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2.1 INTRODUCTION

Persistent contaminants in the environment affect human health and ecosystems. It is important

to assess the risks of these pollutants for environmental policy. Ecological risk assessment

(ERA) is a tool to estimate adverse effects on the environment from chemical or physical

stressors. It is anticipated that ERA will be the main tool used by the U.S. Department of Energy

(USDOE) to accomplish waste management [1]. Toxicity bioassays are the important line

of evidence in an ERA. Recent environmental legislation and increased awareness of the risk of

soil and water pollution have stimulated a demand for sensitive and rapid bioassays that use

indigenous and ecologically relevant organisms to detect the early stages of pollution and

monitor subsequent ecosystem change.

Aquatic ecotoxicology has rapidly matured into a practical discipline since its official

beginnings in the 1970s [2–4]. Integrated biological/chemical ecotoxicological strategies and

assessment schemes have been generally favored since the 1980s to better comprehend the acute

and chronic insults that chemical agents can have on biological integrity [5–8]. However, the

experience gained with the bioassay of solid or slimelike wastes is as yet inadequate.

At present the risk assessment of contaminated objects is mainly based on the chemical

analyses of a priority list of toxic substances. This analytical approach does not allow for mixture

toxicity, nor does it take into account the bioavailability of the pollutants present. In this respect,

bioassays provide an alternative because they constitute a measure for environmentally relevant

toxicity, that is, the effects of a bioavailable fraction of an interacting set of pollutants in a

complex environmental matrix [9–12].

The use of bioasssay in the control strategies for chemical pollution has several advantages

over chemical monitoring. First, these methods measure effects in which the bioavailability of

the compounds of interest is integrated with the concentration of the compounds and their

intrinsic toxicity. Secondly, most biological measurements form the only way of integrating the

effects on a large number of individual and interactive processes. Biomonitoring methods

are often cheaper, more precise, and more sensitive than chemical analysis in detecting adverse
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conditions in the environment. This is due to the fact that the biological response is

very integrative and accumulative in nature, especially at the higher levels of biological

organization. This may lead to a reduction in the number of measurements both in space and

time [12].

A disadvantage of biological effect measurements is that sometimes it is very difficult to

relate the observed effects to specific aspects of pollution. In view of the present chemical-

oriented pollution abatement policies and to reveal chemical specific problems, it is clear that

biological effect analysis will never totally replace chemical analysis. However, in some

situations the number of standard chemical analyses can be reduced, by allowing bioeffects to

trigger chemical analysis (integrated monitoring), thus buying time for more elaborate analytical

procedures [12].

2.2 GENERAL CONSIDERATIONS

According to USEPA, the key aspect of the ERA is the problem formulation phase. This phase

is characterized by USEPA as the identification of ecosystem components at risk and specifica-

tion of the endpoints used to assess and measure that risk [13]. Assessment endpoints are an

expression of the valued resources to be considered in an ERA, whereas measurement endpoints

are the actual measures of data used to evaluate the assessment endpoint.

Toxicity tests can be divided according to their exposure time (acute or chronic), mode of

effect (death, growth, reproduction), or the effective response (lethal or sublethal) (Fig. 1) [11].

Other approaches to the classifications of toxicity tests can include acute toxicity, chronic

toxicity, and specific toxicity (carcinogenicity, genotoxicity, reproduction, immunotoxicity,

neurotoxicity, specific exposure to skin and other organs). For instance, genotoxicity reveals the

risks for interference with the ecological gene pool leading to increased mutagenicity and/or

carcinogenicity in biota and man. Unlike normal toxicity, the incidence of genotoxic effect is

thought to be only partially related to concentration (one-hit model).

A toxicity test may measure either acute or chronic toxicity. Acute toxicity is indicative for

acute effects possibly occurring in the immediate vicinity of the discharge. An acute toxicity test

Figure 1 Classification of toxicity tests in environmental toxicology.
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is defined as a test of 96 hours or less in duration, in which lethality is the measured endpoint.

Acute responses are expressed as LC50 (lethal concentration) or EC50 (effective concentration)

values, which means that half of the organisms die or a specific change occurs in their normal

behavior. Sometimes in toxicity bioassays the NOEC (no observed effect concentration) can be

used as the highest toxicant concentration that does not show a statistically significant difference

with controls. The EC10 can replace the NOEC. This is a commonly used effect parameter in

microbial tests [14–17]. At the EC10 concentration there is a 10% inhibition, which might not

be very different from the NOEC concentration, but the EC10 does not depend on the accuracy

of the test.

Acute toxicity covers only a relatively short period of the life-cycle of the test organisms.

Chronic toxicity tests are used to assess long-lasting effects that do not result in death. Chronic

toxicity reflects the extent of possible sublethal ecological effects. The chronic test is defined as

a long-term test in which sublethal effects, such as fertilization, growth, and reproduction, are

usually measured in addition to lethality. Traditionally, chronic tests are full life-cycle tests or a

shortened test of about 30 days known as an “early-stage test.” However, the duration of most

EPA tests have been shortened to 7 days by focusing on the most sensitive early life-cycle stages.

The chronic tests produce the highest concentration percentage tested that caused no significant

adverse impact on the most sensitive of the criteria for that test (NOEC) as the result. Alternative

results are the lowest concentration tested that causes a significant effect (lowest observed effect

concentration; LOEC), or the effluent concentration that would produce an observed effect in

a certain percentage of test organisms (e.g., EC10 or EC50). The advantage of using the LC or EC

over the NOEC and LOEC values is that the coefficient of variation (CV) can be calculated. In

some cases, since toxicity involves a relationship with the effect concentration (test result; the

lower the EC, the higher the toxicity), all test results are converted into toxic units (TU). The

number of toxic units in an effluent is defined as 100 divided by the EC measured (expressed as

a dilution percentage). Two distinct types of TUs are recognized by the EPA, depending on

the types of tests involved (acute: TUa ¼ 100/LC50; chronic TUc ¼ 100/NOEC). Acute and

chronic TUs make it easy to quantify the toxicity of an effluent, and to specify toxicity-based

effluent quality criteria.

However, the effect of a harmful compound should be studied with respect to the

community level, not only for the organism tested. Tests with several species are realized in

microcosm and mesocosm studies. Mesocosms are larger with respect to both the species

number and the species diversity and are often performed outdoors and under natural conditions.

Choice of method is the most important phase if reliable data are to be obtained

successfully. A good toxicity test should measure the right parameters and respond to the

environmental requirements. When selecting from among available test organisms, the

investigator should choose species that are relevant to the overall assessment endpoints,

representative of functional roles played by resident organisms, and sensitive to contaminants.

In addition, the test should be fast, simple, and repetitive [1,11,18]. The selection of

ecotoxicological test methods also depends on the intended use of the waste and the entities to be

protected. Usually a single test cannot be used to detect all biological effects, and several biotests

should therefore be used to reveal different responses. The ecological relevance of the single

species tests has been criticized, and the limits associated with these tests representing only one

trophic level have to be acknowledged.

Biological toxicity tests are widely used for evaluating the toxicants contained in the

waste. Most toxicity bioassays have been developed for liquid waste. Applications of bioassays

in wastewater treatment plants fall into four categories [19]. The first category involves the use

of bioassays to monitor the toxicity of wastewaters at various points in the collection sys-

tem, the major goal being the protection of biological treatment processes from toxicant action.
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These screening tests should be useful for pinpointing the source of toxicants entering the

wastewater treatment plant. The second category involves the use of these toxicity assays in

process control to evaluate pretreatment options for detoxifying incoming industrial wastes. The

third category concerns the application of short-term microbial and enzymatic assays to detect

inhibition of biological processes used in the treatment of wastewaters and sludges. The last

category deals with the use of these rapid assays in toxicity reduction evaluation (TRE) to

characterize the problem toxic chemicals. In addition to the abovementioned categories, we

could point out another one: whole effluent testing (WET) in accordance with International

(National) Environmental Policy.

Ecotoxicological testing of the pollutants in solid wastes should be considered in the

following cases: supplementary risk assessment of contaminated waste; assessment of the

extractability of contaminants with biological effects in cases where the waste can

affect the groundwater; ecotoxicological assessment of the waste intended for future utilization

as soil fertilizer, conditioner, or amendment (for example, compost from organic fraction of

municipal solid waste, sewage sludge, etc.); and control of the progress in biological waste

treatment.

All the tests used for estimation of solid waste toxicity can be divided into two groups:

tests with water extracts (elutriate toxicity tests) and “contact” toxicity tests. The majority of the

assays (e.g., with bacteria, algae, Daphnia) for testing toxicity have been performed on water

extract. The water path plays a dominant role in risk assessment. Water may mobilize

contaminants, and water-soluble components of waste contaminants have a potentially severe

effect on microorganisms and plants, as well as fauna. Owing to their low bioavailability,

adsorbed or bound species of residual contaminants in waste represent only a low risk potential.

However, mobilized substances may be modified and diluted along the water path. Therefore

investigations of water extracts may serve as early indicators [9]. Meanwhile, owing to the

different solubility of each contaminant in the water, water extracts represent only a part of

contamination. Water elutriation could underestimate the types and concentrations of

bioavailable organic contaminants present [20,21]. Evaluation of results requiring sample

extraction appears extremely difficult. The evaluation of toxicity with extracts sometimes

ignores the interactions that may occur in contacts with substances in a solid phase. Therefore

“contact” tests involve the use of organisms in contact with the contaminated solids. Such tests

have been standardized and used for soils, for example, using higher plants [9,22,23]. During the

past few years some applications of bacterial contact assays have been suggested [17,21,24–27].

We also present the bioassays that have been used for estimation of toxicity of liquid and solid

wastes.

2.3 MICROBIAL TESTS

Microbial toxicity tests are known to be fast, simple, and inexpensive. These properties of the

tests have resulted in their ever-increasing use in environmental control, assessment of pollutants

in waste, and so on. Toxicity test methods based on the reaction of microbes are useful in

toxicity. In particular they can be a very valuable tool for the toxicity classification of samples

from the same origin. Microbial tests can be performed using a pure culture of well-defined

single species or a mixture of microbes. The variables measured in toxicity tests may be

lethality, growth rate, change in species diversity, decrease in degradation activity, and energy

metabolism or activity of specific enzymes. The results are generally expressed as the dose–

response concentration and the EC50 or EC10 value [11,15,17,28,29].
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2.3.1 Tests Based on Bioluminescence

One of the commonly used tests is the bioluminescence-measuring test. It is based on the change

of light emission by Vibrio fischeri (Photobacterium phosphoreum) when exposed to toxic

chemicals. The bioluminescence is directly linked to the vitality and metabolic state of the cells,

therefore a toxic substance causing changes in the cellular state can lead to a rapid reduction of

bioluminescence. Thus a decrease in the light emission is the response to serious damage to

metabolism in the bacterial cells. This test is a fast and reliable preliminary toxicity test and

is comparable with other toxicity tests [11,29–31]. The procedure has been developed for the

investigation of water, for example, wastewater, but can be applied without problems to the

investigations of soil and waste extracts. Toxicity extracts can be determined using standard test

methods such as the BioTox or Microtox methods [32]. The test criterion is the inhibition of light

emission. The result is expressed as the GL value (or lowest inhibitory dilution, LID, value). This

is the lowest value for dilution factor of the extract which exhibits less than 20% inhibition of

light emission under test conditions. In the case of individual toxicants the result is presented as

EC50 or EC20. This test is probably the most popular commercial test for assessing toxicity in

wastewater treatment plants [19,33] and whole effluence testing. However, an expensive

luminometer is required for the scoring of results. One of the reasons for the widespread

application of this assay is the (commercial) availability of the bacteria in freeze-dried form,

which eliminates the need for culturing of the test organisms [34–37].

A “direct contact test” has been developed for solid samples. A solid-phase assay

eliminates the need for soil extracts and utilizes whole sediments and soils. In the current

procedure the solid sample is suspended in 2% NaCl. Dilutions of the stock suspension are

measured to determine the EC50 and EC10 at 5 and 15 minute contact times. For this the

homogenized sample and photobacterial suspension mixture are incubated. The suspended solid

material is then centrifuged out and light emission of the supernatant determined [24–26,32].

The bioluminescent direct contact flash test has been proposed as a modification of the

direct contact luminescent bacterial test [24,38]. This method was developed for measuring

the toxicity of solid and color samples, and involves kinetic measurements of luminescence

started at the same time that the V. fischeri suspension is added to the sample. The luminiscence

signal is measured 20 times per second during the 30 second exposure period.

2.3.2 Tests Based on Enzyme Activity

Enzyme activity tests can be used to describe the functional effects of toxic compounds on

microbial populations. Many enzymes are used for toxicity estimation. The enzymes used to

assess the toxicity of solid-associated contaminants (soils, composts, wastes) are phosphatase,

urease, oxidoreductase, dehydrogenase, peroxidase, cellulase, protease, amidase, etc.

Determining dehydrogenase activity is the most common method used in enzyme toxicity

tests [11,29]. The method measures a broad oxidizing spectrum and does not necessarily

correlate with the number of microbes, production of carbon dioxide, or oxygen demand. In

ecological studies, correlations have been determined between dehydrogenase activity and the

concentration of harmful compounds. Substrates for dehydrogenase activity are triphenil

tetrazoliumchloride (TTC), nitroblue tetrazolium (NBT), 2-(p-iodophenyl)-3-(p-nitrophenyl)-

5-phenyl tetrazoliumchloride (INT), and resasurine [21,29].

Toxi-ChromotestTM is a commercial toxicity assay that is based on the assessment of the

inhibition of b-galactosidase activity, measured using a chromogenic substrate and a

colorimeter. A mutant strain of Escherichia coli is revitalized from a lyophilized state prior to

the test [39]. The principle of the MetSoilTM test is similar to that of the Toxi-ChromotestTM.
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The bacterial mutant is mainly sensitive to metals and should therefore be used in conjunction

with another bacterial test. This microbiotest is commercially available and is designed

specifically for testing soils, sediments, and sludges. Semiquantitative results are obtained after

three hours [40].

The MetPADTM test kit (Group 206 Technologies, Gainesville, Florida) has been

developed for the detection of heavy metal toxicity. It has been used to determine the toxicity of

sewage water and sludge, sediments, and soil [41]. The test is based on the inhibition of b-

galactosidase activity in an Escherichia coli mutant strain. Performance of the test does not

require expensive equipment and it is therefore easily applied as a field test.

The MetPLATETM test (Group 206 Technologies, Gainesville, Florida) is a fast b-

galactosidase activity microtiter plate test [40]. The test is specific for heavy metal toxicity.

MetPLATE is in a 96-well microtitration plate format and is suitable for determination of

toxicity characteristics such as median inhibitory concentrations. MetPLATE is based on the

activity of b-galactosidase from a mutant strain of E. coli and uses chlorphenol red

galactopyranoside as the enzyme substrate. The test is suitable for sewage water as well as for

sewage sludge, sediments, and soil. The MetPLATE test is more sensitive to heavy metals than

the MicrotoxTM test, which is based on bioluminescence inhibition. However, this test does not

react sensitively to organic pollutants. The MetPAD and the MetPLATE tests are available in kit

form.

The ECHA (Cardiff, England) Biocide MonitorTM is a qualitative test developed for

environmental samples and is based on measurement of dehydrogenase activity [41,42]. This

test is performed with a small plastic strip carrying an absorbent pad impregnated with a

sensitive microorganism, nutrients, and an indicator of metabolic activity and growth. Solid

samples are tested directly without extraction. Semiquantitative results are evaluated after 5–24

hours with this assay, which is available as a commercial kit.

A toxicity testing procedure using the inhibition of dehydrogenase enzyme activity of

Bacillus cereus as test parameter has been developed [21]. This microbial assay includes direct

contact of bacteria with solids over 2 hours and the following measurement of dehydrogenase

enzyme activity on the base of resazurine reduction. It is the authors’ opinion that this method

can integrate the real situation in a more complex system much better than extracts. There are

numerous results from different solid phases assayed with B. cereus. Experiments were

conducted with several contaminants, which show differences in environmental behavior:

Tenside and heavy metals (high adsorption, good solubility in water), para-nitrophenol (low

adsorption, good solubility in water), polycyclic aromatic hydrocarbons (high adsorption, low

solubility in water). For most of the substances, the contact assay shows higher sensitivity than

elutriate testing; that is, the EC50 is lower (Table 1). Studies with soil samples spiked with

organic compounds and copper indicate the higher sensitivity of solid-phase bioassay compared

to water extract testing [17]. A comparison of the sensitivity of the B. cereus contact test and

the Photobacterium phosphoreum solid-phase test demonstrates that the B. cereus test is more

sensitive for copper. The test is the scientific tool to elucidate the importance of exposure routes

for compounds in soils and solid wastes. However, the authors note that the problems in

predicting ecological effects of contaminants (e.g., soil contaminants) exist.

Toxi-ChromoPadTM (EBPI, Ontario, Canada) is a simple method for evaluation of the

toxicity of solid particles [25,26,32,39]. The test is based on the inhibition of the synthesis of

b-galactosidase in E. coli after exposure to pollutants. The method has been used to measure

acute toxicity of sediment and soil and other solid samples. The test bacterial suspension is

mixed with homogenized samples and incubated for 2 hours. A drop of the test solution is

pipetted onto a fiberglass filter containing an adsorbed substrate. A color reaction indicates the

synthesis of enzyme, while a colorless reaction indicates toxicity. It has previously been shown
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that inducible enzyme metabolism can be considered a sensitive indicator for detecting the

effects of harmful compounds [43]. Moreover Dutton et al. [44] found that b-galactosidase de

novo biosynthesis in E. coli was a more sensitive reaction to harmful compounds than enzymatic

activity.

2.3.3 Tests Based on Growth Inhibition

Growth inhibition tests are available for determination of the toxicity of harmful compounds.

Pseudomonas putida is a common heterotrophic bacteria in soil and water and the test is therefore

suited for evaluation of the toxicity of sewage sludge, soil extracts, and chemicals [45]. The test

criterion is the reduction in cell multiplication determined as the reduction in growth of the

culture. According to the standard test ISO 10712 [46] P. putida is grown in liquid culture to

give a highly turbid culture, which is then diluted by mixing with the sample solution. After

incubation of the culture for 16 hours, growth is measured as turbidity during this period.

Inhibition of an increase in turbidity in the samples is compared with that of the control using the

following equation:

I ¼
Bc � Bn

Bc � Bo

� 100

where I is the cell multiplication inhibition, expressed as a percentage, Bn is the measured

turbidity of biomass at the end of the test period, for the nth concentration of test sample, Bc is the

measured turbidity of biomass at the end of the test period in the control, and Bo is the initial

turbidity measurement of biomass at time t0 in the control.

The inhibition values (I) for each dilution should then be plotted against the corresponding

dilution factor. The desired values of EC50, EC20, and EC10 are located at the intersection of

the straight lines with lines parallel to the abscissa at ordinate values of 10, 20, and 50%. The

evaluation may also be performed using an appropriate regression model on a computer.

Another growth inhibition test of B. cereus is used to determine the toxicity of chemicals

and sediments [41]. This test is based on the measurement of an inhibition zone.

An agar plate method is presented by Liu et al. [47]. On an agar plate covered by a

bacterial suspension, an inhibition zone is formed and measured around the spot where the toxic

sample has been placed. The duration of the test depends on the growth of the bacterial species

(from 3 to 24 hours). This assay is not available in a commercial kit but it is simple to perform as

Table 1 Comparison of the Results of Bacillus cereus Contact Assay and Elutriate Toxicity for

Some Spiked Soils

Substance EC50 for contact assay EC50 for elutriate assay

Benzalkonium-chloride 500 mg/kg Up to 2000 mg/kg no effect

Alkylphenolpolyethylene-

glycolether

3700 mg/kg (EC30) Up to 4200 mg/kg no effect

Sodium alkylbenzenesulfonate 130 mg/kg 450 mg/kg

p-Nitrophenol 250/750/1000 mg/kg: 40.7/
86.3/95.0% inhibition

250/750/1000 mg/kg: 13.2/
65.0/82.3% inhibition

bis-tri-n-butyltinoxide 250/500 mg/kg: 94.2/95.1%

inhibition

250/500 mg/kg: 34.0/80.5%

inhibition

Naphthol 450 mg/kg 1000 mg/kg

Catechol 20 mg/kg 400 mg/kg

Lubricant oil 1.15 Gew% 3.40 Gew%

Copper 200 mg/kg Up to 500 mg/kg no effect
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part of routine testing. Any bacterial strain can be used, but solid samples can only be tested

as extracts.

2.3.4 Test Based on the Inhibition of Motility

The test based on motility inhibition of the bacterium Spirillum volutants is a very simple and

rapid test for the qualitative screening of wastewater samples or extracts [48]. The organisms are

observed under the microscope immediately after the addition of the test solution. The

maintenance of a bacterial culture is necessary as in the previous type of assay.

2.3.5 Tests Based on Respiration Measurements

The assay microorganisms in Polytox are a blend of bacterial strains originally isolated from

wastewater [48]. The Polytox kit (Microbiotest Inc., Nazareth, Belgium), specifically designed

to assess the effect of toxic chemicals on biological waste treatment, is based on the reduction of

respiratory activity of rehydrated cultures in the presence of toxicants. The commercially

available kit is specifically designed for testing wastewaters. Quantative results can be obtained

in just 30 minutes.

Respiration inhibition kinetics analysis (RIKA) involves the measurement of the effect of

toxicants on the kinetics of biogenic substrate (e.g., butyric acid) removal by activated sludge

microorganisms. The kinetic parameters studied are qmax, the maximum specific substrate

removal rate (determined indirectly by measuring Vmax, the maximum respiration rate), and KS,

the half-saturation coefficient [19]. The procedure consists of measuring with a respirometer the

Monod kinetic parameters, Vmax and KS, in the absence and in the presence of various

concentrations of the inhibitory compound.

2.3.6 Genotoxicity

Genotoxicity is one of the most important characteristics of toxic compounds in waste. The

Ames test with Salmonella is the most widely used test for studying genotoxicity [49]. The test

has been applied in genotoxic studies on waste, contaminated soil, sewage sludge, and sediments

[11,19,50–52]. Specific Salmonella typhimurium strains with obligatory requirements for

histidine are used to test mutagenicity. On a histidine-free medium, colonies are formed only by

those bacteria that have reverted to the “wild” form and can produce histidine. Addition of a

mutagenic agents increases the reversion rate.

The SOS ChromotestTM (Labsystems, Helsinki, Finland) is a test based on E. coli with an

additional lacZ gene with SOS gene promoter sfiA. Under the influence of mutagenic agents, the

DNA of the bacterial cells is damaged and an enzymatic SOS-recovering program and stifA gene

promoter induce de novo transcription and synthesis of b-galactosidase. Commercial SOS

ChromotestsTM are used for estimation of soil and sediment contaminants [41,42,53].

Genotoxicity may also be tested with a MutatoxTM test (Azur Environmental Ltd.,

Berkshire, England), using a dark mutant strain of bioluminescent bacterium V. fischeri [54].

DNA-damaging substances are recognized by measuring the ability of a test sample to restore

the luminescent state in the bacterial cells. The authors pointed to the sensitivity of the test to

chemicals that damage DNA, bind DNA, or inhibit DNA synthesis.

Muta-Chromoplate is a modified version of the classical Ames test for the evaluation of

mutagenicity. The bioassay uses a mutant strain of S. typhimurium. The reverse mutation is

recorded as absence of bacterial growth after 5 days incubation [55].
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2.3.7 Tests Based on Nutrient Cycling

Sometimes the risk of waste is estimated on the basis of nutrient cycling tests. As a rule such

investigation is carried out for surface waste disposal or its land application. The carbon cycle

is very sensitive to harmful compounds. Soil respiration is considered a useful indicator of the

contaminants’ effects on soil microbial activity [56–59]. The production of carbon dioxide can

be followed as short-term and long-term respiration tests.

Many organisms take part in processes that release inorganic nitrogen as a result of the

mineralization of organic matter, leading initially to the formation of NH4
þ ions. In contrast,

relatively few genera of autothrophic bacteria, such as Nitrosomonas and Nitrobacter acting in

sequence, take part in the transformation of ammonium to nitrite and nitrate. Toxicity assays

based on the inhibition of both Nitrosomonas and Nitrobacter have been developed for

determining the toxicity of wastewater samples [19]. However, Nitrosomonas appears to be

much more sensitive to toxicants than Nitrobacter. A rapid method for testing potential

nitrification on the basis of ammonium oxidation in soil is under development at ISO [11]. This

method is used to estimate the effects of toxicants contained in soil or sewage sludge [60,61].

Soil microbial processes, like mineralization of organic matter or soil respiration, can be

relatively little affected by moderate levels of heavy metals, while the processes carried out

by a few specialized organisms, that is, nitrogen fixation, are more sensitive [56–60,62]. Toxicity

tests exist for both symbiotic and free-living nitrogen-fixing microorganisms. It is generally

agreed that N2 fixation is more sensitive than soil respiration to toxicants such as metals.

One of the most commonly used parameters in soil biology is microbial biomass. The level

of microbial biomass is used for assessment of the effects of contaminants in sewage sludge or

compost of municipal solid waste in short-term or long-term experiments [56–59,63–69].

2.4 TESTS WITH FAUNA SPECIES

2.4.1 Tests with Crustaceans

Throughout the last three decades, only one taxon has emerged (for reasons of practicality as

well as of sensitivity) as the key group for standard ecotoxicological tests with invertebrates,

namely the cladoceran crustaceans, and more particularly the daphnids. Daphnia tests are

currently the only type of freshwater invertebrate bioassay that are formally endorsed by

international organizations such as the USEPA, the EEC, and the OECD, and that are required

by virtually every country for regulatory testing [70]. The reasons for the selection of daphnids

for routine use in toxicity testing are both scientific and practical. Daphnids are widely

distributed in freshwater bodies and are present throughout a wide range of habitats. They are

an important link in many aquatic food chains (they graze on primary producers and are food

for many fish species). They have a relatively short life-cycle (important for reproduction tests)

and are relatively easy to culture in the laboratory. They are sensitive to a broad range of aquatic

contaminants. Their small size means that only small volumes of test water and little benchspace

are required. Daphnia magna and D. pulex are the most frequently used invertebrates in standard

acute and chronic bioassays. Ceriodaphnia species are used extensively in the United States,

mainly in short-term chronic bioassays [71].

A large number of papers have been published on the use of acute Daphnia toxicity tests,

on a whole range of fundamental and applied toxicological problems. Excellent reviews of

ecotoxicological testing with Daphnia have been written by Buikema et al. [72] and Baudo [73].

Standard protocols are introduced in Refs. 74–83. Acute bioassays with Daphnia sp. are among

the most frequently used toxicity tests because, once a good laboratory culture is established, the
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tests are relatively easy to perform on a routine basis and do not require highly skilled personnel.

Moreover, compared to acute toxicity tests with fish, acute Daphnia tests are cost-effective

because they are shorter (48 vs. 96 hours) and the culture and maintenance of the daphnids

requires much less space, effort, and equipment.

The acute Daphnia bioassay is recognized to be one of the most “standardized” aquatic

toxicity tests presently available and several intercalibration exercises report a reasonable degree

of intra- and interlaboratory reproducibility [84–87].

In addition to acute toxicity tests, two standard chronic toxicity test methods are widely

accepted by various regulatory agencies: the seven-day Ceriodaphnia survival and reproduction

test and the 21-day Daphnia reproduction test.

Cereodaphnia dubia was first identified in toxicity testing as Cereodaphnia reticulata [88]

and subsequently as Cereodaphnia affinis [89]. The Ceriodaphnia survival and reproduction test

is a cost-effective chronic bioassay for on-site effluent testing and is now one of the most used

invertebrate chronic freshwater toxicity tests in the United States. The major arguments for

introducing this method are that it is a more ecologically relevant test species in the United

States (than D. magna), is easier to culture, and has an exposure period that is only one-third of

that of the D. magna chronic test [88]. Owing to its ease of culturing, short test duration, low

technical requirements, and high sensitivity, the seven-day Ceriodaphnia chronic test is a very

attractive and relatively cost-effective bioassay, which can be performed by moderately skilled

personnel. Key documents and standard protocols may be found in Refs. 71, 88, and 90.

Different standard bioassays (Toxkit tests) are now available. In Daphtoxkit FTM magna

(Microbiotest Inc., Nazareth, Belgium) and pulex inhibition of mobility of D. magna and D.

pulex is recorded after 24 and 48 hours exposure [91]. The test organisms are incorporated into

commercial kits Daphtoxkit FTM magna and Daphtoxkit FTM pulex as dormant eggs and can be

hatched on demand from the dormant eggs 3 to 4 days before testing [92,93]. IQTM Fluotox-test

is presented by Janssen and Persoone [94]. The damaged enzyme systems (b-galactosidase) of

the crustacean D. magna after exposure to toxic substances can be detected by their inability to

metabolize a fluorescently marked sugar. Healthy organisms with unimpaired enzyme systems

will “glow” under long-wave ultraviolet light, while damaged organisms will not. This

microbiotest is commercially available and only takes a one-hour exposure. CerioFastTM is a

rapid assay based on the suppression of the feeding activity of C. dubia in the presence of

toxicants [93,95,96]. After a one-hour exposure to the toxicant, the C. dubia is fed on

fluorescently marked yeast and the fluorescence is observed under an epifluorescent microscope

or long-wave ultraviolet light. The presence or absence of fluorescence in the daphnid’s gut is

used as a measure of toxic stress. This microbiotest is commercially available and only takes a

few hours to complete.

The test organisms are exposed for 24, 48, and 96 hours to different concentrations of

testing water. After the exposure period the number of dead organisms is counted. Each test

sample container is examined and the number of dead organisms counted (looking for the

absence of swimming movements). A test is regarded as valid if the mortality in the control is

,10%. Toxicity is calculated as:

T ¼
N0 � Nt

N0

� 100%

where T is toxicity in %, N0 is the average quantity of test organisms at time 0, and Nt is the

average quantity of test organisms at time t.

There are many procedures for calculating LC50s. LC50 or EC50 values are calculated

using the probit-derived method. A very simple procedure consists of plotting the calculated
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percent mortalities on a log concentration/% mortality sheet. The procedure for estimation of

the LC50 is as follows:

1. Indicate the concentrations or dilutions used in the dilution series on the Y-axis.

2. Plot the calculated percent mortality on the horizontal line at the height of each

concentration or dilution.

3. Connect the plotted mortality points on the graph with a straight line.

4. Locate the two points on the graph that are separated by the vertical 50% mortality

line and read the LC50 at the intersect of the two lines. Expression and interpretation of

the toxicity data of wastewaters: all median toxicity values are converted into toxic

units (TU), that is, the inverse of the LC/EC50 expressed in %, according to the

formula TU ¼ [1/L(E)C50] � 100.

This expression is the dilution factor, which must be applied to the effluent so as to obtain a 50%

effect, and is directly proportional to toxicity. The result of several toxicity tests is applied on the

base of the most sensitive test species.

2.4.2 Tests with Protozoa

Dive and Persoone [97] advanced a number of arguments in favor of tests with protozoa:

unicellular organisms combine all biological mechanisms and functions in one single cell; the

generation time of protozoa is very short in comparison to metazoa; large numbers of organisms

can be produced in a small volume; and unicellular organisms play a significant role in aquatic

ecosystems, especially in the transformation and degradation of organic matter.

The standard Colpodium campylum toxicity test developed by Dive and colleagues [98,99]

measures the inhibition of growth of this ciliate, cultured monoxenically on E. coli. The

reduction of the number of generations is measured in increasing concentrations of the toxicant,

and the effects are expressed as 24 hour IC50 values. This bioassay is relatively easy to learn, to

carry out, and to interpret.

The microbiotest with ciliate protozoan Tetrahymena thermophila (Protoxkit FTM, which

only became available commercially recently) evaluates the growth inhibition of the unicellulars

submitted for 20 hours to a toxicant [100]. The decreased multiplication of the ciliates is

determined indirectly via the reduction in their food uptake, by optical density measurement in

1 cm spectrophotometric cells.

A test with Paramecium caudatum was suggested for estimation of the toxicity of in-

flowing municipal wastewater entering the treatment plant as well as of local wastewater during

the process of channeling [18,101,102]. Use of P. caudatum, a typical representative of the

organisms of activated sludge, permits us to foresee the impact of toxicants on the processing of

the wastewater treatment plant. The test reaction is the death of the test organism when exposed

to tested wastewater or waste extract for 1 hour. The toxicity is calculated as:

T (%) ¼ (Nf : Ni)� 100

where Nf is the number of dead P. caudatum (the average from five replications), and Ni is the

initial number of P. caudatum.

Another test organism suggested for the estimation of wastewater entering the treatment

plant is Euplotes patella [103].

2.4.3 Tests with Cnidaria

The freshwater cnidarian Hydra attenuata was only recently exploited to assess the acute lethal

toxicity of wastewaters [37,104]. The advantages of using Hydra for bioassay include its wide
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distribution in freshwater environments, thereby making it a representative animal for

conducting environmental hazard assessment, as well as its robustness, which makes it easily

manipulable, and easily reared and maintained in the laboratory. Upon exposure to bioavailable

toxicants, Hydra undergoes profound morphological changes, which are first manifested by

sublethal and then lethal effects. From their normal appearance, the animals progressively

exhibit bulbed (clubbed) tentacles as an initial sign of toxicity, followed by shortened tentacles

and body. After these sublethal manifestations, and if toxicity continues to prevail, Hydra

reaches the tulip phase, where death then becomes an irreversible event. The postmortem stage is

finally indicated by disintegration of the organism. Noting Hydra morphology during exposure

allows for simple recording of (sub)lethal toxicity effects. Hydra assay demonstrates good

sensitivity in detecting effluent toxicity [105].

2.4.4 Tests with Fish

Toxic characteristics of industrial wastewater in many countries are still assessed using fish

[106–108]. The standardized procedure describes testing with different species in different life

stages. For ethical reasons, as well as those linked to cost- and time-effectiveness, labor-

intensiveness, analytical output, and effluent sample volume requirements, there is unquestion-

able value in searching for alternative procedures that would eliminate the drawbacks associated

with fish testing. Investigators therefore use an in vitro cell system, which can greatly decrease

the need for the in vivo fish model [37].

2.4.5 Tests with Invertebrates

Soil invertebrates are also good subjects for evaluating the possible harmful effects of toxic

substances. There is a wide range of methods that involve soil invertebrates in toxicity testing.

There are standard methods for earthworms (Eisenia fetida), collembola (Folsomia candida),

and enchytraeide (Enchytraeidae sp.) [11,19,110,111]. When considering the use of

invertebrates for ecological testing, the species should be selected with respect to how well it

represents the community of organisms in question and how feasible is the culture of the species

in the laboratory throughout the year.

As protozoa and nematodes live in pore water in the soil, most of the methods are adapted

from toxicity tests designed for aquatic samples. Among the protozoa the tests with ciliates

Tetrahymena pyriformis, Tetrahymena thermophiia, Colpoda cucullus, Colpoda inflata,

Colpoda steinii, Paramecium caudatum, and Paramecium aurelia have been developed

[102,112–117]. It is the opinion of some authors that the sensitivity of infusorians is higher than

that of microorganisms [115,116].

Bacteriovorus nematodes offer possibilities for toxicity testing because a large number of

different species can be extracted from the soil and reared in the laboratory. Among the

nematodes used are Caenorhabditis elegans, Panagrellus redivivus, and Plectus acuminatus

[118–120]. The endpoint most often used has been mortality of the test organisms, expressed as

the LC50. Furthermore, fecundity, development, morphology, growth, population growth rate,

and behavior have been used to assess toxic effects. Recently, assays for C. elegans that measure

the induction of stress reporter genes have been developed [119]. The major problem in tests

with nematodes and protozoans is extrapolation of the results for environmental risk assessment

of hazardous compounds. Usually the tests are performed with artificial media; the composition

of the media thus has a bearing on the results [11]. The survival, growth, and maturation of the

nematode P. redivivus is evaluated such that three endpoints can be measured from this toxicity

test: acute, chronic, and genotoxic [121]. This microbiotest is not available in commercial form,
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but the maintenance of these organisms is rather simple. Extracts from solid samples are

prepared by a simple procedure, directly in the test media. A disadvantage of this 96 hour test is

that qualified staff is needed to evaluate the results under the microscope.

Earthworms are often used for the assessment of toxicant effects due to their sensitivity to

most of the factors affecting soil ecosystems, especially those associated with the application of

agriculture chemicals. Earthworms respond to chemicals in several ways, for example, increase

in body burdens, increase in mortality, and overall decrease in activities normally associated

with viable earthworm populations [122]. Species recommended by standards ASTM (American

Society for Testing and Materials) and OECD (Organization for Economic Cooperation and

Development) are Eisenia fetida and Eisenia andrei, which commonly occur in compost and

dung heaps, and can be easily cultured in the laboratory [11,123]. Another recommended species

is Limbricus terrestris [124,125]. The ASTM standard test for soil toxicity with E. fetida is

designed to assess lethal or sublethal toxic effects on earthworms in short-term tests. The

sublethal effects examined can be growth, behavior, reproduction, and physiological processes,

as well as observations of external pathological changes, for example, segmental constrictions,

lesions, or stiffness. Callahan [122] has presented three different earthworm bioassays: the

48 hour contact test, 14 day soil test, and a neurological assay. The contact test is effective in

detecting toxicity when the toxicant is water-soluble, and the soil test is effective in indicating

the toxicity of a range of toxicants, both water-soluble and water-insoluble. Nerve transmission

rate measurements have been found to be very efficient in picking up toxicity at lower

concentrations and shorter exposure times. The contact test and the soil test appear to be

adequate for toxicity assessment of pollutants in hazardous wastes.

In the past few years the use of rotifers in ecotoxicological studies has substantially

increased. The main endpoints used are mortality, reproduction, behavior, cellular biomarkers,

mesocosms, and species diversity in natural populations [126]. Several workers have used

Brachionus calyciflorus for various types of toxicity assessments. Thus, comprehensive

evaluation of approximately 400 environmental samples for the toxicity assessment of solid

waste elutriates, monitoring wells, effluents, sediment pore water, and sewage sludge was

carried out by Persoone and Janssen [127]. The mortality of rotifers hatched from cysts is

evaluated after 24 hours exposure. This microbiotest has been commercialized in a Rotoxkit FTM

[128,129].

2.5 ALGAE TESTS

Algae may also serve as test organisms in toxicity testing. In standard algal toxicity test methods

published by various organizations such as APHA, ASTM, ISO, and OECD [130–133], a rapidly

growing algal population in a nutrient-enriched medium is exposed to the toxicant for 3 or

4 days. Selenastrum capricornutum (renamed Raphidocelis subcapitata) and Scenedesmus

subspicatus are the most frequently used, although others have also been used or recommended.

Increasing the simplicity and cost efficiency of algal tests has been an important research

activity in recent years. [134,135] New tests procedures involve the application of flow

cytometry, microplate techniques, and immobilized algae [135–140].

A miniaturized version of the conventional flask method with S. capricornutum has been

developed by Blaise et al. [136]. In this assay the algae are exposed to the toxicant in 96-well

microplates for a period of 96 hours, after which the cell density is determined using a

hemocytometer or electronic particle counter. ATP content measurements [136] or chlorophyll

fluorescence [141,142] have also been proposed as test criteria. Compared to the flask method,

the main advantages of the microplate assay are: (a) the small sample volumes and reduced
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bench space requirements, (b) the use of disposable materials, (c) the large number of replicates,

and (d) the potential for automation of the test set-up and scoring [136,143,144].

Another alternative algal assay with S. capricornutum that has recently been developed is

the Algaltoxkit FTM (Microbiotest Inc., Nazareth, Belgium) [135,140,145]. One of the main

features of this kit test is that no pretest culturing of algae is required as the algae are supplied in

the form of algal beads that can be stored for several months. The algae are de-immobilized from

the beads in order to test for growth inhibition by optical density measurement in “long-cell” test

cuvettes.

2.5.1 Calculation of Percent Growth Inhibiton in Algae Tests

A growth curve for the algae test is drawn up by assessing the cell concentration (number of

cells/mL) or optical density for each concentration of the sample being investigated and plotting

against time. In order to evaluate the relationship between growth and concentration the EC50 is

calculated for every period of time at which the biomass was measured during the test (24, 48,

and 72 hours) according to OECD [133]. The effect is estimated by using the area under the

growth curves as a measure of the growth (EC50: measure of the effect on biomass ¼

concentration at which the area under the growth curve comes to half of the area under the

growth curve of the control). The curves are constructed using the average values of the

replicates.

The area under the growth curve is calculated for each of the points in time as:

A ¼
N1 � N0

2
t1 þ

N1 þ N2 � 2N0

2
(t2 � t1)þ

Nn�1 þ Nn � 2N0

2
� (tn � tn�1)

where A is area, N0 is the nominal number of cells or absorption measured at time t0, N1 is the

number of cells measured or absorption measured at time t1, Nn is the number of cells measured

or absorption measured at time tn, t1 is the point in time at which the first measurement was made

after the start of the test, and tn is the time of the nth measurement after the start of the test.

The percent growth inhibition for each test concentration is calculated by

Ia ¼
(Ac � Aa)� 100

Ac

where Ia is the percent inhibition of concentration a, Ac is the area of the control growth curve,

and Aa is the area of the growth curve of concentration a. The concentration–effect curves and

the EC50 are determined by means of linear regression analysis.

2.6 PLANT TESTS

Plants constitute the most important components of ecosystems because of their ability to

capture solar energy and transform it into chemical energy. Oxygen and the sugars produced by

plants from solar energy and carbon dioxide are essential to all living organisms. The sensitivity

of plants to chemicals in the environment varies considerably. Plants sensitive to harmful

substances can be used as bioindicators. The plant tests used in environmental analysis can be

classified into five groups: (a) biotransformation (detecting changes in the amounts of chemicals

caused by plants); (b) food chain uptake (determining the amounts and concentrations of

toxic chemicals that enter the food chains via plant uptake); (c) phytotoxicity (determining the

toxicity and hazard posed by pollutants to the growth and survival of plants); (d) sentinel
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(monitoring the pollutants by observing toxicity symptoms displayed by plants); and (e)

surrogate (instead of animal or human assay).

Most attention has been devoted to phytotoxicity tests. Many plant species and numerous

phytotoxic assessments endpoints have been used to characterize toxicant impacts on vegetation.

Phytotoxicity can be determined as seed germination, root elongation, and seedling growth

[22,23,57,58,146–151]. The tests can be carried out in pots or in petri dishes. The majority of

plants commonly used in phytotoxicity tests have been limited to species of agricultural

importance. A recent update of ASTM methodology for terrestrial plant toxicity testing lists

nearly 100 plant taxa [152]. OECD has developed a plant bioassay [11]. This test is a simple test

and includes at least one monocotyledon and one dicotyledon plant. The plant species

recommended for growth experiments by OECD are listed in Table 2. Some test species are also

recommended in ISO documents (Table 3). The test examines the reaction of growth of a plant

species in the early stages of development. The efficiency of plant growth within 14 days is

determined by establishing the average fresh mass after cutting the shoots above the soil surface.

The calculation of the reduction in growth as a percentage of the average mass of the plants from

the test samples compared to that of controls is then carried out, such that

Percentage growth reduction ¼
C � T

C
� 100

where C is the average fresh mass in the control, and T is the average fresh mass of the plants

from the diluted test waste or soil. The level of significance of any growth inhibition observed is

computed using Student’s t-test or Dunnett’s t-test.

The other parameter for phytotoxicity assessment is emergence, calculated as

Percentage emergence ¼
Ce � Te

Ce

� 100

Table 2 Plant Species Recommended for Assessment

of Toxicity by OECD

Common name Latin name

Ryegrass Lolium perenne

Rice Oryza sativa

Oat Avena sativa

Wheat Triticum aestivum

Sorghum Sorghum bicolor (L.) Moench

Mustard Sinapis alba

Rape Brassica napus

Radish Raphanus sativus

Turnip Brassica rapa

Chinese cabbage Brassica campestris

Vetch Vicia sativa

Mungbean Phaseoli aureus

Red clover Trifolium opratense

Lettuce Lactuca sativa

Cress Lepidium sativum
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where Ce is the average number of emerged seeds in the control, and Te is the average number of

emerged seeds in the diluted test waste or soil.

Plant growth and germination tests are the most common techniques used to determine

compost maturity and toxicity. A large number of studies have been carried out with different

plant species such as ryegrass [153], barley [57,58,149], barley and radish [154], poplar [150],

red maple, white pine, pin oak [155], and lettuce [151]. Furthermore, phytotoxicity parameters

are used to ascertain whether the different kinds of waste (sewage sludge and municipal solid

waste) are suitable for agricultural use or soil rehabilitation [57,58]. However, whether sewage

sludge or municipal solid waste is used, it is convenient to submit it first to a process of

composting to avoid risks associated with the presence of the phytotoxic substances. On the

other hand, the fresh products are suitable for addition to soils with a view to their rehabilitation.

2.7 COMMERCIAL STANDARD BIOASSAYS: TOXKIT TESTS

The impact of xenobiotics on aquatic environments, including wastewaters, is generally

determined by acute and chronic toxicity tests. However, because of the large inventory of

chemicals, short-term bioassays are now being considered for handling this task. The major

attraction of the new bioassays is that they bypass one of the major handicaps of toxicological

testing, namely the necessity of continuous recruitment and/or culturing of live stock of test

species in good health and in sufficient numbers [156]. On the basis of the information supplied

by 35 ecotoxicological laboratories in Europe, Persoone and Van de Vel [157] performed a cost

analysis of the three acute aquatic toxicity tests recommended by the OECD, and came to the

conclusion that maintenance and culturing of live stocks makes up at least half of the expense of

any of those bioassays. Maintenance and culturing of live organisms furthermore requires highly

skilled personnel and the availability of temperature-controlled rooms provided with specific

equipment.

In a review on “Microbiotests in aquatic ecotoxicology,” Blaise [28] comments on 25

different test procedures with bacteria, protozoa, microalgae, invertebrates, and fish cell lines,

worked out and used to date by different research laboratories. When examining each of these

tests from the point of view of practical features according to five criteria (availability in kit

Table 3 Test Species of the Plants Recommended for Phytotoxicity Assessment by ISO

Monocotyledonous Dicotyledonous

Common name Latin name Common name Latin name

Rye Secale cereale L. Mustard Sinapis alba

Ryegrass Lolium perenne L. Rape Brassica napus (L.)

Rice Oryza sativa L. Radish Raphanus sativus L.

Wheat, soft Triticum aestivum L. Chinese cabbage Brassica campestris L.

Oat Avena sativa L. Birdsfoot fenugreek Trifolium

ornithopodioides L.

Spring or winter barley Hordeum vulgare L. Lettuce Lactuca sativa L.

Sorghum Sorghum bicolor (L.)

Moench

Cress Lepidium sativum L.

Sweetcorn Zea mays L. Tomato Lycopersicon

esculentum Miller

Bean Phaseolus aureus Roxb.
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format, portability, maintenance-free bioindicator, performance in microplates, minimal

training, and equipment requirement), Blaise comes to the conclusion that the Toxkit tests are

the only types of bioassays that abide by all five features.

The first steps in bypassing of the biological, technological, and financial burden of live stock

culturing or maintenance were made more than 20 years ago through the development of a “bacterial

luminescence inhibition test” [34,35]; this bioassay is presently known and used worldwide as

the Microtoxw test. The revolutionary principle of this test is that it uses a “lyophilized” strain of a

(marine) bacterium (Photobacterium phosphoreum). This makes the bioassay applicable anytime,

anywhere, without the need for continuous culturing of the test species.

The second breakthrough in cost-effective toxicity screening was made through the

development of “cyst-based” toxicity tests [158,159]. The new approach is based on the use of

cryptobiotic stages (generally called cysts) of selected aquatic invertebrate species; the cysts are

used as the “dormant” biological material from which live test organisms can easily be hatched.

Like seeds of plants, “resting eggs” can be stored for long periods of time without losing their

viability, and can be hatched “on demand” within 24 hours. The continuous availability of live

test organisms through hatching of cysts eliminates all the problems inherent or related to

continuous recruitment or culturing of live stocks, and solves one of the major bottlenecks in

routine ecotoxicological testing. Commercial products for toxicity measurement on liquid and

solid samples are already available (Table 4).

2.8 APPLICATION OF THE BIOASSAYS FOR ASSESSMENT
OF TOXICITY OF SOLID WASTE

The ecological risk assessment of toxicants in waste requires reproducible and relevant test

systems using a wide range of species. It is generally acknowledged by ecotoxicologists and

environmental legislators that single species toxicity tests provide an adequate first step toward

the ecological risk assessment of toxicants in soil and water [116,161].

2.8.1 Application of Single Species Bioassays

Use of tests based on luminescence is proposed by Carlson-Ekvall and Morrison [162] for

estimation of the copper in the presence of organic substances in sewage sludge. The authors

applied the Microtox toxicity test and Microtox solid-phase method and revealed that copper

toxicity in sewage sludge can increase dramatically in the presence of certain organic substances

(linear alkylbenzene sulfonate, caffeine, myristic acid, palmitic acid, nonylphenol, ethyl

xanthogenate, and oxine) in sewage sludge. They attributed this effect to synergism and

potentially the formation of lipid-soluble complexes. Based on the results of the toxicity found in

this study they concluded that all organic substances tested in some way affected copper toxicity,

and measurements of total metal concentration in sewage sludge is insufficient for decision

making concerning the suitability of sludge for soil amendment.

The Microtox test has been used for determination of toxicity of wastewater effluents,

complex industrial wastes (oil refineries, pulp and paper), fossil fuel process water, sediments

extracts, sanitary landfill, and hazard waste leachates [19].

The contribution of polycyclic aromatic hydrocarbons present in sewage sludge to toxicity

measured with the ToxAlertw bioassay has been investigated by a Spanish group [163].

A ToxAlertw bioassay based on the inhibition of V. fischeri and chemical analysis using gas

chromatography–mass spectrometry was applied to sludge extracts after purification by column

chromatography. The toxicity data can be explained by the levels and composition of different
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polycyclic aromatic hydrocarbons in sewage sludge samples. It is the authors’ opinion that the

present approach can contribute to evaluating the toxicity of sewage sludge. Furthermore,

these bioassays may help researchers in developing processes that produce ecologically

sustainable soils [164].

Genotoxicity is one of the most important characteristics of toxic compounds in waste. For

studying genotoxicity of waste, contaminated soil, sewage sludge, and sediments the con-

ventional Ames test with Salmonella is usually used together with SOS-ChromotestTM and

MutatoxTM [11,19,50–52,165–167].

2.8.2 Application of the Battery of Toxicity Tests

In many studies on solid waste in which ecotoxicological tests have been used, little attention has

been given to such aspects as the selection of test species, sensitivity of the tests, and the

Table 4 Commercially Available Toxicity Tests

Testkit Test organism and test process References

Bacteria

BioTox Kit Vibrio fischeri, luminiscence [38]

Microtox Vibrio fischeri, luminiscence [19,32–37,39]

Microtox Solid-Phase Test

ECHA Biocide Monitor Bacillus sp., inhibition of dehydrogenase

activity

[29,41,42]

MetPAD E. coli, mutant strain, inhibition of

b-galactosidase activity

[19,29,41]

MetPLATE Kit E. coli, inhibition of b-galactosidase activity [19,40]

Toxi-Chromotest Kit E. coli mutant strain, inhibition of

b-galactosidase activity

[19,25,39,43,160]

MetSoil E. coli, mutant strain, inhibition of

b-galactosidase activity

[40]

Toxi-ChromoPad Kit E. coli, inhibition of the de novo synthesis of

b-galactosidase

[25,26,32,39]

Polytox Blend of bacterial strains originally isolated

from wastewater, reduction of respiratory

activity

[19]

Muta-Chromoplate Kit Modified version of Ames test [55]

Mutatox Dark mutant strain of Photobacterium

phosphoreum (V. fisheri), genotoxicity

[54]

SOS-Chromotest Kit E Mutant strain of E. coli, genotoxicity [41,42,53]

Invertebtates

Daphnotoxlit F magna Cladoceran crustacean, Daphnia magna [91]

Daphnotoxkit F pulex Cladoceran crustacean, Daphnia pulex [91]

IQ Toxicity Test Kit Daphnia magna [94]

Artoxkit F Anostracan crustacean, Artemia franciscana

(formerly A. salina)

[91]

Thamnotoxkit F Crustacean Thamnocephalus platyurus [161]

Rotoxkit F Rotifer Branchionus calyciflorus [130]

Protozoa

Protoxkit F Ciliate, Tetrachymena thermophila [91]

Algae

Algaltoxkit F Algal growth test, Selenastrum capricornutum [136]
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simplicity and cost of the assays. Very few serious endeavors have been made to determine the

minimum battery of the test required [10,168]. The potential toxicity of the product of

composting pulp and paper sewage sludge has been determined using a battery of toxicity tests

[11]. The tests were the bioluminescent bacteria test, the flash method, MutatoxTM,

MetPLATETM, MetPADTM, ToxiChromotestTM, the reverse electron transfer (RET) test, and

seed germination with red clover. Differences in sensitivity were found between the tested

parameters. The high concentration of organic matter masked the toxicity effect due to the

activation of bacterial metabolism and enzymatic reaction. Another disturbing factor was color,

especially for the bioluminescence test. The flash method was found to be more sensitive than

the traditional luminescent bacteria test and, in addition, the most sensitive test for solid samples.

A Russian group has suggested using a battery of biotests for toxicity estimation of ash

from a power plant [169]. The ash of six power plants was intended for use in organo-mineral

fertilizers. However, the presence of metals (Mn, Cu, Str, Ni, Mg, Cr, Zn, Co, Cd, Pb, Fe)

required the performance of an investigation into their biological effects and safety. The battery

included tests with the protozoan Tetrachymena piriformis, the water flea Daphnia magna, the

algae Scenedesmus quadricauda, and barley seeds. It was established that the sensitivity of the

tests varies. Results of the bioassays are presented in Table 5. The algae test and the water flea

test were found to be more sensitive. It is the authors’ opinion that a bioassay using such a battery

of tests utilizing different kinds of organisms is needed for the estimation of biological effects of

the ash and its suitability for agriculture.

A battery of toxicity tests has been used to study decontamination in the composting

process of heterogenous oily waste [10]. This particular waste from an old dumping site was

composted in three windrows with different proportions of waste, sewage sludge, and bark.

Samples from the windrow having intermediate oil concentrations were tested with toxicity tests

based on microbes (Pseudomonas putida growth inhibition test, ToxiChromotest, MetPLATE,

and three different modifications of luminescent bacterial tests: BioTox, the bioluminescent

direct contact test, and the bioluminescent direct contact flash test), Mutatox genotoxicity assay,

enzyme inhibition (reverse electron transport), plants (duckweed growth inhibition and red

clover seed germination), and soil animals (Folsomia candida, Enchytraeus albidus, and

Enchytraeus sp.). The luminescent bacterial tests were used as prescreening tests. The bioassays

were accompanied by chemical analysis. As a consequence of the investigation the authors

concluded that the most sensitive tests, which also correlated with the oil hydrocarbon reduction,

were the RET assay, the BioTox test, the bioluminescent direct contact test, the bioluminescent

Table 5 Bioassay of Water Extracts of the Ash Produced in Power Plants

Value for the dilution factor of water extract, which exhibits 50%

inhibition of the estimating function

Power plant

Barley

seeds

Scenedesmus

quadricauda

Daphnia

magna

Tetrachymena

piriformis

Shaturskaya –a 1 : 4 1 : 4 –

Azeiskaya – 1 : 4 1 : 4 –

Kuzneckaya – 1 : 2 1 : 2 1 : 0

CZKK – 1 : 5 1 : 0 1 : 0

Irsha-Borodinskaya 1 : 0 1 : 5 1 : 3 1 : 0

Stupinskaya 1 : 5 1 : 5 1 : 0

aIndicates absence of toxic effect.
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flash test, the red clover seed germination test, the test with soil arthropod F. candida, and the

test with Enchytraeus sp. These tests represent different trophic levels and also assess the effects

of solid samples and extracts. It is the authors’ opinion that one test of each category should

be used to assess the environmental impact of the composted product. The Mutatox assay can

also be included in the battery to assess the disappearance of genotoxicity. Note that one biotest

is sufficient if only process monitoring is concerned. The most suitable test for screening and

monitoring during composting was the luminescent bacterial test, in particular flash

modification.

An integrative approach using toxicological and chemical analyses to screen toxic

substances that could be added to the septic sludge obtained at the wastewater treatment plant

was proposed by Robidoux et al. [170,171] to assist in the management of septic sludge. The

necessity of the development of this ecotoxicological procedure was provoked by the temptation

for producers of toxic substances to mix their hazard waste with chemical-toilet sludge

shipments. At the first stage, four toxicity tests (Microtox, bacterial respiration, root elongation,

and seed germination tests) were used to estimate the toxicity range of a “normal” sludge and for

determination of the threshold limits criteria. These detection criteria can be used with relative

efficiency and confidence to determine whether a sludge sample is contaminated or not. Taken

individually, the seed germination test was the least discriminating toxicological method

(detecting only 10% of the spiked samples). The bacterial respiration test was relatively better

(detecting 72% of the spiked samples). As a whole, the battery of toxicity tests detected at least

93% of the spiked samples. Using a limited battery of two toxicity tests (Microtox and

respiration test), the identification of contaminated chemical-toilet sludge can be detected

with good efficiency and possibly greater reliability (more than 80% of spiked samples). An

integrated ecotoxicological approach to screen for illicit discharge of toxic substances in

chemical-toilet sludge received at a wastewater treatment plant is proposed by the authors based

on chemical and toxicological analyses (Fig. 2). After sampling the sludge received at the

wastewater plant, a 1 L sample is sent to the laboratory for toxicological characterization and

Microtox and bacterial respiration analyses performed. A result below one of the following

criteria would indicate “abnormal” sludge. For the Microtox assay, the two lower criteria

suggested by these authors are: an IC50-5 minute value of 0.20% (w/w), and IC50-30 minute

value of 0.10% (w/w). Microtox IC50 values higher than 0.51% w/w (5 minute) or 0.22% w/w

(30 minute) would indicate that the sludge could be considered normal. For the bacterial

respiration test an oxygen consumption rate less than 14.4 mg/L hour would be considered

“abnormal.” The sludge would be considered normal if its respiration test rate is higher than

49.2 mg/L hour. Results lying between the two criteria for each test would be considered

dubious. The sludge in this latter range is “probably abnormal” and would necessitate an

investigation and closer monitoring by the manager to avoid subsequent illicit discharge of

contaminants. In the absence of additional incriminating information, the suspicious sludge

otherwise should be considered “normal.”

In Russia the disposal cost of waste depends on the class of hazard. For sewage sludge the

ecotoxicological procedure has been outlined for its attribution to different classes of hazard

(nonhazard, low hazard, moderate hazard, and hazard) [172,173]. This approach combines

chemical analysis with bioassay. The data of chemical analysis are used for the determination of

the class of hazard by a method of calculation. However, all compounds could not be taken into

account. Therefore the bioassay of sewage sludge was added. The battery of biotests employed

the protozoan Paramecium caudatum, the bacterium Pseudomonas putida, the higher plant

Raphanus sativus, and water flea Daphnia magna. These organisms are relevant to overall

assessment endpoints, representative of functional roles played by resident organisms, and

sensitive to the contaminants present. In addition, they are characterized by rapid life-cycles,
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uniform reproduction and growth, ease of culturing and maintenance in the laboratory,

uniformity of population-wide phenotypic characteristics, and similar routes of exposure to

those encountered in the field. The first stage consisted of the spiking of three samples of real

sewage sludge with inorganic contaminants (metals) in such a manner as to create the samples

on the bounds of the different classes of hazard. According to Russian legislation it is the metal

content in the sewage sludge that defines the method of its disposal and its attribution to classes

of hazards. Later the threshold limits criteria of these samples were established by determination

of the lowest value for the dilution factor (LID10) and the toxicity unit (TU) of the water extract,

which exhibits less than 10% inhibition of the estimating function. Thus, the attribution of the

sewage sludge samples to different classes of hazard includes the chemical analysis and the

following calculation of the class of hazard and their simultaneous bioassay with the following

attribution to the classes of hazard on the basis of the TU determined (Table 6). As a whole the

sample of sewage sludge is attributed to the hazardous class by experimental and calculation

methods (Fig. 3). In the following, for the attribution of the real waste to the classes of hazard the

Figure 2 Proposed ecotoxicological procedure to screen for illicit discharge to toxic substances in

chemical-toilet sludge.
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following procedure was carried out. After sampling of about 5 kg of the waste, the sample was

divided into two parts. In one part, the pollutants were analyzed by chemical methods then the

class of hazard calculated. The second part of the sample was analyzed by biological methods

using bioassays with four test organisms. For this, the water extract (1 : 10) was produced, the

series of dilutions obtained, and the toxicity measurement carried out.

The germination experiments (in quadruplicate) were carried out on filter paper in petri

dishes. The corresponding water extracts (5 mL) (1/10) from the sewage sludge or soils were

introduced into the dishes, with distilled water as the control in other dishes. Twenty-five radish

seeds (Raphanus sativus) were then placed on the filter paper and the dishes placed in a

germination chamber maintained at 208C. The root lengths were measured after three days.

The tests with Daphnia magna were performed in 50 mL beakers. They were filled with

20 mL test solution and five animals (aged 6–24 hours) were added to each solution. For each

dilution of the extract 2 � 5 daphnids were applied in parallel samples. The daphnids were

incubated without feeding. After 96 hours the number of immobilized specimens was

determined visually.

The toxicity tests with Paramecium caudatum were carried out in a special plate

and examined under a Laboval microscope (Carl Zeiss, Jena). The test reaction was the death of

the test organisms when exposed to 0.3 mL of test solution for 1 hour, using 10 individuals of

Paramecium. Analysis was conducted five times simultaneously.

For toxicity testing with Pseudomonas putida, the inoculum, which has been adjusted to a

specific turbidity, is added to the culture flask filled with the cultural medium and the test sample.

Each dilution step should encompass three parallel batches. After an incubation period of 16+1

hours at a constant temperature of 238C in the dark, the measurement of turbidity, after

homogenization by shaking, was carried out.

In all cases, the percent of inhibition (I%) was determined by comparing the response

given by a control solution to the sample solution. After that, an inhibition curve was fitted to

Table 6 Attribution of the Sewage Sludge to the Classes of Hazard in Relation to the Results of the

Bioassays, Expressed as TU [(LID10)21
� 100]

Class of hazard

Indexes Hazard

Moderate

hazard

Low

hazard Nonhazard

Index of hazard (K)

calculated on

the basis of the

analytical data

K . 1000 1000 � K . 100 100 � K . 10 10 � K

Pseudomonas

putida bioassay

LID10 , 0.15 0.15 � LID10 , 4 LID10 � 4 Nontoxic without

dilution

Paramecium

caudatum

bioassay

LID10 , 0.07 0.07 � LID10 , 0.6 ID10 � 0.6 Nontoxic without

dilution

Daphnia magna

bioassay

LID10 , 0.07 0.07 � LID10 , 0.43 ID10 � 0.43 Nontoxic without

dilution

Raphanus sativus

bioassay

LID10 , 1 1 � LID10 , 17 ID10 � 17 Nontoxic without

dilution

TU, toxic unit.
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calculate the 10% value for the dilution factor (LID10) of the extract (Fig. 4). Acute toxicity was

calculated in toxicity units (TU) according to the following formula:

TU ¼ (LID10)�1 � 100

This toxicity unit reflects the total toxicity of all toxic substances in the sample.

The examples of the attribution of the real sewage sludge formed on different treatment

plants to the classes of hazard are presented in Table 7. The same approach was adopted in

Russia for the attribution of the waste as a whole to the classes of hazard. The only difference is

the use of the test organisms representing water life (water flea, algae, protozoa) [174].

A similar regulation concerning solid waste is applied in Hungary. Evaluation of hazard of

the waste and the establishment of fines are based on the results of ecotoxicological tests.

Classification of wastes is based on the results of toxicological tests (algal test, Selenustrum

capricornutum; seeding test, Sinapis alba; crustacean, Daphnia magna; fish, Zebradanio rerio;

Figure 3 Proposed ecotoxicological procedure for assessment of solid waste toxicity and calculation of

the classes of hazard.
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bacteria, Azotobacter agile, Pseudomonas fluorescens, Terravita mixed microflora) [175]. If at

least one of above-mentioned tests is positive in 10-fold dilution, the waste is valued for hazard.

The use of a battery of environmental bioassays for the management of hazardous wastes

is applied in the Czech Republic [176]. This battery of environmental bioassays has included

representatives of producers, consumers, and destructors: D. magna (possible substitution by

D. pulex), acute, reproduction, chronic test; Scenedesmus quadricauda (S. capricornutum), as

bottle test or in microwell plates; Poecillia reticulate (Danio rerio), acute, chronic, embryolarval

tests; S. alba (Lactuca sativa), germination test, 72 hours.

2.9 APPLICATION OF THE BIOASSAYS FOR REGULATORY
REQUIREMENTS OF EFFLUENTS

Chapman [177] described in his paper a historical aspect of biotesting application, and wrote that

we could date toxicity tests back at least to Aristotle, who collected “bloodworms” (most

probably chironomids) from freshwater muds downstream of where Athenians discharged their

sewage and observed the responses of these animals when placed into salt water. Similar

experimentation has occurred on an investigator-specific basis through to the present century

[178]. Effluent toxicity testing in support of organized efforts to assess and control water

pollution began in the 1940s; the first attempt at standardizing effluent toxicity tests occurred in

the 1950s [179]. In 1985, whole effluent toxicity (WET) testing was formalized by the U.S.

Environmental Protection Agency (USEPA), with the intent: “To identify, characterize, and

eliminate toxic effects of discharges on aquatic resources” [180]. Whole effluent toxicity testing

is clearly a useful tool [181], but has a number of imperfections.

Among the objectives that strongly relate to the control function of wastewater

biomonitoring are (1) the prevention/reduction of effects occurring in receiving water bodies;

(2) to permit compliance testing as a part of the permit formulation; and (3) testing and steering

the progress of technology based on improvement of effluent quality. Early warning of disasters

and accident spills together with the prediction of effects occurring in receiving water bodies are

mainly related to the alarm and the prediction function, respectively [177].

In order to use effluent toxicity data for pollution control purposes, it is necessary to test

effluent samples that are representative of the characteristics of the effluent. Because an effluent

Figure 4 Example of the calculation of LID10.

38 Selivanovskaya et al.

© 2006 by Taylor & Francis Group, LLC



Table 7 Attribution of the Real Sewage Sludge Formed on Treatment Plants of Different Cities

in Russia to the Classes of Hazard on the Basis of the Bioassay Data

Toxicity expressed as TU of the water extract

Type of sewage
sludge

Daphnia
magna

Paramecium
caudatum

Pseudomonas
putida

Raphanus
sativus

Class of
hazard

Raw mixture of
primary and
secondary sewage
sludge (municipal
treatment plant,
Zelenodolsk)

0 0 0 0 Nonhazard

Anaerobically
digested fresh
sewage sludge
(municipal
treatment plant,
Nabereznie Chelni)

0.7 0 4 33 Low hazard

Anaerobically
digested sewage
sludge, stored
(municipal
treatment plant,
Nabereznie Chelni)

0 0 10 0 Low hazard

Raw secondary
sewage sludge
(municipal
treatment plant,
Kogalim)

0.4 0 0 0 Moderate
hazard

Raw primary sewage
sludge (municipal
treatment plant,
Kogalim)

0.75 2.6 4.2 25 Low hazard

Mixture of primary
and secondary
sewage sludge,
treated with filter
press (municipal
treatment plant,
Kazan)

1 10 3.4 8.3 Moderate
hazard

Mixture of primary
and secondary
sewage sludge,
stored in landfill
(municipal
treatment plant,
Kazan)

5 0 20 50 Moderate
hazard

Mixture of primary
and secondary
sewage sludge
(municipal
treatment plant,
Usadi)

0 0 0 0 Nonhazard
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may vary significantly in quantity and toxicity either randomly or with regular cycles, the design

of an appropriate sampling regime is difficult, as illustrated in Figure 5. The variability of

toxicity of samples from the Kazan municipal treatment plant is strongly dependent on the time

and intervals of sampling.

Whole effluent toxicity test species are generally not the same as the resident species that

the results of WET testing are aimed at protecting, particularly where nontemperate environ-

ments (e.g., tropical and Arctic environments) are concerned, or for estuaries [177]. Also,

not all resident species have the same sensitivities to individual or combined contaminants in

effluents. Further, differences exist between sensitivities and tolerances of WET species. Such

differences are not unexpected; hence, it is desirable to use more than one toxicity test organism

and endpoint to assess effluent toxicity.

Pontasch et al. [182] summarize the shortcomings of single species tests as follows:

1. They do not take into account interactions among species;

2. They utilize genetically homogeneous laboratory stock test populations;

3. They utilize species of unknown relative sensitivities;

4. They are mostly conducted under experimental conditions that lack similarity to

natural habitats;

5. They utilize species that are not usually indigenous to the receiving ecosystem.

Indeed, toxicity assays are performed on a very limited set of species, and thus only

represent a small fraction of the phylogenetic assemblages that characterize natural systems.

Figure 5 Irish industry specific criteria for whole effluent toxicity.
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Test species currently used are those that are easily cultured and/or maintained in the laboratory.

However, because of their much broader tolerances to natural environmental stressors, these

biota may be poor predictors of the responses of organisms growing in a more delicately

balanced and biologically inter-related environment. However, the search for the most sensitive

taxon fortunately died a natural death when it was realized that different types of toxicants

have different modes of action, and that no general toxicological relationship exists that is

applicable to all categories of chemicals, and for all species. Yet, the question that has not yet

been solved is how many species and what types of species need to be tested to adequately

represent the whole range of indigenous biota of natural systems. For waste mixtures, the suite of

biota must cover a much broader range of phylogenetic groups, unless it can be demonstrated

that particular groups of biota are much less sensitive than others, and can be excluded from the

battery [183]. In order to take the (often neglected) ecological realism in toxicity testing into

consideration, the battery of bioassays are composed of test species belonging to the three

trophic levels of aquatic food chains: producers, consumers, and decomposers. Bernard et al.

[168] used Scenedesmus subspicatus (micro-algae) and Lemna minor (duckweed) for producers;

Brachionus calyciflorus (rotifers) and Daphnia magna for consumers; and Ceriodaphnia dubia

and Thamnocephalus platyurus (crustaceans), for the decomposers. Vibrio fisheri (bacteria) and

Spirostomum ambiguum (ciliate protozoan) were used for testing such complex effluents as

landfill leachates. Based on the results of their investigations the authors made recommendation

for using a further such battery of tests: prokaryotes (V. fisheri), unicellular animal eukaryotes

(S. ambiguum), unicellular plant eukaryotes (S. subspicatus), and one representative of either a

multicellular plant or various groups of animal eukaryotes.

In Russian legislation there is a requirement for using two test organisms from different

trophic levels in a battery of recommended test species: decomposer, bacteria V. fisheri and

E. coli (Toxi-Chromotest), unicellular animal eucaryotes P. caudatum; producers, unicellular

plant eukaryotes Chlorella vulgaris, Scenedesmus quadricauda; and consumers, multicellular

animal eukaryotes D. magna, Ceriodaphnia dubia (affinis). Sensitivity of test species depends

on the wastewater composition, but sensitivity is often accorded in decreasing order as:

S. quadricauda (C. vulgaris)! P. caudatum! V. fisheri! D. magna [C. dubia (affinis)].

In particular we would like to underline the ability of microalgae to increase biomass during

wastewater testing. This effect is well known as stimulated, which necessitates eutrofication of

the recipient water body. The use of ciliate P. caudatum has low sensitivity, but due to high

expression (1 hour) is a very popular test, in particular for toxicity screening of wastewater in the

sewage system before biological treatment. The test permits the most toxic wastewaters to be

analyzed rapidly and cost-effectively.

2.9.1 Control of the Toxicity of Industrial Discharges

In most European countries, the control of toxicity of industrial discharges is carried out, to date,

almost exclusively through quantitative chemical analysis of each compound for which a limit

value has been set. Unfortunately, this practice is not very efficient from the point of view of

protection of the aquatic ecosystem for the following two major reasons:

1. Chemical analyses are limited to a restricted number of compounds, which do not

necessarily reflect the qualitative nor quantitative “overall” composition of the waste.

2. Wastes are very often complex mixtures of substances, each of which are present in a

different concentration [156].

With regard to the first reason, it must be stressed that whereas each legislation prescribes

explicitly that an industrial discharge should not affect the biota of the receiving waters, the
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practical implementation totally overlooks the (potential) toxic effects of compounds for which

no limit values have been set, but which may make up a substantial part of the effluent. With

regard to the second reason, it is virtually impossible to calculate the ultimate toxicity of a

(complex) waste from the individual toxicities of each chemical present. A simple comparison to

illustrate the latter statement is the impossibility “to predict” (at least with a certain degree of

precision) the final color of a set of different dyes, to be mixed in different proportions. The only

valid approach to determine the final color (i.e., in the case of hazard assessment: the ultimate

toxicity) is the “experimental” way, namely by ecotoxicological testing [156].

Although ecotoxicological testing is the only valid approach to establish the real hazard of

effluent discharges, it is seldom practiced in routine unless it is explicitly imposed by legislation,

which is the case in only a few countries.

The data concerning the use of bioassays in the biomonitoring of liquid waste are

presented in different reviews [12,19,184]. Hereafter we represent some information from these

reviews.

2.9.2 Canada

Environment Canada recently developed an evaluation system based on effluent toxicity testing,

capable of ranking the environmental hazards of industrial effluents [185]. This so-called

Potential Ecotoxic Effects Probe (PEEP) incorporates the results of a variety of small-scale

toxicity tests into one relative toxicity index to prioritize effluents for sanitation. In the index no

allowance has been made for in-stream dilution, therefore the actual risk for environmental

effects is not modeled. The tests performed on each effluent are the following: bacterial assay

[V. fisheri (P. phosphoreum), Microtox], microalgal assay (S. capricornutum); crustacean assay

(C. dubia); and bacterial genotoxicity test (E. coli, SOS-test).

All test results are expressed as threshold values (LOECs), and subsequently transformed

to toxic units (TUs). The entire scheme results in a total number of 10 TUs per effluent. The

results are put through the following calculation to produce the PEEP index.

PEEP ¼ log10
1þ n

PN
i¼1 TUi

N

 !

Q

2

4

3

5

where N is the total number of bioassays performed, n is the number of bioassays indicating

toxicity, and Q is the flow rate of the effluent in m3/hour.

Based on the correlation matrix of all bioassays data obtained with 37 effluents, it can be

concluded that none of the bioassays produces data that are redundant. In other words, all

bioassay procedures add to the information content of the PEEP index.

In the 37-effluent study, the effluents of the pulp and paper industry proved to be

consistently far more toxic than those of other types of industries (PEEP . 5). The same study

revealed that approximately 90% of the total toxic discharge is caused by the added toxicity of

only three effluents of the 37. The effluent pipes for these are clearly considered the most

rewarding for counteractive measures [12].

2.9.3 USA

In 1984, the U.S. Environmental Protection Agency (EPA) [186] recommended the use of

“biological techniques as a complement to chemical-specific analysis to assess effluent
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discharges and express permit limitations.” Already in 1985 [187] a guidance document

had been produced on the use of effluent toxicity test results in the process of granting permits

for discharge. The Organization for Economic Cooperation and Development (OECD)

[188,189] in 1987 and 1991 fully adhered to the guidelines provided by the EPA. Discharging

industries are required to provide quality-assured data on toxicity according to a tiered approach,

where the in-stream dilution is the first screening level, and increasing toxicity requires more

complicated and definitive testing with increasing numbers of species from different trophic

levels, at increasing frequencies. The permit requirements are set to the level where there is a

minimal risk for ecosystem damage outside the in-stream mixing zone. Inside the mixing zone

some nonlethal effects are allowed to occur, depending on the types of organisms and their

duration of residence in the dilution plume. The 1985 scheme was rather complicated with

respect to determining the balance between the projected in-stream toxicity and uncertainty/
reliability. Since new policies and regulations have been promulgated and a vast amount of

knowledge and experience has been gained in controlling toxic pollutants, the testing and

evaluation scheme was greatly simplified, while retaining its integrity, in 1991 [190].

Genotoxicity is addressed in a chemical-specific way with respect to human health only, based

on the average daily intake (ADI) with drinking water and the ADI with fish consumption. The

aspect of bioaccumulative capacity is also dealt with in a chemical-specific way.

The biological approach (whole effluent) to toxics control for the protection of aquatic life

involves the use of acute and chronic toxicity tests to measure the toxicity of wastewaters. Whole

effluent tests (WET) employ the use of standardized, surrogate freshwater or marine (depending

on the mixture of effluent and receiving water) plants (algae), invertebrates, and vertebrates.

The evaluation strategy applied to the combined data on in-stream dilution and multiple

data on effluent toxicity involves a comparison of the calculated concentration of the effluent in

the receiving water under worst-case conditions (RWC ¼ receiving water concentration) with

statistically derived “safe” concentrations of that specific effluent [the critical continuous

concentration (CCC), based on chronic testing, and the critical maximum concentration (CMC),

based on acute testing]. RWC, as well as CCC and CMC, is expressed as TUs. Action is taken

when RWC . CCC or RWC . CMC. As a minimum input from toxicity testing it is required

to perform acute toxicity tests on three different species quarterly for a period of at least one

year. Additionally, some extrapolation to chronic toxicity has to be provided, or chronic toxi-

city has to be tested, depending on the rate of in-stream dilution. If the dilution is less than

1 : 100, chronic toxicity is required. If neither of the CCC or CMC are violated and the dilution

is less than 1%, then it has to be demonstrated that combination effects will not occur in the

receiving water (use up-stream dilution water in toxicity tests), and that the toxicity is

nonpersistent (repeatedly test effluent/up-stream water samples after progressive storage under

realistic conditions).

The EPA realized that setting water quality criteria with respect to toxic load, although

playing an important role in assuring a healthy aquatic environment, has not been sufficient to

ensure appropriate levels of environmental protection. The primary objective of the U.S. Clean

Water Act (1987) is “ . . . the restoration and maintenance of the chemical, physical, and

biological integrity of the Nation’s waters.” To meet this objective, EPA rightfully states that

water quality criteria should address biological integrity. Therefore, the Agency recommends

that the water quality authorities begin to develop and implement biological criteria in their

water quality standards. In order to verify the compliance of water bodies to their assigned

standards, ecosystem monitoring is considered a necessity. In the guidance document on water

quality based toxics control [190], it is explicitly stated that the chemical-specific and the whole

effluent approaches for controlling water quality should eventually be integrated with ecological

bioassessment approaches [12].
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2.9.4 Argentina

As in many countries, the first attempts at understanding the effects of pollution on aquatic

ecosystems in Argentina began within the academic and scientific community [191]. A

systematic approach using toxicity tests with aquatic organisms is applied only in scientific

laboratories.

2.9.5 Chile

The use of bioassays in environmental monitoring has not been developed in Chile [191]. In

1998 the Ministry of Agriculture started to set up a bioassay laboratory for evaluation of the

presence of toxic substances in water for irrigation and animal consumption. This ministry is

now in the process of implementation of EPA standardized crustacean and algal tests with

Daphnia and Selenastrum capricornutum, respectively. There is no governmental wastewater

bioassay monitoring.

In 1998, two bioassay methods were considered by the Chilean Regulation Institute (INN)

as the first attempts for the introduction of microbioassays for routine testing in Chilean

regulations: (1) the Bacillus subtilis growth inhibition test for toxicity evaluation of industrial

effluents discharged into sewers, to detect interference with the BOD, is near endorsement; and

(2) the assessment of acute toxicity in receiving waters using D. pulex is presently under

discussion.

2.9.6 Columbia

The use of bioassays as an analytical tool for the assessment of environmental pollution is

relatively new in Columbia. Even though the Ministry of Health established in Decree 1594

(1984) that environmental control agencies should propose acceptable LC50 values for 22

substances of ecotoxicological interest in order to protect fauna and flora, none of the entities has

carried out this action up to mid-1998.

The control of toxic substances by means of bioassays at a governmental level has had

little development. Even though there has been no great industrialization in this country, control

of industrial contamination has centered on the implementation of treatment systems to remove

organic material and bacteria. Consequently, although it is well-known that 85% of industrial

effluents are discharged into continental waters and seas without any treatment, and that 74% of

them are found around the Caribbean basin, currently proposed monitoring programs are

centered on physico-chemical evaluation and the reduction of organic and bacteriological

contamination [191].

2.9.7 Japan

In Japan, many chemicals are monitored at specific sites in rivers, lakes, and coastal areas,

and data are published through the Japanese Environmental Agency. Environmental standards

of water quality were revised in 1993 and over 50 chemicals were added to the list.

Ecotoxicological monitoring is now considered to be very important for risk assessment of

chemicals, and guidelines for ecotoxicological evaluation of chemicals are presently under

examination at the level of the Japanese Government [192]. The methods that will be taken

into consideration are in most cases in accordance with OECD Guidelines [79,133]. From the

10 toxicity tests described in the OECD Guidelines, the algal growth inhibition test, the

Daphnia acute immobilization and reproduction test, and the fish toxicity test have been
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selected and the PNEC values from literature sources are compared with environmental

concentrations. However, bioassays are not yet endorsed legally as a tool for environmental

monitoring and hazard assessment in Japan. Toxic hazard is still only evaluated through

chemical analysis.

2.9.8 France

In France, industrial effluents are regularly monitored for toxicity with daphnids. The toxicity

data are used as a base for discharge taxation [193]. The Microtox test, chronic toxicity test, and

a test on mutagenicity to the set of required bio-criteria are also used for wastewater monitoring

[12,194].

2.9.9 Germany

German water authorities adopted a permit system for effluent emission where the requirements

are based on fish toxicity [195]. Daphnia, algae, and luminescent bacteria are including for a

screening additionally to the fish test. In this scheme the fish test (Goldorfo; Leuciscus idus) is

still considered to be the only test producing definitive results.

The toxicity requirements are established per type of industry, in terms of the maximum

number of times the effluents needs to be diluted to produce a no observed effect concentration

(NOEC), defined as Gf for fish, Gd for daphnia, Ga for algae, and Gl for luminescent bacteria.

Testing is limited to the exposure to only the appropriate Gx level, which should not produce

any observed effect [the G-value corresponds with the dilution of the effluent, expressed as the

lowest dilution factor (1, 2, 4, . . .) causing less than 10% mortality]. The level of maxi-

mum allowable toxicity per industrial branch is based on the level that is considered to be

attainable with state-of-the-art process and/or treatment technology. Violating the toxicity

requirements results in a levy, which makes state-of-the-art compliance a more economic

option [12].

2.9.10 Ireland

In Ireland, compliance with toxicity limits for selected industries is ascertained by annual or

biannual test on representative samples of effluent. The test species most commonly used is the

rainbow trout (Salmo gairdneri). Control authorities normally require results from 96-hour tests.

The toxicity values are expressed as the minimum acceptable proportion of effluent (as a

percentage) in a test resulting in 50% fish mortality after 96 hours of exposure. The toxic units

(TU) are defined as the maximum number of times an effluent may be diluted to produce the test

criteria (TU ¼ 100/96-hour LC50, with LC50 expressed as the percentage of effluent in the test)

(Fig. 5).

In order to encourage the optimum selection of sites for new industries, it is recommended

that receiving waters at all times must provide a minimum of 20 dilutions in the immediate

vicinity of the discharge for each toxic unit discharged. Flow measurements, mixing and dispersion

studies are therefore a necessary addition to monitoring toxicity limits of effluents [12].

2.9.11 The Netherlands

For the control of water quality, the Netherlands government identified two pathways in a tiered

procedure. The first path, the emission approach, requires dischargers to apply best available
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and/or best affordable technologies for the reduction of the environmental risk of their effluents

with respect to good housekeeping, process control, choice of (raw) materials, and effluent

pretreatment. Currently, this process is only iteratively guided by chemical-specific evaluation

of effluent quality. In a combined effort, the Ministry of Housing, Spatial Planning and the

Environment, together with the Ministry of Transport, Public Works and Water Management,

are in the process of developing a whole effluent evaluation system that will complement the

chemical-specific approach. The whole effluent evaluation method will only be applied to

selected effluents (large quantities, high risk) to assist in formulating additional pollution

reduction strategies. The method will be comprised of effluent tests on mutagenicity,

persistence, chemical and biological oxygen demand (COD and BOD), acute and chronic

toxicity, and bioaccumulation as intrinsic properties of the effluent (Fig. 6) [12,196,197].

Once effluent quality is considered to be acceptable, the water quality based approach will

be followed, in which the remaining risks for effects in the receiving water are evaluated. In this

framework, ambient water quality, inside and outside the mixing zone, will be verified against

compound-specific water quality objectives, designated use requirements, the presence of actual

toxicity (TRIAD), and biological integrity (biological water quality objectives). The results of

the remaining risk evaluation may lead to the requirement of further risk reducing measures in

the effluent. Additionally, the possibilities for setting permit limit requirements in the sense of

whole effluent toxicity are also being evaluated.

Figure 6 The Netherlands system for water quality control.
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2.9.12 United Kingdom

The biological testing of wastewater initially only consists of acute toxicity screening with

luminescent bacteria (Microtox) and a 24 hour Daphnia lethality test for freshwater or a 24 hour

Oyster larvae test for estuarine or marine waters to reveal the need for further testing

[12,198,199]. The results of these tests classify the permit requirements for the effluent in four

categories. The most stringent class requires the effluent to be monitored with three or four acute

toxicity tests (Freshwater: 72/96 hour algal growth inhibition test with Selenastrum, 48 hour

Daphnia lethality test, and a 96 hour fish lethality test with Salmo trutta, Oncorhynchus mykiss,

or Cyprinus carpio. Marine/estuarine water: 72/96 hour algal growth inhibition test with

Pheodactylum or Skeletonema, 48 hour Oyster embryo/larvae development test, and a 96 hour

fish lethality test with Pleuronectes paltessa or Scopthalmus maximus). The second stringent

class prescribes effluent monitoring with one of the screening tests after verification with the

above-mentioned three or four acute tests. A third lower level of toxicity leaves the obligation

for toxicity monitoring to one of the screening tests only, and at the fourth level no toxicity

monitoring will be required. Measurements of chronic toxicity are not considered, neither are

evaluations of accumulation, persistency, degradability, and genotoxicity.

2.9.13 Sweden

In Sweden, industrial effluents are to be characterized by chemical composition, toxicity,

bioaccumulative capacity, and degradability [200]. The evaluation is performed according to the

following tiered procedure:

Step 1

. Degradability is measured as BOD7/COD;

. Acute toxicity is evaluated for fish, crustacea, algae, and higher plants (model

organisms);

. Bioaccumulation capacity is estimated by extraction with an organic solvent,

followed by the separation of the lipophilic compounds with thin layer chromato-

graphy. The migration distances give information on possible bioconcentration

factors. The compounds of interest can be isolated from the TLC-plate and analyzed

by GC/MS;

. Chemical analysis, including group variables like absorbable organic halogenids or

total organic chlorine.

Step 2

. Degradability – added test with possibly a characterization (toxicity or bioaccu-

mulation) or identification of the nondegradable fraction;

. Biological effects measurements – chronic toxicity and mutagenicity tests;

. Bioaccumulation and chemical evaluation – involve more and more elaborate analysis.

Step 3

. Step 3 is only prescribed in general terms, but should be tailored for the specific

effluent on the basis of the results from tier 1 and 2.

2.9.14 Norway

Norway has a standardized test program for permit derivation, comprising the Ames

mutagenicity test, acute and chronic toxicity tests, and a biodegradation test. For monitoring

purposes, it is advised to start screening the toxicity of an effluent with a comparatively large
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diversity of tests. The determination of precise concentration–effect relationships can then be

restricted to the most sensitive types of organisms [12,201].

2.9.15 Poland

The first Polish toxicity standards were elaborated more than 25 years ago [202]:

. determination of acute toxicity to Chlorella;

. determination of acute toxicity to Daphnia magna;

. determination of acute toxicity to Lebistes reticulatus.

Those standards were modified and adapted to ISO standards 10 years ago. Standard bioassays

used are mainly D. magna, luminescent bacteria (MicrotoxTM, Lumistox), and Spirotox

(protozoan Spirostomum ambiguum).

2.9.16 Estonia

In Estonia the monitoring of effluents is based on chemical analysis. The list of controlled water

quality parameters depends on the type of industry. Bioassays are not used as a monitoring tool.

However, according to HELCOM Recommendations No. 16/5, “Requirement for discharging of

waste water from the chemical industry,” and No. 16/10, “Reduction of discharges and emission

from production of textiles,” the toxicity effect of discharges into water bodies should be determined

by (at least) two toxicity tests, which could be chosen out of the following four toxicity tests [203]:

. toxicity to fish;

. toxicity to algae;

. toxicity to invertebrates (Daphnidae);

. toxicity to bacteria.

2.9.17 Hungary

Chemical analyses are mainly used for detecting hazard of liquid and solid wastes [175].

Governmental orders and laws regulate the evaluation of hazard of effluent by toxicological

tests. Waste control includes the determination of 30 chemical parameters, coliform count, and

the result of ecotoxicological test (D. magna test). Category of toxicity:

. .100-fold dilution ! strongly ecotoxic;

. 50 to 100-fold dilution ! ecotoxic;

. 10 to 50-fold dilution ! lightly ecotoxic;

. ,10-fold dilution ! nontoxic.

2.9.18 Czech Republic

The official use of bioassays for the environmental management of hazardous wastes and

chemicals is requested in Law No. 157/98 (chemicals) and 132/97 (industrial and domestic

wastes). As well as other laws (protected areas, reservoirs conservation, etc.) there is also a

system of regulations, directives of the Ministry of the Environment (mostly wastes, monitoring

system, etc.), agriculture (drinking water, agricultural soil, and water for animals) and guidelines

of local governments. The philosophy is led by the idea that every battery of environmental

bioassays includes representatives of producers, consumers, and destructors [176].
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Here is an overview of ecotoxicological bioassays cited in the above-mentioned

legislation:

. Daphnia magna (Thamnocephalus platyurus);

. Scenedesmus quadricauda (Selenastrum capricornutum) as bottle test or in microwell

plates;

. Poecillia reticulate (Danio rerio) acute, chronic, embryolarval tests;

. Microtox test (or equivalent);

. Activated sludge respiration test.

2.9.19 Slovenia

Routine ecotoxicological tests are regulated for some wastewaters by a law that controls

emission and taxation. For wastewaters that flow into receptacles, the inhibition of the mobility

of Daphnia magna Straus (Cladocera, crustacea) acute toxicity test is obligatory [79]. For some

types of wastewaters flowing through biological purification plants the evaluation of aerobic

biodegradability of organic compounds in an aqueous medium/static test (Zahn–Wellens

method) is likewise obligatory [204].

2.9.20 Lithuania

According to wastewater requirements, the water quality of effluents should not be toxic on the

basis of results of two acute toxicity tests. The following tests can be applied: toxicity to fish,

toxicity to daphnia, toxicity to luminescent bacteria, toxicity to green algae [205].

2.9.21 Russia

The battery of tests used involves the conventional crustacean test (D. magna, C. dubia),

conventional algal test (S. quadricauda, C. vulgaris), protozoan tests (P. caudatum, death and

chemotaxis) and ToxiChromotest, which are applied for taxation of discharge water [206,207].

Researchers should choose no less than two of the bioassays. The level of the tax depends on the

level of the toxicity of the discharged water and is calculated by multiplication of the basal tax by

a special coefficient, which is determined on the basis of the dilution factor, expressed as toxic

units (Table 8). Analysis of data from 13 regions of Russia [207] has shown that only 47% of all

samples of wastewater were nontoxic and 5% of them were extremely toxic (Fig. 7). Analysis of

toxicity of industrial discharges of the Tatarstan region has shown that toxicological load on

the recipient water body is proportional of wastewater toxicity. Thus, about 0.03% of the water

capacity of the River Kazanka is necessary for dilution of toxic wastewaters every day

(Table 9).

Table 8 Classification of Effluents Based on Toxicity Assessment

Level of toxicity Toxic unit Multiplying coefficient

Low toxicity 1.1–16 1.3

Moderate toxicity 16–50 1.5

High toxicity 50–90 1.8

Extremely high toxicity .99 2.0
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Gelashvilly et al. [208] showed distribution of toxic input on the basis of types of

industrial wastewaters for the Nizhni Novgorod region (Fig. 8). Toxicological contribution of

different industrial wastewaters on recipient water bodies was calculated using the following

equation:

T ¼ TU � Q � t

Figure 7 Wastewater classification on the basis of toxicological results (data analysis of 13 Russian

regions).

Table 9 Toxicity Control of the Wastewaters Discharged into Recipient Water Bodies

(Tatarstan Region, Russia)

Source of industrial discharge TUa

Capacity

of

discharge

in m3/day

Volume of natural

water for decreasing

acute toxicity of

discharge (m3/day)

Name of the

recipient

river

Kazan municipal

treatment plant

1.3 572,000 743,600 Volga

Zainsk municipal treatment

plant

3.75 8,000 30,000 Zai

Hennery “Yudinski” 12 240 2,880 Volga

Milk plant (Sabinsk) 7.2 280 2,016 Sabinka

Alcagol distilling plant

(Usadi)

1 1,895 1,895 Kazanka

Optic-mechanical plant 6 253.44 1,774.1 Kazanka

Milk plant (Arsk) 6 200 1,200 Kazanka

Hennery (Laishevo) 1 800 800 Pond

Municipal treatment

plant (Pestresi)

1 700 700 Miesha

Sanatorium “Krutushka” 4 150 600 Kazanka

Agricultural firm “Serp i

Molot”

1 400 400 Kazanka

Municipal treatment

plant (Laishevo)

1 300 300 Kama

Building plant (Kurkachi) 1 250 250 Kazanka

Kazan tuberculosis hospital 1.5 90 135 Kazanka

Sanatorium “Vasilievo” 1 90 90 Volga

Nutritive plant (Laishevo) 1 15 15 Kama
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where T is toxicological load on the water body in m3/year, TU is acute toxicity results of the

most sensitive tests, Q is capacity of industrial discharge in m3, and t is period of time (year).

The average toxicity of wastewaters decreased more than four-fold in the Nizhni

Novgorod region as a result of the economic mechanism of tax collection.

2.10 CONCLUSION

Interest in bioassays as a tool in risk assessment of waste has definitely grown in recent years.

There are many different toxicological bioassays, but most of them are developed for liquid

waste or environments, with only a few standard tests being available for solid waste. What is

more, very few have been widely adopted for routine toxicity evaluation. The main reason for

this is difficulty in maintaining healthy laboratory cultures of the proposed organisms for long

periods, resulting in a low degree of standardization of toxicity tests, which are thus not accepted

by standardization and/or regulatory organizations. Another problem is the choice of suitable

bioassays to produce a good toxicity test battery. The choice of toxicity method should be based

on screening, regulatory requirements, or predictive hazard assessment. Each type of bioassay

can have its own merits when properly used in the correct context.

Toxicity tests integrate interactions among complex mixtures of contaminants. They

measure the total toxic effect, regardless of physical and chemical composition. As such, these tests

are a useful tool. But they are not a perfect tool, particularly because they are commonly applied to

conditions that do not reflect the test exposures. No single, perfect, universal tool exists; all tools

have advantages, disadvantages, and assumptions [174]. Alone, bioassays cannot fulfill their stated

purpose “to identify, characterize, and eliminate toxic effects of discharges on aquatic resources.”

However, together with other appropriate tools in a risk assessment framework (i.e., joint, not

independent, applicability), toxicity testing is essential for ultimately achieving this purpose.
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