Q67,

Fig. 3. Biplots of CVA for behavioural data on (A) fish in

municipal waste water and (B) prawn in pharmaceutical waste

water, after 7 h of exposure. M-IF––municipal waste water

influent in purification plant, M-EF––municipal waste water

effluent after purification. Pharmaceutical waters: P-IF––influ-

ent before purification, P-IM––after pretreatment, P-EF––

effluent after purification. Codes: e.g. ef12––effluent 12%,

P-IM30––pretreatment 30%, if6––inflow 6%. Each individual

dot represents one animal. Dots in control area left out for

clarity. Arrows represent behavioural frequencies (ventilation at

3 Hz or locomotion at B1, summarizing 0.5–2 Hz and 2 Hz)

which significantly contributed to separation of group centroids

(p < 0:05).

Fig. 4. Behavioural responses of fish at 2 Hz to municipal waste

water before (M-IF) and after (M-EF) purification. Least

squares fit of data (mean of eight animals), except for control

where stepwise plot of data is given. Linear regressions

(p < 0:05, r > 0:76) for slope of increase of responses: ef30 ¼
�7:3þ 1:3time; ef50 ¼ 6:9þ 0:3time; ef66 ¼ 14:1þ 0:3time;
if12 ¼ 13:6þ 0:1time; if30 ¼ 16:2þ 0:2time; if50 ¼ 9:6þ
0:4time.
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EROD and AHH, showed reduced toxicity in the ef-

fluent, compared to the inflow. The MFO enzymes

EROD and AHH are good indicators for organochlo-

rine pesticides, PAHs and PCBs as well as paper mill

effluents, being more sensitive than other biochemical,

cellular and organ level biomarkers (Bucheli and Fent,

1995; Holdway et al., 1995). However, GC analysis of

the water showed no elevated concentrations for organic

compounds. Other unknown compounds must have

caused EROD and AHH induction. Enzyme induction

occurred during 15 min of exposure, being a fast bio-

chemical response, in contrast to studies by Bankey et al.

(1995) and Wolkers et al. (1996) reporting a slow in-

duction in fish (Micropterus salmoides, Ictalurus punct-

atus) to bleached kraft mill effluent. EROD induction

was much more expressed than AHH, which is sup-

ported by findings of Bankey et al. (1995) and Tuvikene

et al. (1996).

Prawn showed 3–10x less sensitivity to the plant in-

flow than Gammarus pulex and G. tigrinus, exposed to a

dilution series of mechanically pretreated raw water

from a municipal purification plant: the LC50 (18 h) was

reached at a dilution factor of 1:4, whereas the dilution

factors for G. pulex (LC50 (96 h): 1:40) and G. tigrinus

(LC50 (96 h): 1: 12.5) were much higher (Gerhardt and

Quindt, 2000). In the undiluted raw water both Gamm-

arus species died within 1 h, comparable to the present

results for the prawn. In both studies, the effluent of the

municipal waste water treatment plant was not acutely

toxic anymore to Crustacea.

4.1.2. Pharmaceutical waste water

The pilot treatment plant managed to reduce toxicity

for bacteria (Q67), toxicity for invertebrates (prawn),

but not for vertebrates (fish). EROD and AHH were low

and could not differentiate between pharmaceutical

waste water before and after treatment (P-IF and P-EF).

The waste water treatment reduced N-toxicity for prawn

by creating slightly alkaline conditions, which resulted

in a shift from NH3 to less toxic NHþ
4 (Burkhard and

Jenson, 1993; Schubauer-Berigan et al., 1995). The

effluent contained up to 10.9 mg l�1 nitrite. Fish are

known to be more sensitive to nitrite than crustaceans.

e.g. LC50 for salmonids is 0.2–0.4 mg NO2–N l�1 (Shi

Fig. 5. Behavioural responses of fish at 2H3 and 5 Hz to pharmaceutical waste water in function of time of exposure. P-IF: before

treatment, P-IM: after pretreatment, P-EF: after purification. Least squares fit of data (mean of eight animals), except for control

where stepwise plot of data is given. Linear regressions (p < 0:05, r > 0:86) for slope of increase of responses: ef30 ¼ 6:8þ 0:6time;
ef50 ¼ 13:7þ 0:2time.
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and Mei, 1995), for Pimephales promelus after 96 h, 8.3

mg l�1 (Burkhard and Jenson, 1993), while for crusta-

ceans like M. nipponense, LC50 (48 h): 7.48 mg NO2–N

l�1, the LC50 after 48 h of ammonia for Ceriodaphnia

dubia at pH 8 was 22.6 mg l�1, the LC50 (48 h) of am-

monia for G. tigrinus at pH 7.7 was 30 mg l�1 (Gerhardt

and Quindt, 2000).

4.2. Behaviour of fish and prawn

The evaluation of the behavioural responses mea-

sured online in the MFB revealed species-specific be-

haviours. Fish as pelagic organisms might have been

stressed to a greater extent in the test chambers than

benthic prawn, thus causing greater variance in behav-

Fig. 6. Behavioural responses of prawn at 3 and 5 Hz to pharmaceutical waste water in function of time of exposure. P-IF: before

treatment, P-IM: after pretreatment, P-EF: after purification. Least squares fit of data (mean of eight animals) except for control where

stepwise plot of data is given.
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iour in the control. Both species showed concentration-

dependent shifts in behaviour under exposure to waste

water. Fish reacted with an initial escape followed by

increased ventilation as described in the stepwise stress

model, which describes a stepwise shift in different stress

responses with increasing exposure time or concentra-

tion (Gerhardt, 1999, 2000). Prawn reacted first with

increasing ventilation followed by decreasing ventilation

and morbidity. At high concentrations the first stress

response may be lost. The behavioural response ob-

served in prawn exposed to municipal waste water oc-

curred at higher concentrations of toxic waste water

than those observed in an earlier study with G. tigrinus,

which showed slightly increasing locomotion at dilutions

of 1% and 2% toxic waste water over 96 h of exposure

(Gerhardt and Quindt, 2000).

Comparing time to behavioural response with TTD

revealed behavioural responses to be more sensitive than

mortality as toxicity parameter. This is supported by

findings for O. latipes by Rice et al. (1997). The in-

creased locomotion of fish can be interpreted as escape

reflex, which has been reported by Featherstone et al.

(1993) for juvenile O. latipes exposed to phenol and

strychnine and measured by non-invasive electro-

physiological monitoring. Similarly, permethrin (>0.009
mg l�1), a neurotoxicant, induced hyperactivity in

Oryzias latipes within 24 h of exposure, while at higher

concentrations and >24 h exposure, the fish became

hypoactive. Furthermore, 2,4-dinitrophenol did not

show behavioural responses before death while phenol, a

polar narcotic, showed the fastest response (within 3 h at

30 mg l�1), consisting of initial hyperactivity followed by

hypoactivity (Rice et al., 1997). These examples illustrate

the substance-specificity of behavioural responses in

O. latipes.

5. Conclusions

The municipal waste water treatment plant managed

to substantially reduce toxicity for bacteria (Q67),

fish liver cells (EROD and AHH), prawn and fish

(survival, behavioural stress). Enzyme induction, espe-

cially EROD gave results within 15 min of exposure,

behavioural responses occurred within 0.5–9 h in a

concentration- and time-dependent way and mortality

occurred within 2–7 h. Biotest sensitivity for the mu-

nicipal waste water (M-IF) concerning EC50 decreased

as follows: prawn behaviour > EROD > Q67, prawn

mortality > fish mortality. As rapid toxicity screening,

the bacterial bioassay Q67 is recommended for phar-

maceutical waste water (antibiotic production), whereas

EROD or AHH and behaviour were sensitive tests for

municipal waste water toxicity. For continuous bio-

monitoring the fast and sensitive ventilation responses in

prawn were good indicators in the MFB. The MFB

might be exposed in the effluent of the pharmaceutical

treatment to continuously monitor the treatment success

with prawn. With increasing optimization of the treat-

ment process (further reduction of N and antibiotics),

fish will be the more sensitive monitor species, which as

vertebrates also indicate potential human toxicity.
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