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CHAPTER 18

Possibilities and Limitations of Predictions

from Short-term Tests in the Aquatic
Environment

GUIDO PERSOONE, DAVID CALAMARI AND PETER WELLS

18.1 INTRODUCTION

In the previous chapter (Persoone and Gillett, Chapter 17, this volume) attention has
been drawn to the large number of biological and physicochemical variables which
determine the structure and functioning of ecosystems. The variety and the interrela-
tionship of these factors present difficulties for the precise determination of the
hazard which chemicals may pose for the natural environment and its biota.

Because of the complexity of the ecosystems involved, one would be inclined to
believe that short-term aquatic toxicity tests cannot have any predictive value.
However, in this chapter, it will be shown that tests of short duration (a few days up
to one month) can be useful in many instances for predicting effects of chemicals on
aquatic biota.

18.2 PREDICTION OF ACUTE POISONING IN THE FIELD

Data on lethal concentrations of chemicals in short-term tests are well-suited to
predict mortalities in the field. In one of many examples of 'field validation' of
lethal concentrations determined in laboratory experiments, Hasselrot (1965) stud-
ied the high mortality in caged yearling salmon and adult minnows in a polluted
river in Sweden; mean and maximum concentrations of zinc of 0.15-0.28 and 0.25-
0.95 mg/litre respectively, in a water with hardness between 21 and 48 mg CaCO/
litre were found. The conclusion of this author that the zinc was the main factor
responsible for the fish kills was validated by, and could have been predicted from,
data published by Lloyd (1960, 1961) which indicated that short-term fish LC50s
(4--10 days) are situated between 0.5 and 1.0 mg Zn/litre in waters of similar
hardness. Calamari and Marchetti (1974) confirmed laboratory data on the toxicity
of copper and ammonia by keeping rainbow trout in cages in Lake Orta (Italy)
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where the concentrations of these two chemicals varied during the seasons from
0.006 to 0.066 mg Cu/litre and from 5.8 to 7.2 mg N/litre (NH3 plus NH4+).The
field results correlated well with the acute toxicity values obtained experimentally.

An extensive review on the toxicity of mixtures prepared by the Working Party
on Water Quality Criteria for European Fresh Water Fish (EIFAC/FAO, 1980)
includes a number of cases in which the toxicity of mixtures could have been
predicted on the basis of simple addition of the proportional contribution of each
toxicant. In particular, laboratory data on the joint effect of different chemicals on
fish gave an observed median value of 0.95 of that predicted, while the correspond-
ing value for sewage effluents, river waters and a few industrial wastes, based on the
toxicity sum of their constituents, was 0.85. Mixtures which contain pesticides were
slightly (1.3 times) more toxic than predicted.

18.3 PREDICTION OF TOXICITY IN DIFFERENT
PHYSICOCHEMICAL CONDITIONS

When data on the toxicity in two or more different physicochemical conditions are
available, interpolations can be made and have proven of practical value. A classical
example is the variation in the toxicity of metals in relation to water hardness in
which there is a linear relationship, the slope of which is a function of the metal
(USEPA, 1980; Sprague, 1985). Several other parameters such as oxygen con-
centration, temperature and chelating substances, in combination with various kinds
of pollutants, are referred to in the series of ElFAC reviews defining water quality
criteria (Alabaster and Lloyd, 1982).These relationships have practical utility in the
prevention of massive fish kills; these could often be avoided by preventing dis-
charges of effluents contaminated to levels which, according to laboratory data, are
lethal for biota.

18.4 PREDICTION OF TOXICOLOGICAL RELATIONSHIPS
AMONG DIFFERENT SPECIES

Detailed toxicological relationships among species have been defined in recent
years for several types of chemicals. Kenaga (1978) collected acute toxicity data on
75 insecticides and herbicides for eight animal organisms commonly used as test-
species in environmental hazard assessment. These species belonged to two phyla,
five classes and eight families. The correlations of the acute toxicity between the
organisms and the chemicals showed useful predictive values for closely related
species within classes. However, useful predictive correlations were not observed
between or within phyla, or between terrestrial and aquatic organisms. From this
study, Kenaga concluded that, among the species studied, the most useful organisms
for an early indication of toxicity in the aquatic environment seem to be a fish and a
crustacean. Suter et al. (1983) used the database of the Columbia National Fisheries
Research Laboratory in the USA to compare 96 h LC50 values for 28 fish species
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from 17 genera, 10 families and 6 orders submitted to 271 toxicants. This author
found that there is an increasing sensitivity relationship for the pesticides when
correlations are made at the order, family, genus and species level.

More recently, Blanck (1984) and Blanck et al. (1984) correlated the acute
sensitivities of several species of aquatic organisms to chemicals ('non-pesticide
organics', pesticides and metals) using polynomial regression analysis. He demon-
strated that all of the species analysed-algae, invertebrates and fish (freshwater and
marine) had a similar toxicity response to non-pesticide organics. When averaged
into three categories, i.e., closely-related species (fish versus fish), more distantly-
related species (fish versus invertebrates), and most distantly-related species (fish
versus algae), the average correlation indices are 0.82, 0.80 and 0.70 respectively.
These findings corroborate the results of many others who also demonstrated that
certain sensitivity correlations are possible between related species. However, since
different types of toxicants have different modes of action, no 'general' toxciologi-
cal relationship exists which is applicable to all categories of chemicals and for all
species.

It should be emphasized, therefore, that the original concept of 'very sensitive'
species which are, at the same time,' good representatives' for specific groups of
organisms or for specific trophic levels, makes sense only when correlated with
well-defined categories of chemicals.

Kenaga (1982a) demonstrated that although certain species are frequently very
sensitive or very resistant overall, there are also many exceptIons to this general
rule. As a result, any particular species can, in principle, never represent any other
for establishing the sensitivity of the latter to a variety of different chemicals.
However, when toxicity data from a variety of test-species, preferably of remote
phylogenic relationship, are considered together, an 'overall' range of sensitivities
will be obtained which is reasonably representative for aquatic biota in general.

Kenaga (1982a) noted that the problem still to be resolved is to know how many
species and what types of species need to be tested to adequately represent the
whole range. Sioof et al. (1983) and Sioof and Canton (1983) tried to find out how
the three organisms recommended by the DECD and the EEC for the first steps in
testing chemicals (alga-Daphnia-fish acute toxicity) cover the sensitivity range of
other aquatic biota. For 25 to 30 per cent of the chemicals used in their study, a
difference exceeding one order of magnitude between the results obtained with the
three candidate species and an extended set of test organisms belonging to various
groups of aquatic biota was observed.

In considering toxicological relationships between species, it is clear that atten-
tion should also be paid to salinity, i.e., whether toxicity results from freshwater
biota can be used to predict toxicity in marine species and vice versa. Samoiloff and
Wells (1984), reviewing some of the literature on the subject, showed that the
differences in toxicity caused by different salinities are usually small (with some
exceptions that may be due to osmoregulation). However, one should not overlook
basic physicochemical differences between freshwater and seawater which may
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affect the form and availability of many pollutants; the degree of exposure of the
biota to toxicants can be very different in these two environments and should, of
course, be taken into consideration.

18.5 PREDICTIVE VALUE OF ACUTE TOXICITY DATA FOR
CHRONIC TOXICITY

In ecotoxicology, the concentration of a chemical considered 'safe' for the environ-

ment is usually derived from the no observed effect level (NOEL) determined in
chronic, life cycle, or reproduction tests.

In order to decrease the time, the effort, and the costs required to conduct chronic
tests, scientists have been endeavouring to extrapolate safe levels from short-term
acute (lethal) tests. Figure 18.1 shows how extrapolation of non-toxic levels from
lethal concentrations is both species- and toxicant-dependent due to differences in
the shape of the toxicity curve as well as in the distances between specific points of
effect (threshold, intoxication, mortality). There is no overall constant ratio between
acute and chronic toxicity levels because both the effect (lethal versus sublethal) and
the time of exposure are different.

In a detailed comparative study of acute and chronic toxicity data of 84 chemicals
tested on eleven species of aquatic animals, Kenaga (1982a,b) found that the
ACR-the acute to chronic toxicity ratio-ranged from 1 to 18000. This study,
however, also revealed that 86 per cent of the ACR values were below 100, that the
ACRs for the crustacean Daphnia magna and the fish Pimephales promelas are
similar in most cases for a given chemical, and that ACR values for most chemicals
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are within one order of magnitude between species. Moreover, it appeared that
chemicals with large ACR values also have 'unusual' specificmodes of toxic action.
This is the case of metals and pesticides, which are chemicals that have received
very much attention in comparison to industrial organic compounds. Since for 93
per cent of the chemicals in the latter category, the ACR values are below 25,
Kenaga considers that one may use application factors based on an ACR of 25 or
less to predict the chronic toxicity of industrial organic chemicals from acute
toxicities.

Sloof et al. (1983) and Sloof and Canton (1983) compared the acute and chronic
toxicity to daphnids and fish for 126 data pairs taken from the literature; a very high
degree of correlation (r = 0.88) was found. These authors also confirmed Kenaga's
findings that the differences between acute and chronic levels were less than a factor
of 100.

18.6 TESTS WITH DEVELOPMENTAL STAGES OF FISH FOR
PREDICTING LONG-TERM TOXICITY

Fish are exposed to the toxicants throughout their life cycle and effects are measured
on survival, growth and reproduction. The early life stages of fish have long been
recognized as very sensitive biological material (Marchetti, 1965). Mount and
Stephan (1967) described a life-cycle fish toxicity test which involves all develop-
mental stages. For several years, life-cycle toxicity tests have provided the best data
for the establishment of water quality criteria. However, the cost, the time involved
and, not least, the continuous risk of biological (infection, diseases) or technological
(mechanical failures) problems are very high; moreover, experience has demon-
strated that certain life stages are more sensitive than others.

Reviewing the existing data, McKim (1977) demonstrated that the sensitivities of
embryo-larval and early juvenile stages are, in most cases, comparable with those of
full life-cycle tests within a factor of two. Therefore, tests of a few days or a few
weeks duration (depending on the type of fish) could be a good substitute for life-
cycle tests with a much longer duration. In the same context, Calamari and Marchet-
ti (1978) reviewed the experiments performed at the Water Research Institute in
Italy on early life stages of fish and emphasized the relevance of studies on develop-
mental and young stages of Salmo gairdneri for the establishment of water quality
criteria for fisheries.

18.7 PREDICTIONS BASED ON THE SHAPE OF TOXICITY CURVES

Toxicity curves in aquatic toxicology are drawn by plotting the logarithms of the
median lethal exposure time (log LT50) against the logarithms of the concentration
(log C) of toxicant to improve data interpretation. As the time of exposure is part of
the stimulus, more information is obtained from such graphs than from classical
curves expressed as 'percentage of effect versus concentration' for a fixed time.
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Wuhnnann and Woker (1948) considered such curves as equilateral hyperboles

and modified the classical equation in:
log (T-Ta) + n log (C+Ca) = log K

in which T and C are time and concentration respectively and Ta and Ca the

asymptotic values for time and concentration.
This equation theoretically expresses thresholds at which, for an infinite time of

exposure, no additional effects are observed or for which, at an infinite concentra-
tion, the minimum time to obtain the effect has already been reached. Although

experience has revealed many exceptions, this concept of a threshold of toxicity has
remained in practical use. Sprague (1969) tenned this the 'incipient lethal level' in
his review on aquatic toxicity and he considered the threshold concept as a key
factor in ecotoxicological effect assessment. Sprague defined the asymptotic con-
centration as 'that level of the environmental entity beyond which 50% of the

population cannot live for an indefinite time'.
The classical toxicity curve (LT50-C) provides an overall impression of what is

happening in the test. A steep vertical asymptote, for example, indicates that acute
mortality has stopped, whereas the absence of an asymptote, e.g., after 96 hours,
indicates that acute morality is probably still occurring in the experimental popu-
lation. Idealized examples of such toxicity curves are shown in Figure 18.2.

Where a tiered testing approach is adopted, analysis of the shape of the log LT50s
may, according to Lloyd (1979) be very helpful in detennining if further testing is
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needed. The importance of this fact has been acknowledged by the International
Standardization Organization (ISO, 1978) and by the OECD (1981) both of which
propose that reports on fish toxicity tests should include the concentration response
curve in addition to the 96-hour LC50. Lloyd (1979) even suggests the use (if
necessary) of different application factors.

18.8 PREDICTIONS ON THE BASIS OF CHEMICAL STRUCTURE

The correlation of molecular structure with biological activity is an important aspect
of ecotoxicology because of its predictive potential.

Although more and more papers are now published on the subject, the potential of
the Hansch equation (1973) has, to date, not yet been fully exploited in aquatic
toxicology. The equation:

I
log EC50 a log P + b (log P2) + cpKa + dEs + e

relates biological effects, with lipophilic properties, and electronic and steric charac-
teristics. Theoretically, the Hansch equation allows one to predict the effects of
certain molecules without testing. This possibility is currently under study by the
OECD within the framework of setting principles for the establishment of a priority
list of chemicals for testing. For the thousands of chemicals on the market, ecotox-
icological information is indeed, in many cases, scarce or even totally lacking.

The value and the limitations of the QSAR (Quantitative Structure Activity
Relationship) have been determined in experimental work. Published works include
those of Veith et ai. (1983) on narcotic chemicals, of Konemann (1981) on fifty
substances commonly found as industrial pollutants, of Calamari et ai. (1980, 1983)
on several amines and chlorobenzenes, and of McLeese et at. (1979) on phenols,
anilines and other aromatic compounds. All of these authors agree on the usefulness
and applicability of QSARs in short-term aquatic toxicology, as do Veith et ai.
(1980) and Konemann and Calamari (1983) in two reviews. More explicitly, it is the
opinion of the latter two authors that:

(1) QSARs have been developed for several classes of chemicals; within these
classes, good estimates of the toxicity of chemicals can be predicted solely on
the basis of their chemical relationship.

(2) Most QSARs have been calculated for a small number of chemicals. Expert
judgement is necessary to set the limits to the validity of QSARs as well as
reliable confidential limits to the predicted effect values.

(3) When correctly applied, QSARs can be useful in the selection of priority
chemicals even where no experimental data are available.

(4) Toxicity data calculated from QSARs are rough estimates and should not be
used as a substitute for experimental data.
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18.9 PREDICTION OF BIOCONCENTRA TION FACTORS

Neely et at. (1974) demonstrated that a good linear relationship exists between the
bioconcentration of several organic chemicals in trout muscle and the n-octanol-
water partition coefficient of these substances. In the same paper, the bioconcentra-
tion factor (BCF) was defined as the ratio of the concentration of the chemical
substance in the fish muscle (measured at equilibrium) and the contaminated water
in which the fish were kept. Several other workers subsequently confirmed this
finding. Veith et at. (1979), in particular, comparing actual measurements in short-
term tests with estimated BCF, found the following equation for 55 chemicals
analysed:

log BCF =0.85 log P - 0.70.
This formula allows one to calculate the potential for bioaccumulation of a

molecule simply on the basis of physicochemical parameters. The relationship has
been confirmed in many field studies although it is not applicable where biomagni-
fication through the food chain plays an important role. Moreover, it has been
demonstrated that the BCF cannot be estimated by this method in early life stages of
fish because of the very high contents in lipids of the latter; for example, Galassi et
at. (1982) showed that the amount of paradichlorobenzene accumulated by fish
larvae was one order of magnitude higher than in adults.

18.10 USE OF TOXICOKINETICS FOR PREDICTIVE PURPOSES

Good results have been obtained in a limited number of cases using toxicokinetic
models to predict the accumulation of chemicals in biota based on short-term
exposures (Galassi et at., 1982; Galassi and Calamari, 1983). This was demon-
strated, for example, in the case of 1,2,3-and 1,2,4-trichlorobenzenesfor which 48-
hour tests proved to be an adequate substitute for longer exposures using ftow-
through techniques. This new approach has significant possibilities considering the
effort required and the problems inherent in the proper maintenance of early life
stages of fish in the laboratory and in conducting toxicity tests with embryo-larval
organisms.

18.11 RELEV ANCE OF SHORT-TERM TESTS FOR THE
DEFINITION OF WATER QUALITY CRITERIA

The data obtained in short-term tests are an essential component of the information
necessary to establish water quality criteria. Gross effects can be reliably predicted
based upon acute toxicity tests. However, short-term tests may be inadequate in the
prediction of more subtle effects, especially those relating to environmental situa-
tions of greater complexity.

This was illustrated in the work of Hansen and Garton (1982) on the possibility of
using standard toxicity tests to predict the effects of the insecticide Diftubenzuron
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on laboratory stream communities. Effects such as direct lethality to the biota of the
ecosystem analysed could be clearly predicted but indirect effects due to altered
interspecies interactions could be predicted only with 'a priori' knowledge of the
trophic dynamics of the system.

Field validation of toxicological data is strongly recommended although it is
rarely performed; most of the water quality criteria proposed by various organiza-
tions have never been verified in this way. Nevertheless, it is encouraging to note
that in the few cases that validation has been-attempted, the results were reassuring.
Geckler et at. (1976), in a three-year study on a natural stream, found that copper
already produced an effect at half of the concentration predicted from laboratory
data. The effects which were noted were, however, only of a functional type since
they consisted of a mass migration of animals from the test area in an avoidance
reaction to the poison.

An extensive study on fish and fisheries in an area with a number of lakes polluted
by copper and zinc was performed in Norway (EIFACIFAO, 1977). In Lake Ring-
vatnet and Lake Hostovatnet, where there was a good fishery, the sum of the
concentrations of copper and zinc slightly exceeded the water quality criteria pro-
posed by EIFACIFAO (Alabaster and Lloyd, 1982); in Lake Bjorra, where copper
and zinc concentrations were much higher than EIFAC standards, all fish had
disappeared. Van Loon and Beamish (1977) did not find any fish in Ross Lake with
a high level of copper and zinc; they noted a slight decrease of the fish population in
Hamell Lake where, during limited periods of the year, the sum of the metal
concentrations exceeded the 95 percentile of water quality criteria formulated by
EIFAC, while the 50 percentile of the sum of the two metals was 0.5. In Lake Cliff,
on the contrary, where copper and zinc concentrations were lower, fish populations
were flourishing. Such studies are an indirect confirmation of the utility of short-
term laboratory tests, the results of which were used to establish the relevant water
quality criteria.

18.12 CONCLUSIONS

There are numerous interactions between biota, and between biota and their sur-
roundings; the complexity of these interactions make it theoretically impossible to
predict the hazard which chemicals may represent for ecosystems by the use of tests
on individual component parts of the system, e.g., single species. In consequence,
greater attention has been directed during the last decade to multiple species and
microcosm-mesocosm tests in the laboratory as well as in the field (Smies, 1983).

Multispecies tests are mostly long-term assays (several months up to years) and
usually quite expensive. Due to the large number of variables involved, standardiza-
tion of experimental microecosystems is, unfortunately, virtually impossible in
either the field or in the laboratory. As a result, they suffer from an intrinsic lack of
reproducibility which, in turn, makes them unsuitable for predicting effects in any
other 'field situation' by extrapolation. Although ecological knowledge on the
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factors which rule structure and function of natural ecosystems is rapidly expanding,

there is no multi species toxicity protocol available which could be generally applied
for predictive hazard assessment. According to Smies (1983), experimental micro-
ecosystem assays are, however, becoming increasingly popular and have already
proved valuable in the validation of bench tests for the assessment of real world
hazards. Rodgers et at. (1983) demonstrated the potential of microcosms for the
verification of theoretical models based on the distribution and fate of chemicals
which, as indicated earlier, are of utmost importance for a correct exposure
assessment.

Despite these limitations, it appears, in practice, that single species tests are
extremely useful and are the major and only reliable means of estimating probable
damage from anthropogenic stress at the present time (Cairns, 1983). Short-term
bioassay data are an 'early warning' in predicting acute poisoning in the field; they
can be used to predict the toxicities of mixtures and they can also serve to prognose
effects in various physicochemical conditions.

Interesting extrapolations of predictive value can be made with acute toxicity
curves; this can help in deciding if further testing for particular chemicals is needed.
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