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Summary 
 

 

The last century witnessed an enormous growth in production and use of chemicals, 

including pesticides. This was accompanied by a decline in numbers of many wildlife species, 

like birds of prey, fish and amphibians. Concern over the pollution of the environment and the 

use of chemical pesticides led to the rise of ecotoxicology to accommodate proper assessment 

of environmental risks. Early ecotoxicology focussed on establishing quantitative dose-effect 

relationships so that toxicity thresholds and, therefore, allowable or tolerable limits could be 

established. For this purpose, standardised toxicity test methods were developed. Current risk 

assessments focus on individual substances, though it is recognized that in most exposure 

situations chemicals are present as mixtures. Risk assessment of complex mixtures, however, 

is as yet not sufficiently developed; as a consequence there is a large demand for knowledge 

on mixture toxicity. 

Mixture toxicity data are usually evaluated using either the model of concentration 

addition or the model of independent action as a reference. Interpretation of the interaction 

observed is usually limited to overall synergism or antagonism. Dose level- and dose ratio-

dependent deviations from the reference model may also occur and were identified in a 

number of studies reported in the literature. The experimental design used in the experiments 

described in this thesis was tailored to allow for exploration of the importance of these 

interactions. A wide range of dose ratios and dose levels was tested, assuring optimal 

conditions for identification of such deviations from the reference model. 

Environmental risk assessment of chemicals in soil is further hampered by the complexity 

of the chemical-soil-organism relationship. Interactions can occur at different processes: at 

binding to soil constituents, on uptake by the organism and on the toxic effects. This makes it 

difficult to explain effects on soil organisms from total chemical concentrations in soil. 

Extrapolation of findings to other mixtures, organisms or exposure conditions is hampered by 

lack of knowledge on the interaction at each of these process levels. Therefore, in order to 

understand mixture toxicity to soil organisms, the interactions at the different levels must be 

disentangled. 

To explore these interactions, toxicity tests were performed in a natural LUFA 2.2 soil. A 

springtail, Folsomia candida, was chosen as test organism (see pictures on cover). Springtails 

are among the most widespread and abundant terrestrial arthropods. They play an important 

role in decomposition, which is beneficial to the long-term well being of soils. As test 

compounds, the metals cadmium, copper, lead and zinc were chosen. Metals have a long 

pollutant history and are among the best-studied contaminants resulting in a reasonable 

amount of data to start from. The metals were added to the soil in the form of metal salts. This 

implies that, next to the metals, counterions like chloride or nitrate were added to the soil at a 

comparable molar dose range as for the metal under study. These counterions have been 

shown to act toxic themselves, and thus interact with metal toxicity. A percolation treatment 

of the soil before addition of the test animals may remove these counterions. 

The research thus tried to specify the interaction of metals at the different process levels 

and their interrelationship. Further the role of the counterion in metal (salt) toxicity was 

determined. The chemical and physiochemical interactions in the soil affect the amount of 

metals accessible for the organism. The soil compartment was divided into three fractions; 

total, 0.01 M CaCl2-exchangeable and water-extractable concentrations. These three fractions 

represent increasing levels of predictability of bioavailable metal pools. Physiological 

interactions determining the uptake of metals into the animals can further hamper a proper 
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understanding of toxic interactions. The internal metal concentrations of the springtails can be 

related to the extractable metal pool in the soil, resulting in data on the presence of such 

interactions. Further, relating internal concentrations to all three metal pools in the soil will 

enable identification of the best estimator for the bioavailable metal pool. The internal metal 

pool gives the best information available on the quantities of metal available at the site of 

action inducing the toxic effect. The interactions found when effects are related to internal 

metal concentrations give the clearest view on what part of the interactions take place at the 

animal level; that is the true toxicity interaction. At the internal concentration level the 

toxicity of the mixtures may relate better among different species of soil animals. 

Comparison of interaction patterns found when toxicity analyses are based on each different 

metal pool will identify where soil related interactions affect the toxicity interaction pattern.  

The following experiments were performed: 

• Toxicity tests with lead chloride and lead nitrate, with and without a percolation 

treatment to remove the counterion (Chapter 2); 

• Toxicity tests with binary (two-metal) mixtures: cadmium/lead, cadmium/copper and 

cadmium/zinc (Chapter 3); 

• Toxicity tests with four-metal mixtures (cadmium, copper, lead and zinc), with and 

without a percolation treatment to remove the counterion (Chapters 4 and 5). 

The results were analysed for mixture interactions at the different levels. 

Throughout the experiments metal availability increased at combined exposure (Chapters 

3-5). Metal concentrations in the extracts were higher at combined treatments compared to the 

single metal treatments. The metal binding strongest to the soil, lead, was least susceptible to 

competition from the other metals. Of the four metals studied, cadmium had the lowest 

binding strength and therefore was most susceptible to being displaced into the pore water by 

the other metals in a mixture. Cadmium was the most toxic of the tested metals, with EC50 

for reproduction approximately 10 times lower compared to the other metals. As a 

consequence, added copper, lead and zinc concentrations were 10 times as high as the 

cadmium concentrations, further increasing the susceptibility of cadmium to competition for 

binding sites. Most soil animals are thought to be exposed via the water phase of the soil. 

Therefore, it is likely that the springtails were exposed to higher metal concentrations at 

combined exposure. As a consequence, we would expect the metals in the mixtures to exert 

synergistic effects on F. candida. 

Metal concentrations in the springtails were related to the total, CaCl2-exchangeable and 

water-extractable metal pool. The interactions during metal uptake were studied by 

comparison of internal concentrations of springtails from single metal exposure with those 

from equitoxic metal exposure. When internal metal concentrations were related to total 

concentrations in the soil, no increase in uptake at combined exposure was seen in the binary 

mixture experiments and only little in the complex mixture experiments. The latter interaction 

was not seen when water-extractable instead of total metal concentrations in soil were used. 

The magnitude of increase in extractable metal concentrations at combined, compared to 

single, metal exposure, however, by far exceeded that of the increase in internal 

concentrations of the springtails. This suggests that metal uptake by F. candida is closer 

related to total than to water-extractable metal concentrations in soil. Not only did internal 

metal concentrations fail to follow elevated available levels due to interactions in the soil, it 

also appeared that the metals did not interfere in each other’s net uptake. The presence of one 

or more other metals in the mixture did not result in increased or decreased metal 

accumulation. The lower internal cadmium and lead concentrations observed at the highest 

equitoxic dose ratios of the complex metal mixtures resulted from changes in the behaviour of 

the springtails, actually avoiding contact with the soil, and thereby exposure to the metals. 
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Since no measurements were done on uptake and elimination kinetics, interactions at these 

processes of opposing magnitude, if present, went unnoticed. Based on the internal 

concentrations of metals in the springtails at the end of the test, it is concluded that, overall, 

metals do not interact during accumulation by F. candida. 

At the intoxication processes the metals acted antagonistic (Chapters 3-5). This was found 

overall, independent of mixture composition or metal pool. The relative contribution of 

cadmium to the mixture ratio was an important factor explaining dose ratio-dependent 

deviations. In most cases, the toxicity of the mixture decreased at higher relative cadmium 

contributions to the mixture. Cadmium was a component of each of the mixtures tested and it 

is very likely that the susceptibility of cadmium to complexation with chloride and its possible 

induction of the metal-binding protein metallothionein is the cause of the antagonistic effects. 

Dose level-dependent effects were found less frequently. The parameter estimate indicating 

the point at which the interaction would switch was, however, always higher than 1.7 Toxic 

Units (TU). This indicates that the occurrence of dose level-dependent deviations can most 

likely be attributed to the equitoxic mixtures only since they were the only ones tested at toxic 

strengths over 2 TU. At these high combined metal concentrations osmotic stress from high 

salt concentrations plays a more dominant role compared to the lower metal concentrations. 

Thus, the dose level-dependent deviations could reflect a switch between effects caused 

mainly by the metals at lower concentrations and effects caused mainly by chloride at the 

higher concentrations. 

Splitting up of the black box in three levels gave some insight in the multitude of 

interaction patterns. Synergistic effects were expected from interactions in the binding to the 

soil, no interaction was seen on accumulation in F. candida and the metals acted antagonistic 

on survival, growth and reproduction of F. candida. The link between interactions at the level 

of toxic effects and the interactions observed during binding processes in the soil and 

accumulation by the springtails could not be made. 

The contribution of the counterion to the toxicity of metal salts was significant. In lead 

salts, chloride appeared less toxic to F. candida than nitrate (Chapter 2) and therefore chloride 

salts were used in the rest of the experiments. Nevertheless, chloride had effects on (mixture) 

toxicity in all experiments, either indirectly, by changing metal availability or directly, by 

causing osmotic stress. Removal of most of the chloride through a percolation treatment 

(Chapter 5) showed that chloride in the standard toxicity tests had resulted in avoidance 

behaviour, reduced reproductive success (via desiccation of the eggs) and to a lesser extent, 

reduced growth of the springtails and as of opposing order: reduced toxicity of cadmium (by 

complexation with cadmium to non-bioavailable chloride complexes). For all ill effects 

brought about by high chloride concentrations, it is remarkable that the interaction between 

the metals in both the percolated and non-percolated experiments was so similar. The removal 

of the chloride did not change interaction patterns of the metals in soil, during uptake and at 

the intoxication processes of the complex metal mixture. This is probably the result of 

opposing mechanisms, one reducing interaction, while the others are adding to the processes. 

It is likely that the similarity in interactions found in the present study is a special case and 

patterns can change for other metal combinations, soils or organisms. 

The research described in this thesis used descriptive models to detect interaction patterns 

at different levels, and revealed the complexity of interactions in mixture toxicity to soil 

organisms. The soil-organism system was split up in different levels, but each level still is a 

black box. The overall interaction patterns cannot yet be interpreted in mechanistic terms and 

therefore cannot be translated to other mixtures, species, etc. To deal with mixture toxicity in 

risk assessment procedures it is most efficient to obtain generally applicable data instead of 
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species-, exposure system-, compound-, and point in time-specific data. For this, a promising 

approach is the use of biology-based toxicity models. 


