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Chapter 1 

 
General Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ecotoxicology 

Ecology can be defined as the study of interactions determining the distribution and 
occurrence of organisms (23). Determining for the occurrence of organisms are both 
interactions with the abiotic environment as well as those between organisms, e.g. predator-
prey relationships and competition for resources. Activities of man affect both the abiotic and 
biotic environment, and thus affect organisms either indirectly or directly. As early as in 
1864, in the first edition of his book “Man and Nature”, G. P. Marsh warned for ill effects of 
the violent ravaging of natural harmonies by the massive conversion of natural ecosystems 
into arable land (27). Over the 140 years that have followed Marsh’s book, man has disturbed 
thousands of ecosystems over the whole planet, even into the remotest corners. For a long 
while these alterations came from the creation of arable land, whereas more recently the new 
technologies in transportation and industry became the main ill actors. This was accompanied 
by an enormous growth in production and use of chemicals, including pesticides. In the 
course of time, naturalists observed a clear decline in numbers of many wildlife species, like 
birds of prey, fish and amphibians. The literature on the effects of man on the environment 
grew immense and concern over the health of our environment became ever more worldwide. 

9
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In 1962, Rachel Carson published the book “Silent Spring” (8) containing numerous case 
studies documenting the harmful effects that chemical pesticides have had on the 
environment. It generated a storm of controversy over the use of chemical pesticides and 
inspired widespread public concerns with pollution of the environment. This resulted in the 
launching of the American and global environmental movements. Another clear spin-off was 
the exponential growth in federal environmental legislation, both in the U.S. and many other 
countries in which the book was published, including The Netherlands. To accommodate 
proper assessment of environmental risks, a new branch of toxicology arose. This branch was 
named ecotoxicology as proposed by Truhaut in 1969 during a meeting of an ad-hoc 
committee of the International Council of Scientific Unions (ISCU) in Stockholm (39). 
Ecotoxicology was defined as the branch of toxicology concerned with the study of toxic 
effects, caused by natural or synthetic pollutants, to the constituents of ecosystems, animal 
(including human), vegetable and microbial, in an integral context. In 1977, Ramade 
published the first textbook on ecotoxicology (35). The focus of this book was heavily on 
human health issues, paying only little attention to ecological aspects of the problem. Six 
years later, Moriarty’s Ecotoxicology. The Study of Pollutants in Ecosystems focused more on 
ecological aspects such as species differences in sensitivity and effects at the population level 
(29). Ecotoxicology combined the three disciplines of environmental chemistry, toxicology 
and ecology (22,43). Over the following years ever more ecological issues were integrated 
into ecotoxicology. In 2003, Van Straalen suggested that ecotoxicology is to assimilate with 
the part of ecology commonly denoted as “stress ecology” and become a true part of ecology 
(45). 
 
Environmental risk assessment 

Historically, risk assessment of chemicals focused on the protection of humans from 
harmful effects. At the time of the publication of “Silent Spring” in the early 1960s (8), it 
became clear that the ecological implications of environmental pollution should also receive 
attention. Risk management decisions may have local, regional or national consequences, but 
measures taken by a single country may also have worldwide impact. Pollution does not 
recognize national borders. That is why a lot of effort is put in the development and 
international harmonization of risk assessment methodologies. An excellent overview on risk 
assessment procedures is given by Van Leeuwen and Hermens in the book Risk Assessment of 

Chemicals: An Introduction (43) . 
To accommodate environmental risk assessment early ecotoxicology focused on 

establishing quantitative dose-effect relationships, so that toxicity thresholds and, therefore, 
allowable or tolerable limits could be established. For this purpose toxicity tests were 
developed, but in comparison to aquatic ecotoxicology, terrestrial ecotoxicology came into 
the focus considerably later. Adverse effects of contamination of the terrestrial environment 
were discussed in terms of the decline and recovery of populations of rare plant species, 
mammals and birds. Many soil organisms are small (mm to cm) and have little appeal to the 
public, and environmental protection focused on soil functions instead of protecting soil 
organisms. Since soil organisms contribute greatly to soil functioning, negative effects on 
these organisms are likely to affect soil functioning. Eventually also soil ecotoxicity tests 
were developed. The more recent history of soil ecotoxicity testing is also reflected by the 
lower number of standardized test methods compared to aquatic ecotoxicity tests. In 1984 the 
first internationally harmonized soil toxicity test using a soil invertebrate, namely the acute 
earthworm toxicity test, was published (31). In several research projects new methods have 
been developed, like in the EU-funded SECOFASE project, which resulted in a handbook of 
soil invertebrate toxicity tests including tests using ten different taxa (26). The International 
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Organization for Standardization (ISO) and the Organisation for Economic Co-operation and 
Development (OECD) have published a number of standardized test guidelines related to soil 
ecotoxicology, and more tests are in draft. 

The new regulatory system in the European Union, known as REACH (Registration, 
Evaluation and Authorisation of Chemicals), gives industry the responsibility for ensuring and 
demonstrating the safe manufacture, use and disposal of chemicals. Not only new chemicals 
(produced since 1981) but also chemicals existing from before 1981 will be reviewed in this 
system. About 30,000 substances are expected to fall under the registration requirements. In 
their registration dossiers information must be provided about the chemical identity of the 
substance in question, including its ecotoxic properties (24). Current regulatory risk 
assessments focus on individual substances. It is recognized that in most exposure situations, 
however, chemicals are present as mixtures. Risk assessment of complex mixtures, however, 
is as yet not sufficiently developed for becoming the default approach under the new 
regulatory framework (9). It can be concluded that there is a large demand for knowledge on 
mixture toxicity. This goes particularly for the soil compartment and concerns both the 
interpretation of the diagnosis on complex mixtures (e.g. bioassays on contaminated soil) and 
prediction of the actual risk of soil pollution based on chemical analyses as well as the 
prognosis of expected effects of mixtures. 
 
Soil pollution 

Soil contains solid, liquid and gas compartments, each of a different and varied 
composition. The solid compartment is composed of mineral particles and organic material, 
the liquid one is made up of water with dissolved nutrients and dissolved organic carbon 
while the gas compartment consists of different gases and volatile organic substances. The 
constituents are arranged in a certain order and according to particle size in a certain texture 
and structure. Particle size influences the total surface area. Soil is an extremely 
heterogeneous environment, both horizontally and vertically. Compared with water and air, 
soil is relatively immobile and spatially heterogeneous. Various soil constituents have a great 
capacity to retain environmental contaminants, especially persistent hydrophobic organic 
chemicals or positively charged divalent or trivalent ions like metals (43). Thus, soil may act 
as a sink to many polluting compounds. 

Metals are amongst the earliest compounds released into the environment due to human 
activity to cause toxic effects to organisms. Metal ions brought into the soil can exchange 
with cations already present (Na, Ca, K, Mg, etc.) that are associated with solid phase 
particles of the soil (clay minerals and organic matter). In such case, the metals are retained 
by the soil and the cations held originally by the solid phase are released into the soil solution 
(5). In soil, metals are typically present as mixtures due to their natural origin as mixtures in 
ores, and due to the diversity of pollution sources. This makes them a natural and relevant 
candidate for mixture toxicity research. 
 
Metals 

Metals are present as natural part of the soil. At the time when life evolved some 3.5 
billion years ago, the solubility of elements under the anaerobic conditions that existed at the 
time determined which metal could be incorporated into biochemical reactions. Natural 
selection of the elements led to the choice of a particular element for a certain biochemical 
role in organisms, for example by its availability and the ability of the organism to retaining it 
(13). It is assumed that iron played a critical role in the early evolution of life. With the 
oxygen levels rising in time, the availability of the elements shifted and e.g. copper, cobalt 
and zinc became much more available whereas iron, in contrast, became almost completely 
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insoluble. To be successful, animals must maintain the concentration of free metal ions in 
their cells within specific limits. An elaborate system of carrier and storage proteins has 
evolved to ensure that the correct distribution between internal organs, cells and intracellular 
compartments is maintained. Detoxification systems have developed which remove metals 
from circulation if they are surplus to requirements and store them in an unavailable form 
until such time as they can be excreted (13). The strategies which terrestrial invertebrates have 
adopted for metal regulation have been modified by their need to conserve water and the fact 
that epithelium of the gut has assumed almost total responsibility for metal exchange with the 
environment (13). 

The metal load of soils increases continuously due to both natural sources like volcanoes 
and weathering of rocks, and human activity. For most metals, the fluxes of anthropogenic 
sources exceed the natural fluxes by far. Already in Roman time, metal melting caused for 
heavily polluted areas. Environmental fluxes of metals have increased greatly since the 
industrial revolution. In modern time, major sources of metal pollution are exhausts from 
traffic, smelters, blast furnaces, steel mills, refuse incineration, metal plants and foundries, 
cement production, galvanizing industry, etc. (44,47). 

In Western European soils, levels of diffuse metal pollution are fairly high compared to 
those in Eastern Europe for example. This is related to the high human population density in 
Western Europe. Though industry is getting cleaner and lead emission from traffic has been 
greatly reduced, input of metals in soils, both diffuse and as point emissions goes on. As 
metals are very persistent and leaching processes from soil are slow, metals accumulate in the 
(top)soil and can present a problem to soil organisms now as well as in the future. 

As metal pollution is an old problem, a lot of research on metal toxicity to animals has 
been done. Chemical analysis of metals was possible at the trace levels required to accurately 
measure internal concentrations of small-sized soil organisms. For soil invertebrates, metals 
are one of the best-studied groups of contaminants, which leaves us with a reasonable amount 
of data to start from. Studies with a systematic approach towards mixture toxicity of metals to 
soil animals (18,20,21,25,26,34,41) are, however, still scarce. 
 
Mixture toxicity model toolset 

Pharmacologists were the first to take up the study into mixture toxicity. Bliss (4) (in 
1939) and Plackett and Hewlett (33) (in 1952) laid the foundations for mixture analysis, 
defining interaction patterns and supplying basic models for data analysis. According to 
Hewlett and Plackett the toxic effect of a mixture can be characterized by four types of joint 
action, which should be considered as extreme classifications on a continuous biological scale 
(Table 1). 
 
Table 1. The four possible combination mechanisms for the joint action of toxicants, as defined by 
Hewlett and Plackett (1959) (12). See text for further explanation. 
 
 Interaction No Interaction 
Similar Complex Similar Simple Similar 
Dissimilar Dependent Independent 
 

The action of a single toxicant is defined as follows: a part of the dose reaches the site of 
action, this part produces the biochemical and physiological change that, if large enough, 
leads to the response. The remainder drains off to the “site of loss”, which includes storage in 
tissues, metabolizing by the organism and excretion. 
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Two toxicants have a similar joint action when they elicit a certain quantal response by 
causing the same physiological system to react or fail, whether administered separately or 
jointly. 
Two toxicants have a dissimilar joint action when they elicit a certain quantal response by 
causing respectively different and distinct physiological systems to react or fail, whether 
administered separately or jointly. 
Interaction between two toxicants, A and B, occurs when the presence of A influences the 
amount of B reaching B’s site of action; and/or the reversal, thereby influencing each other in 
the expression of their toxicity. 
As a corollary, interaction is absent if the amount of B reaching its site of action, and the 
changes it produces there, are the same whether A is administered or not; and reversely, with 
A and B interchanged. 
No models are available for the prediction of interactive joint action (complex similar and 
dependent joint action). The theoretical framework for independent and simple similar joint 
action is well established and is described below. 

The concept of independent joint action, also known as response addition, is based on the 
assumption that the compounds of a given mixture act on different physiological systems 
(sites of action) within the exposed organisms (4). The presence of one chemical will not have 
an impact upon the action of another chemical. As a result the toxicity of the combination can 
be predicted from knowledge of the independent chemicals according to Equation 1: 
 

 ( ) ( )[ ]∏
=

−−=
n

i

iMix CECE
1

11  (1) 

where E(CMix) denotes the predicted effect (scaled from 0-1) of an n-compound mixture, Ci is 
the concentration of the ith compound, and E(Ci) is the effect of that concentration if the 
compound is applied singly. Thus, the joint effect of the components in the mixture is 
predicted from the product of the fractional effects of its components. 

The concept of simple similar action was adopted by aquatic toxicologists. In 1970, 
Sprague developed the Toxic Unit (TU) concept, which is also known as the concentration 
addition concept (38). It is developed for mixtures of substances that are chemically related 
and affect organisms in a similar way. All chemicals in a mixture can then be described as 
dilutions of each other, and can be scaled relative to their toxicity. Each compound’s 
concentration is divided by e.g. its 50% effect concentration, giving a number of Toxic Units 
(Equation 2). 
 

 
50

 UnitToxic
EC

Ci=  (2) 

 
The TUs of each component of a mixture are summed giving the toxic strength (M) of the 
mixture in TUs (Equation 3), and the sum effect of the mixture is predicted from M. 
 
 

 ∑
=

=
n

i

i

i
EC

C

1 50

M  (3) 

 
In this model, no interaction is defined when the EC50 of the mixture equals 1 TU (can be 
derived from the dose-response curve of the mixture with the dose-axes expressed in TU). 
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Since the 50% effect concentration is related to the steepest section of the curve it can be 
estimated with the smallest confidence interval, and therefore it is the most frequently used 
scaler. Other effect-levels of interest (e.g. 10%, or 90% effect) can be used just as well for 
scaling of TUs. Therefore, EC50 in equation 2 and 3 can be replaced by ECx, where x denotes 
the level of interest. Different effects can be studied like growth, reproduction or survival. So, 
when using TUs of a mixture, the effect level and endpoint of interest should always be 
specified. 

Dose-response curves of substances always differ between identical experiments, even 
though circumstances are kept as constant as possible. Since the TUs in a mixture are 
calculated by scaling relative to the x% effect concentration of the single substances, it is 
important to perform the toxicity study of the single substances and their mixtures 
simultaneously. 

In this thesis, three main interaction patterns are distinguished; no deviation (additive), 
synergism and antagonism. In case of no interaction, the effect of the mixture equals the effect 
estimated by the sum of the exposure levels or the effects of the individual chemicals. 
Synergism is defined as when the effect of the mixture is greater than that suggested by the 
component toxic effects. Antagonism is defined as when the effect of the mixture is less than 
that suggested by the component toxic effects. 

With the two models of independent action and concentration addition described above, 
both overall synergistic and antagonistic deviations from the reference model can be detected. 
However, at different dose levels or dose ratios differing response patterns have been 
observed (40,41). Since the concentrations of the compounds of which a mixture is composed 
vary over a wide range in our environment, these deviations within an overall response 
pattern are of utmost interest for a proper risk assessment of chemical mixtures. Thus more 
complex response patterns need to be addressed that take into account dose level- or dose 
ratio-specific synergism and antagonism. The word “dose” in this thesis will refer to all 
relevant measures of exposure relating to toxicity experiments, be it exposure, available, or 
internal concentrations. 

Jonker et al. (19) incorporated well-established mixture toxicity principles in a coherent 
data analysis procedure enabling detection and quantification of dose level- and dose ratio-
specific synergism or antagonism from both the independent action and the concentration 
addition models. 
In Figure 1 the four possible deviation patterns distinguished by this analyses procedure are 
shown as an isobolic representation of the toxic effect of a binary mixture. Isoboles are iso-
effect curves, curves that show dose combinations that result in equal effect. The doses of 
toxicant A and B are fictitious. The additive model is chosen as reference. 

• No deviation is when the actual effect of the mixture is predicted well by the reference 
model (A). 

• Absolute synergism or antagonism. If all mixtures are less toxic than the reference 
situation, antagonism is observed (B). When all mixtures are more toxic than the 
reference situation, synergism is observed and the isoboles would be hollow instead of 
round (not shown). 

• Dose ratio-dependent deviation is found when the deviation pattern depends on the 
relative amount of one of the toxicants in the mixture (C). In this particular situation 
isoboles are shown for a mixture that acts synergistic if toxicant A is relatively 
dominant in the mixture, but antagonistic if toxicant B dominates. 

• Dose level-dependent deviation is found when e.g. antagonism is observed at low 
effect levels and synergism at high effect levels (D). 
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Figure 1. Isobologram of deviation patterns from the additive model: no deviation (A), antagonistic 
deviation (B), dose ratio-dependent deviation (C), dose level-dependent deviation (D). In each graph 
the isoboles indicate (from left to right) 10%, 25%, 50%, 75% and 90% effect. After Jonker (18). 
 

The choice for a reference model, independent action or concentration addition, is a 
difficult one (10). Purely independently acting compounds are rare since organisms can be 
regarded as coordinated systems (2). On the other hand true simple similar action applies to 
few compounds, usually confined to compounds working through narcotic action. So, the 
majority of mixtures do not meet the requirements of either of the two models. Metals act on 
many systems in an organism and some even have a biological function for which they are 
required and regulation mechanisms are present. Part of the affected processes will be shared 
among metals in a mixture, while others will be independent. Both reference models do not 
describe the situation properly. In this thesis, the choice was made for simple similar action 
(concentration addition) as reference model. For more component mixtures this model does 
not need precise data on low effect concentrations, which are difficult to obtain in tests 
performed in soil and with complex organisms (high variation). Concentration addition 
further appears to be the more conservative of the two models, predicting in general a higher 
response in the mixtures compared to the independent action model (1,3). 
 
Levels of interactions in soil toxicity tests 

The complexity of the soil environment makes it difficult to explain effects on soil 
organisms from total soil concentrations. In soil, metals can interact at three levels: (a) 
chemical and physiochemical interactions with other constituents of the soil, determining 
sorption and thereby bioavailability; (b) physiological interactions, affecting uptake from the 
soil (solution) and ultimately determining the quantity available at the site(s) of action; and (c) 
interactions at the detoxification and intoxication processes, including combination with 
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receptors, at the target site(s) (7). At each level, metals may interact with each other. 
Therefore, in order to understand mixture toxicity to soil organisms, the interactions at the 
different levels must be disentangled. Generalization between metal mixtures, as well as 
between different soil types and organisms, could be easier for a certain metal pool. 

In Figure 2, a schematic representation is given of the way in which the black box 
approach in mixture toxicity studies in soil is refined. The upper row shows the black box 
approach where effects are related to total (or nominal) metal concentrations. The lower row 
shows the distribution of metal pools in a soil (A-C) and animal (D = internal concentrations) 
compartment, in which the soil is divided in three fractions indicating total (A), CaCl2-
exchangeable (B) and water-extractable concentrations (C). These three fractions represent 
increasing levels of predictability of bioavailable metal pools.  
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Figure 2. Schematic presentation of the ‘soil + animal’-black box broken up in interaction levels A-D. 
A = total metal concentration in the soil, B = CaCl2-exchangeable metal concentration in the soil, C = 
water-extractable metal concentration in the soil and D = internal metal concentration of the animals. 
 

The chemical and physiochemical interactions in the soil affect the amount of metals 
available to the organism. For plants, the available metal fraction can be estimated by the 0.01 
M CaCl2-exchangeable metal concentration (15,30). The water-extractable fraction of the 
metals, or the pore-water concentration is often considered to be the best estimate of the 
available metal pool for soil animals. For Folsomia candida, the literature includes studies 
both in support (42) and in conflict (46) with this theory. Therefore, all fractions are 
considered. Knowledge of these chemical interactions in the soil could help in the 
understanding of different outcomes of experiments working with e.g. varying soil types. 

Physiological interactions determining the uptake of metals into the animals can further 
hamper a proper understanding of toxic interactions. The internal metal concentrations (D) in 
the springtails can be related to the water-extractable metal pool in the soil (C), resulting in 
data on the presence of such interactions. Further, relating internal concentrations to all three 
metal pools in the soil (A-C) will enable identification of the best estimator for the available 
metal pool. 

The internal metal pool (D) 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 are going on at the animal level; that is the true toxicity interaction. At the 
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internal concentration level the toxicity of the mixtures may agree better among different 
species of soil animals. 
Comparison of interaction patterns found when toxicity analyses were based on each different 
metal pool A-D will identify where soil-related interactions affect the toxicity interaction 
pattern. An advise on which metal pool to be used in future mixture toxicity studies results 
from this analysis. 
 
Counterion 

In case of metal toxicity studies, an additional major interaction factor is introduced with 
the counterion, which accompanies the metal in the salt that is used for the spiking of the soil. 
Unavoidably, counterions like chloride or nitrate are added to the soil at a comparable molar 
dose range as for the metal under study. Though the counterions can exert a toxic effect on the 
test organism, this is rarely recognized (28,36) and toxicity is related to the metal 
concentration only. The various types of counterion differ in toxicity amongst themselves and 
depending on the test organism (6,32). The effect of the counterion on the metal toxicity can 
be exerted in two ways; directly, e.g. by affecting the osmo-regulation of the springtail (16) or 
indirectly by affecting bioavailability of the metal. Percolation of the spiked soil with water 
prior to the introduction of the test animals is suggested in the literature as a way to remove 
counterions and minimize salt toxicity (28,37). 
 
MIXTOX 

Increased awareness by the European Union for soil pollution problems has prompted the 
development of a range of standardized toxicity test systems (e.g. (26)). These tests have 
specifically been developed to determine the effects of toxic compounds under standardized 
conditions on sublethal parameters, such as growth and reproduction. Since exposure, 
laboratory conditions and endpoints are well defined they are excellent tools for studying the 
effect of toxicant mixtures.  

Within the soil, interactions of mixtures with the soil matrix occur due to complex 
sorption, transformation and speciation dynamics thus influencing bioavailability. In contrast 
to aquatic toxicology, conceptual knowledge of mixture toxicity in soils is limited and 
requires in depth analysis using these test systems. To gain further insight in the effects of 
toxicant mixtures to soil organisms, the research project MIXTOX was carried out, financed 
within the EU program "Environment and Climate". 

The objective of MIXTOX was to assess the effect of toxicant mixtures (compounds with 
non-specific mode of action: copper, cadmium, lead and zinc; compounds with specific mode 
of action: carbendazim, iprodione and copper) on soil organisms and to look for general 
concepts that are applicable for different groups of compounds. The aim was to:  

• test the same predefined mixtures with invertebrate species having different uptake 
routes and life-histories under standardized test conditions,  

• uniformly measure chemical speciation, transformation and sorption in a standardized 
soil,  

• delineate basic concepts emanating from the experimental work on mixture toxicity 
and development of mixture toxicity models for soil invertebrates. 

The research on metal mixture toxicity presented in this thesis has partly been performed 
within this framework.  
 
Soil invertebrates: springtails 

Springtails (Collembola) are among the most widespread and abundant terrestrial 
arthropods (14). Most springtails are only a few millimeters long, and the majority of species 
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feeds on fungal hyphae or decaying plant material. They play an important role in 
decomposition, which is beneficial to the long-term well being of soils. All springtails have a 
ventral tube, derived from a pair of appendages on the first abdominal segment, which ends in 
two eversible sacs, the ventral vesicles. This structure is involved in fluid exchange with the 
external environment and therefore is an important exposure route for chemicals dissolved in 
water. The most obvious feature of springtails is the jumping organ or furca, which allows 
them to jump away from predators. Species of springtail confined to the soil have a reduced 
furca to ease their movement between soil particles and tightly packed leaf litter. Since 
springtails contribute greatly to soil functioning, negative effects on springtails are likely to 
affect soil ecological functions. This makes them an excellent test organism for our 
contribution to the MIXTOX program. 
 
Folsomia candida 

F. candida is an euedaphic springtail with no eyes or pigment, reaching approximately 3 
mm in length. The species has been carried over the world in plant pots and soil, and can now 
be found in most biogeographic regions, including Europe, Asia, Australia and both North 
and South America. Many records are from caves and mines, but elsewhere the species 
inhabits agricultural systems, soils with a high level of organic matter, forests, and the edges 
of streams (11). F. candida is a parthenogenetic species with a relatively short generation 
time. It can easily be cultured on moist plaster of Paris to which a small amount of powdered 
activated charcoal is added at the mixing stage to aid observation of the white animals and 
their orange eggs. As a food source dried baker’s yeast is added. The ease with which F. 

candida can be kept has led to their use in a wide variety of non-ecotoxicological experiments 
(14). 

For ecotoxicological experiments F. candida also is a very well suitable test organism. An 
international guideline for the toxicity test on inhibition of reproduction of Collembola (F. 

candida) by soil pollutants has been developed by the ISO (17). In this test, juvenile 
springtails (10 to 12 days old) are incubated in containers with test soil during four weeks. At 
the end of the test, survival and the number of offspring is determined. Optionally, the weight 
of surviving springtails and their internal concentrations of chemicals can be assessed.  
 
Test design 

In mixture toxicity studies it is common to test equitoxic mixtures (1); that is a mixture 
whose components were mixed in the ratio of the EC50s of the individual compounds. This is 
a very practical design since concentration addition predicts 50% effect of the mixture at a 
mixture concentration that equals the sum of 1/n of the EC50’s of the individual components 
in a mixture of n components. Since the 50% effect will be situated at the steepest section of 
the dose-response curve, its corresponding EC50 can be estimated with the smallest 
confidence interval, and deviations from additivity can be identified easiest at this point.  

In this thesis, several metal pools are used in mixture analyses to obtain information on 
the interaction of the metals at different levels; that is in their binding to the soil, during 
uptake by the springtails and at the toxic response. As metals interact with each other or their 
surrounding, dose ratios are expected to change between metal pools. This implies that the 
dose ratio chosen for total concentrations will differ from that of e.g. water-extractable metal 
concentrations. To be able to identify dose level- and dose ratio-dependent deviations we need 
data on more combination doses than the often-used equitoxic dose ratio alone. A full dose-
response surface should be created for each metal pool. As experimental setup a fixed ratio 
ray design was chosen with 7 (binary mixtures) (see Figure 3) or 19 (complex mixtures) ratios 
including the single metals. Note that the axes in Figure 3 are on a logarithmic scale. While 
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keeping the dose ratios of the individual compounds constant in one ray, the total 
concentration of the mixture (expressed in TU) was varied. The single metal and equitoxic 
dose ratios were tested at six concentrations, the other ratios at three. This ensures that a large 
part of the dose-response surface is covered, even at shifted dose ratios for the CaCl2-
exchangeable, water-extractable and internal metal pools. For the binary toxicity experiments 
two sets of controls were incorporated, and four sets for the complex mixture experiments. 
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Figure 3. Fixed ratio ray design for the binary mixture toxicity tests with metals on Folsomia candida 
described in this thesis. The concentrations are expressed as Toxic Units. The imaginary 1:1 line 
represents an equitoxic mixture. See text for further explanation. 
 
 
Aim of the study and outline of the thesis 

Mixture toxicity of metals in soil is the result of many layers of interacting processes. In 
general those layers are piled together and treated as a black box. Total metal concentrations 
are, in the crudest case, related to effects on the test organism, e.g. on its growth or survival. 
This overlooks many interactions in the soil chemistry, physiology and toxicology. Each of 
these interactions can be concentration related or independent, and can be of opposing 
magnitude. If we want to be able to generalize findings of a mixture toxicity study we need to 
get some insight in the interactions at the layers of which the black box (Figure 2) is made up. 

The aims of the study were to get insight in interactions at the different processes in the 
black box, which is made up of the metals, soil and springtails. For this purpose, the black 
box was split up in three levels, namely the level of interaction with soil constituents 
(sorption), the level of physiology (uptake in the springtails) and the level of the springtails 
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(toxic response related to internal concentrations). At each level, interaction patterns were 
identified. For the toxicity for the springtails, this included not only antagonism and 
synergism, but also dose ratio- and dose level-dependent deviations from additivity. Next, the 
interaction patterns at the different levels were related. 

Further, the contribution of the counterions to the estimated metal toxicity was evaluated. 
Two aspects were looked into: first, the difference in toxicity of different counterions and 
second, the effect of the counterion on the toxicity of single metals and their mixtures, by 
comparing a normal (mixture) toxicity experiment with one in which soil had undergone a 
percolation treatment to remove the counterion. 

The research was carried out in a number of successive steps, described below: 
1. The role of the counterion in the toxicity of lead to the springtail F. candida exposed 

in a natural standard soil was studied. We selected lead as test metal because of its low 
toxicity compared to other metals (copper, zinc or cadmium), therefore requiring high 
concentrations of lead and thus counterions in the tests. Firstly, the toxicity of lead 
nitrate and lead chloride was investigated. Subsequently, the effect of percolation on 
the toxicity of both metal salts was assessed, and thus the contribution of the 
counterion to the toxicity of lead (Chapter 2). 

2. Interactions of binary mixtures of cadmium with lead, copper or zinc were studied on 
the level of sorption in the soil, uptake in the springtails and toxicity to the springtails. 
Further, we wanted to obtain insight in the importance of dose ratio- and dose level-
dependent deviations in the joint toxicity of metals. Tests were performed in a natural 
standard soil with the springtail F. candida (17). Toxicity tests were performed with 
series of the individual metals, with mixtures of equitoxic concentration ratio and of 
four other concentration ratios. To unravel the various possible interactions, the 
following aspects were studied: (a) the influence of the metals on each other’s soil-
solution distribution by determining water-extractable, CaCl2-exchangeable and total 
soil concentrations; (b) the uptake of the metals by the springtails in relation to the 
(extractable) soil concentrations of both metals; and (c) the combined effects of metals 
on survival, growth and reproduction of F. candida in relation to (extractable) 
concentrations in soil and internal concentrations in the animals (Chapter 3). 

3. Next, a more realistic complex mixture of four metals (copper, zinc, cadmium, and 
lead) was investigated. Tests were performed in a natural standard soil with the 
springtail F. candida following the principles of the method standardized by ISO (17). 
Toxicity tests were performed with series of the individual metals, with mixtures of 
equitoxic concentration ratio and with concentration ratios varying in dominance of 
each metal, including four field ratios. To unravel the various possible interactions, we 
studied the following aspects: (a) the influence of each metal on the other’s soil-
solution distribution by determining water-extractable, CaCl2-exchangeable and total 
soil concentrations; (b) the uptake of each metal by the springtails in relation to its 
(extractable) soil concentration and those of the other metals; and (c) the combined 
effects of copper, zinc, cadmium and lead on survival, growth and reproduction of F. 

candida in relation to (extractable) concentrations in soil and internal concentrations 
in the animals (Chapter 4). 

4. To evaluate the role of the counterion chloride in the joint toxicity of the complex 
metal mixture, the experiments described in Chapter 4 were rerun after a percolation 
treatment. Toxicity tests were performed with series of the individual metals and with 
mixtures at various concentration ratios as used in the experiment described in Chapter 
4. Three weeks after spiking the soil and prior to introduction of the springtails, the 
soil was percolated with water to remove the counterions. After another two weeks 
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equilibration, the soil was used in the toxicity test. Subsequently, the availability, both 
in the soil and to the springtails, and the toxicity of the single metals and the metal 
mixtures were assessed. Comparison of the results with the findings described in 
Chapter 4 gives an assessment of the contribution of the counterion to the (combined) 
metal toxicity (Chapter 5). 

In the final chapter the results obtained in previous chapters are integrated and discussed. 
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Abstract - In standard soil toxicity tests, heavy metals are amended as water-soluble salts. 
The role of the counterion in metal salt toxicity is scarcely looked into. In this study, we 
assessed the contribution of nitrate and chloride to the toxicity of lead to Folsomia candida in 
a natural standard soil. Both lead salts were tested according the standard test protocol, as 
well as after percolation of the soil with deionised water. Lead nitrate was more toxic than 
lead chloride, for survival as well as reproduction. Percolation proved to be an effective 
method to remove counterions from the soil. Survival of F. candida increased for both metal 
salts when percolation was included. Percolation reduced the reproduction toxicity of lead, 
which effect was largest for the nitrate salt. In percolated treatments, the nitrate and chloride 
lead salts did not differ in toxicity. It is concluded that counterions contribute to metal 
toxicity, and that nitrate is more toxic to F. candida than chloride. 
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INTRODUCTION 
 

One of the main objectives in the environmental policy of the European Union is the 
protection of soil ecosystems against the impact of toxic compounds. This policy has led to 
the successful development of toxicity tests for a range of soil organisms. In these tests, 
toxicity of heavy metals is determined by adding the metal to the soil in the form of a water-
soluble salt. The toxicity is subsequently related to the metal concentration, although the 
counterion itself can also have a toxic effect on the test organism (13,15). The role of the 
counterion is mostly overlooked, but some research has recently been done to address this 
problem. Peredney and Williams (11) showed that various types of counterion differ in 
toxicity to nematodes. A most appropriate counterion could not be given since the effect of a 
specific counterion may differ between metals and test organisms. For the springtail Folsomia 

candida, Schrader et al. (15) found that high salt concentrations inhibited egg development. A 
comparison between a solution of salts and an elutriate of toxic waste containing heavy metals 
and similar salt ions showed a clear combination of salt effects and heavy metal effects. It is 
therefore likely that the choice of metal salt can bias ecotoxicity tests. 

In the literature four ways are proposed to deal with this counterion effect. (1) By 
compensating for differences in counterion concentration between treatments with another 
salt of which the cation is thought to be non-toxic [1], or is abundant in the medium (e.g. 
potassium (18)). (2) By performing an additional experiment with the counterion but with 
another, supposedly non-toxic, cation to estimate the contribution of the counterion to the 
toxicity observed in the metal test (15). (3) By percolating the soil with deionised water after 
addition of the metal salt, to flush out the counterion (19). (4) By using an organic counterion 
that is mineralized following introduction in the soil (e.g. acetate (1)). 

This research aims to evaluate the role of the counterion in the toxicity of heavy metals to 
the springtail F. candida exposed in a natural standard soil. We selected lead as test metal 
because of its low toxicity compared to other heavy metals (Cu, Zn, Cd) (e.g. (14)), therefore 
requiring high concentrations of lead and thus counterions in the tests. Testing high 
concentrations is still relevant as springtails occur at mining sites with lead concentrations as 
high as 11,300 mg lead/kg dry soil (12). The study was performed in two steps. Firstly, the 
toxicity of lead nitrate and lead chloride was investigated. Subsequently, the effect of 
percolation on the toxicity of both metal salts was assessed, and thus the contribution of the 
counterion to the lead toxicity. 
 
 

MATERIALS AND METHODS 
 
Test animals 

Juvenile Folsomia candida Willem 1902 (Hexapoda: Collembola), of similar age (10-12 
d), were obtained by synchronizing the egg deposition of adult animals from a laboratory 
breeding stock. Additional animals, of the same size, were taken from the breeding culture 
and used in the experiments since the synchronization cultures did not provide enough 
animals to carry out the toxicity tests. The F. candida breeding culture originated from arable 
land at an experimental farm “The Lovinckhoeve”, at Marknesse, The Netherlands, and has 
been kept in the laboratory for about ten years. The animals were cultured in pots with a layer 
of moist plaster of Paris mixed with activated charcoal (9:1 w/w) and kept in a climate room 
at 16 ± 0.1ºC, 75% relative humidity at a light/dark regime of 12/12 h. Animals were fed with 
dried baker’s yeast (Oetker, Veenendaal, The Netherlands). 
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Contamination of the test soil 

A natural standard soil (Landwirtschaftliche Untersuchungs- und ForschungsAnstalt, 
LUFA 2.2), was obtained from the LUFA-Institute at Speyer, Germany. The soil had an 
organic carbon content of 2.27 %, a pH (0.01 M CaCl2) of 6.1, and a cation exchange capacity 
(CEC) of 9 mval/100g. PbCl2 ( > 98% pure, Merck-Schuchardt, Hohenbrunn, Germany) or 
Pb(NO3)2 ( > 99.5% pure, Merck, Darmstadt, Germany) solutions were mixed in with the soil 
to obtain nominal concentrations of 0, 500, 1000, 2000, 4000, and 8000 mg Pb/kg dry soil. 
Water-solubility of PbCl2 is low and, as a consequence, the solutions had to be added in 
several steps. First, the soil was dried at 50ºC to a soil moisture content of 9% (w/w). Then 
part of the solution was added after which the soil was again dried at 50ºC to a soil moisture 
content of 9% (w/w), after which the next portion was added. This was repeated five times. 
After the last addition, the soil was dried to retain a soil moisture content of 24% (w/w), 
which equals 50% of the maximum water holding capacity. Pb(NO3)2  solutions were added in 
one step to the soil with the right amount of deionised water to obtain the same moisture 
content. 

The soil was left for three weeks at room temperature to equilibrate. Next, for each 
concentration, half of the soil was placed in 6 cm ∅ polyvinyl chloride tubes with a paper 
filter and a 0.45- µm cellulose nitrate membrane filter (401196, Schleicher & Schull, Dassel, 
Germany) on a gauze bottom, and flushed with an amount of deionised water equaling two 
times the amount of water present in the soil. A volume of percolate equal to the amount of 
water originally present in the soil was collected, after which the percolated soil was dried at 
50ºC to a soil moisture content of 24% (w/w). The soil was then left for one more week to 
equilibrate before it was used in the experiments. 
  
Experimental design 

Tests followed the procedure of ISO guideline 11267 (6). Glass jars (100 ml) were filled 
with 30 grams of moist soil. Five replicates were used for each concentration. At the start of 
the experiment, 10 juvenile F. candida were transferred into each of the jars and a few grains 
of dried baker’s yeast were added as food. The jars were placed on trays in a climate room at 
20 ± 0.1ºC, 75% relative humidity with a 12/12 h light/dark cycle. Additional food was given 
to maintain ad libitum conditions. The jars were aerated three times a week and soil moisture 
content was kept constant by weighing the jars once a week and replenishing the water loss 
with deionised water. 

After 4 weeks (lead chloride) or after 5 weeks (lead nitrate) of incubation, survival, 
weight, and reproduction of the animals were determined in each of the soils. For lead nitrate, 
the tests were run for 5 weeks instead of 4 weeks because of the low number of juveniles that 
could be visually observed in the controls after 4 weeks. The contents of a jar were washed 
into a glass beaker using 100 ml of deionised water. The mixture was gently stirred to let all 
living animals float on the water surface. After the surviving animals were counted by eye, a 
color slide of the water surface was made. The slides were projected on a portable slide 
projector, and the number of offspring was counted to determine reproduction. For each 
treatment, a sample of surviving animals (up to a maximum of 15) was collected from the 
replicate test jars. Fresh weight of individual animals was determined to the nearest 
microgram using a supermicrobalance (model S4, Sartorius, Goettingen, Germany). The 
animals were lyophilized and weighed to obtain the dry weight and stored at -20ºC until lead 
analyses. 
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Chemical analysis 

Soil was dried at 50ºC. The total metal fraction was obtained by microwave digestion of 1 
± 0.05 g dry soil in 6 ml of a mixture of concentrated HNO3 (Riedel-de Haën, Seelze, 
Germany), HCl (Mallinckrodt Baker, Deventer, The Netherlands), and deionised water (4:1:1 
v/v/v). Exchangeable and water-extractable fractions were determined by shaking 5 ± 0.05 g 
dry soil for 2 h at 200 rpm with 50 ml of a 0.01 M CaCl2 (Mallinckrodt Baker, Deventer, The 
Netherlands) solution or 50 ml deionised water. The suspensions were left overnight to settle 
where after pH was determined in the solutions. After filtration through a 0.45 µm cellulose 
nitrate membrane filter, lead concentrations in the extracts were measured by atomic 
absorption spectrometry (AAS, model 1100B, Bodenseewerk Perkin-Elmer, Überlingen, 
Germany). Chloride concentrations in the water extracts were measured on an autoanalyser 
(model SA 400, Skalar, Breda, The Netherlands). Unfortunately, nitrate levels were not 
measured during the experiment (later measurement is not useful because nitrate is unstable). 
Animals, individually or in groups of two or three, were digested in 300 µl of a mixture of 
HNO3 and HClO4 (7:1 v/v; Ultrex grade; Mallinckrodt Baker, Deventer, The Netherlands), 
and internal lead concentrations were measured using graphite furnace AAS. 
  
Calculations and statistics 

A t-test was used to test whether percolation had an effect on pH (GraphPad Prism™ 2.01, 
San Diego, CA, USA). Sorption of lead to the test soil was described by a Langmuir isotherm: 
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where Csorbed is the lead concentration in the soil (mg/kg dry soil), Cdiss is the lead 
concentration in the water or 0.01 M CaCl2 extract (mg/L), Csorbed-max is the maximum 
sorption capacity (mg/kg) and KL is the Langmuir sorption constant (L/mg). KL may be 
interpreted as the inverse of the dissolved concentration at which 50% of the sorption sites is 
occupied. Estimates for Csorbed-max and KL were obtained by non-linear regression on log-
transformed data (GraphPad Prism™ 2.01). Controls were excluded from the analyses because 
dissolved concentrations were below detection limits. A generalized likelihood ratio test (16) 
was used to compare results from different lead salts and percolation treatments. 

The trimmed Spearman-Karber method (3,4) was used to estimate the median lethal 
concentration (LC50). The logistic model of Haanstra et al.(2), modified according to Van 
Brummelen et al. (17), was used to estimate the 10 and 50% effect concentrations (EC10 and 
EC50) for growth and reproduction using measured lead concentrations in soil. Estimation of 
the effect concentrations using lead concentrations in the animals was hampered by a lack of 
data for the control and lowest dose (below detection limit), and a high variation among the 
animals. Models were fitted to the data using the lsqcurvefit function of the MATLAB™ 6.1 
software package (The MathWorks, Natick, MA, USA). A generalized likelihood ratio test 
was used to compare results from different lead salts and percolation treatments. 
 
 

RESULTS 
 
Soil analysis 

The pH-CaCl2 and pH-H2O of control soils were 5.3 and 5.5 for Pb(NO3)2 amended soils, 
and 5.7 and 6.3 for PbCl2 amended soils. A decrease in pH-CaCl2 and pH-H2O with 
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increasing lead concentrations was observed for all treatments (results not shown). This 
decrease was most pronounced at the highest lead dose (1-2 pH units). Over the range where 
the change in toxic response occurred, the pH did not decrease for Pb(NO3)2 amended soils, 
and no more than 0.8 pH unit for PbCl2 amended soils. Percolation raised soil pH-H2O 
slightly (0.2 pH unit), pH-CaCl2 showed the same tendency, but not significantly. Without 
percolation, approximately 50% of the added chloride was found in the water-extractable 
fraction (1.4 g Cl-/kg dry soil for the highest lead treatment). Percolation decreased the water-
extractable chloride concentrations by 57%. 

Measured total lead concentrations in soil were in good agreement with nominal levels 
(all data in this paper are expressed on the basis of measured concentrations). Percolation of 
the soil with deionized water only slightly affected total lead concentrations. The highest loss 
of lead was 8.5% for the 8000 mg/kg PbCl2 treatment. In all test soils, water-extractable and 
CaCl2-exchangeable concentrations increased with the total lead concentrations. Availability 
of lead (determined as water-extractable and CaCl2-exchangeable fractions) did not differ 
between PbCl2 and Pb(NO3)2 spiked soils, nor did percolation affect availability of lead. 
Similarity in availability was confirmed by the Langmuir isotherms (Fig. 1). Estimates for 
Langmuir sorption parameters (KL and Csorbed-max) are given in Table 1 for the different 
treatments. The sorption parameters did not differ significantly between the treatments (p > 
0.05) and one overall isotherm could describe all data. 

 
Figure 1. Langmuir isotherms for the sorption of lead in PbCl2 and Pb(NO3)2 spiked natural standard 
soil, with (P) and without percolation, extracted with deionized water (A) or 0.01 M CaCl2 (B). � = 
Pb(NO3)2; � = Pb(NO3)2-P; � = PbCl2; � = PbCl2-P. 
 
 
Table 1. Estimates for Langmuir sorption parameters KL (L/mg) and Csorbed-max (g/kg), with standard 
errors (in parentheses), and the goodness of fit (r2), estimated for the sorption of lead in PbCl2 and 
Pb(NO3)2 spiked natural standard soil with and without percolation, extracted with deionized water or 
0.01 M CaCl2.  

 
 H2O CaCl2 
Treatment KL Csorbed-max r

2 
KL Csorbed-max r

2 
PbCl2 0.50 (0.20) 8.2 (2.4) 0.94 0.57 (0.17) 5.9 (1.1) 0.96 
PbCl2-percolated 0.59 (0.31) 8.3 (3.2) 0.91 0.72 (0.22) 5.5 (1.0) 0.96 
Pb(NO3)2 0.70 (0.51) 7.0 (3.5) 0.84 0.33 (0.11) 6.1 (1.3) 0.96 
Pb(NO3)2-percolated 0.51 (0.33) 8.8 (4.2) 0.88 0.37 (0.062) 6.6 (0.73) 0.99 
All 0.57 (0.14) 8.0 (1.4) 0.89 0.49 (0.076) 5.9 (0.57) 0.94 
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Accumulation of lead 

Lead concentrations in the springtails increased with increasing lead concentrations in the 
soil (results not shown). There was no difference in internal lead concentrations between 
different salts and percolation treatments. Internal lead concentrations of surviving animals 
from the controls and 500 mg/kg treatments were below detection limits in all samples. For 
the other doses, lead levels in individual animals could not be measured reliably. 
Measurements from pooled animal samples for the 1000 and 2000 mg/kg treatments gave 
internal concentrations (± standard error) of 22 ± 2.2 (n = 9) and 80 ± 9.2 (n = 7) µg Pb/g dry 
body weight. Only at the percolated 4000 mg/kg treatment of the lead chloride salt, two 
pooled samples could be measured: 484 and 1460 µg Pb/g dry body weight. There were 
insufficient data to express toxicity on the basis of internal lead concentrations. 
 
Table 2. Median lethal concentration (LC50) values, with 95% confidence intervals, for the effect of 
lead on survival of Folsomia candida exposed to different lead salts, with and without percolation, in a 
natural standard soil. Values are based on total lead concentrations and expressed in g Pb/kg dry soil. 
In the second column for each salt, the highest dose (g/kg) is given at which surviving animals were 
found. 
  
Treatment PbCl2 Pb(NO3)2 
 LC50 Dose LC50 Dose 
No percolation 2.9 (-) 2 0.98 (0.88-1.1) 1 
Percolation 2.9 (2.3-3.5) 4 2.2 (1.9-2.5) 2 
 
 
Effects on survival, fresh weight and reproduction 

Mean survival in the controls was 68% and no animals survived at the highest dose for all 
experiments. Survival was higher in PbCl2 amended soils than in Pb(NO3)2 amended soils and 
survival increased by percolation. Table 2 gives the highest lead dose at which surviving 
animals were found, and LC50 values for each treatment. 

Animals in Pb(NO3)2 experiments were heavier compared to animals in PbCl2 
experiments, probably due to the longer exposure time (5 weeks instead of 4). Only for lead 
chloride in percolated soil, an EC10 and EC50 for growth, with 95% confidence interval, 
could be calculated of 1.4 (1.2 – 1.7) and 2.4 (2.2 – 2.6) g Pb/kg dry soil, respectively. For all 
other treatments no more than 50% effect on weight was observed before the animals died. 
 
 
Table 3. Median and 10% effective concentration (EC50 and EC10) values, with 95% confidence 
intervals, for the effect of different lead salts, with and without percolation, on the reproduction of 
Folsomia candida in a natural standard soil. Values are expressed in g Pb/kg dry soil. EC50 values 
followed by different letters are significantly different from each other (generalized likelihood ratio 
test, p < 0.05). 
 
 Treatment EC50 EC10 
PbCl2 No percolation 1.9a (1.1-2.8) 1.3 (-0.64-3.2) 
 Percolation 2.4a (1.5-3.2) 1.6 (0.45-2.8) 
Pb(NO3)2 No percolation 0.58b (0.46-0.70) 0.36 (0.23-0.48) 
 Percolation 1.7a (1.1-2.3) 1.2 (0.17-2.1) 
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Figure 2. Effects of different lead salts and percolation treatments (percolated, P, or not percolated) on 
the reproduction of Folsomia candida, expressed on the basis of total measured lead concentrations in 
a natural standard soil. Error bars indicate standard deviation. 
 

The mean number of juveniles was higher in the experiments with Pb(NO3)2, probably 
due to the longer test run. Reproduction showed a negative relationship with lead 
concentrations in all treatments. Percolation increased the EC50 for reproduction for both lead 
salts (see Figure 2), the effect being largest for lead nitrate. In Table 3, EC50 and EC10 values 
for effects on reproduction are given, based on total lead concentrations in the test soils. Lead 
nitrate was significantly more toxic than lead chloride, but in the percolated treatments, 
EC50s were similar. No effect of percolation was apparent for lead chloride, and at the EC10 
level, no significant difference between experimental treatments was observed. 

 
 

DISCUSSION 
 

In this study, we examined the role of the counterion (chloride and nitrate) in the toxicity 
of lead to the springtail Folsomia candida exposed in natural standard soil. A drop in pH with 
increasing lead concentration was observed, but at lead doses where partial effects were 
observed, the pH was not below the optimal range of 4.3 – 6.2 (5). It may therefore be 
assumed that the severe toxicity observed at high lead concentrations was not only due to a 
change in pH. Percolation did not change the total lead concentration, but chloride 
concentrations in the water-extractable fraction were reduced with 57% by percolating (nitrate 
concentrations were not measured). However, lead availability as measured in the water-
extractable fraction and in the CaCl2-exchangeable fraction was not altered (see Table 1). This 
indicates that there is no substantial difference in soil properties after percolation. Maximal 
sorbed lead concentrations, as reflected in the Langmuir constant (8,800 mg Pb/kg dry soil), 
were in good agreement with estimates from the cation exchange capacity (predicting a 
maximum binding of 9,300 mg Pb/kg dry soil). In the literature, we could not find data on 
internal lead concentrations for F. candida. Our data have to be regarded as indicative while 
values are based on only a few measurements. 

Control survival was poor (68%). This could be related to the relatively small size of the 
springtails at the start of the experiments, making them more vulnerable to handling. The 
number of juveniles, however, was in the normal range, allowing reliable interpretation of the 
test results. The toxicity of lead nitrate in our test was more than a factor 17 higher than 
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reported by Sandifer and Hopkin (14), who used an artificial soil with comparable 
characteristics, but started the tests with adult F. candida. Since the control performance was 
similar to that in our experiments, this difference could indicate that juveniles are more 
susceptible than adults are. 

The effect of percolation on survival of the springtails was striking: for both lead salts the 
animals survived one more dose step when the soil was percolated before testing (see Table 
2). For lead chloride, this is not reflected in the LC50 due to the high variation in mortality at 
low lead concentrations. The effect of lead on growth is difficult to assess because in all but 
one case, the animals died before 50% growth reduction was observed. For lead chloride in 
percolated soil a growth reduction of more than 50% was seen, and a large effect on growth 
was found in other experiments with lead chloride with and without percolation (M. Bongers, 
unpublished data). 

Lead nitrate was more toxic than lead chloride, both for survival and for reproduction (see 
Fig. 2, Table 2 and 3). In percolated soil, this difference was not observed. The difference in 
toxicity cannot be explained by the difference in spiking method used for the two lead salts, 
as there were no differences in lead availability (see Fig. 1). The information on internal 
concentrations is limited, but the results indicate that the animals died at different internal 
lead concentrations (they survived at higher total lead concentrations in percolated soil, with 
higher internal lead concentrations). This leads to the conclusion that the counterion must 
have an effect, either directly or indirectly (e.g. desiccation of the eggs or by affecting fungi 
growing on eggs). These results imply that nitrate is more toxic to F. candida than chloride, 
which is in agreement with the findings of Peredney & Williams (11) for the nematode 
Caenorhabditis elegans. For earthworms and aquatic ciliates however, no difference in 
toxicity between chloride and nitrate salts of metals have been found (7-10). 

Witteveen and Joosse (20) found that a salinity-intolerant springtail (Isotoma viridis) was 
reduced in growth at salinities above 4.9 g Cl-/L (25% seawater). Feeding activity and egg 
production were negatively affected at 25% seawater (though not significantly). Hutson (5) 
showed that F. candida had a lower fecundity at salt levels comparable to 2.6 g Cl-/L. 
Assuming that the chloride measured in water extracts is fully derived from the pore water, a 
worst-case estimate of pore-water concentrations can be derived. At a soil moisture content of 
24% (w/w), the chloride concentration in the pore water at the highest lead doses was 
estimated to be 5.8 g Cl-/L, comparable to 30% seawater. Therefore, it is likely that F. 

candida, being a salt intolerant springtail, was also negatively affected by the high chloride 
concentrations in this experiment. Due to percolation, chloride concentrations dropped to such 
a level that these negative effects were strongly reduced. Although nitrate concentrations have 
not been measured, it can be assumed that percolation also decreased the concentrations of 
this counterion, thus reducing toxicity. 
 
 

CONCLUSIONS 
 

Lead nitrate was more toxic to F. candida than lead chloride for both lethal and sublethal 
effects. Percolation of the soils partially reduced toxicity of both lead salts. In the percolated 
treatments, PbCl2 and Pb(NO3)2 amended soils showed no difference in toxicity. Percolation 
did, however, not affect total and available lead concentrations in the soil, nor did it affect 
internal lead concentrations in the surviving animals. Therefore, the results show that the 
counterion contributes significantly to the toxicity of lead salts and that percolation is an 
effective way to get rid of unwanted effects of counterions in heavy metal testing. 
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Abstract – In the environment metals are often present in mixtures, yet interactive effects are 
little studied. In this study, single and combined toxicity of cadmium and lead, copper or zinc 
to the springtail Folsomia candida was studied in a natural soil. Three binary mixture 
experiments of cadmium with lead, cadmium with copper and cadmium with zinc were run. 
Survival, growth and reproduction were related to total, 0.01 M-CaCl2 exchangeable and 
water-extractable metal concentrations in the soil and internal concentrations in the surviving 
springtails. The aim of the study was to clarify the interactive effects of the metals on sorption 
to soil, on uptake by the springtails, and on toxicity. The mixture effects were compared to the 
effects of the individual constituents using a model that distinguished four distinct patterns, 
relative to the additive model: no deviation, synergism/antagonism, dose ratio-dependent 
deviation, and dose level-dependent deviation. The soil-solution distribution of cadmium was 
affected by all three metals; in the mixtures, cadmium was found in relatively higher 
concentrations in the exchangeable and water-extractable fractions, compared to the single 
cadmium treatment. A similar effect was seen of cadmium on the exchangeable fraction zinc 
and lead. This, however, did not lead to increased cadmium, lead or zinc concentrations in F. 

candida exposed to the mixtures. Zinc and copper concentrations in the springtails were 
regulated at the lower exposure concentrations. Combined effects of the metals on survival, 
growth and reproduction of F. candida were overall antagonistic, with some dose ratio-
dependent deviations from the additive model for the different mixtures, effect parameters and 
metal pools. Relating the effects to internal metal concentrations proved difficult when one of 
the essential metals was regulated, but effects on growth tended to be antagonistic at lower 
effect levels and synergistic at higher effect levels. Interactions between the metals at their 
soil-solution distribution appeared to be a poor predictor for interactions at toxic effects. 

35 
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INTRODUCTION 
 

Metals are usually present in soil as mixtures. Combined high soil concentrations of 
cadmium, lead, copper and zinc can be found at many metal polluted sites such as metal 
mining and smelting areas (29,31,41,46). At a lower concentration range, metal mixtures in 
soil can also result from less obvious sources related to human activities, like manure (copper) 
and fertilizer (cadmium) application onto the same agricultural field. Springtails live in high 
numbers in the top soil layer, where they play an important role in the decomposition of 
organic material by feeding on fungal hyphae. Both via uptake of moisture from the soil and 
through feeding can they be exposed to the metal mixtures. Metals play different roles in the 
biology of animals. Springtails require copper and zinc as a micronutrient (11) and they are 
often able to regulate internal concentrations of these metals at a rather constant level over a 
wide range of exposure concentrations, see e.g. (3,43). On the other hand, cadmium and lead 
have no known function to springtails and are not subject to regulation e.g. (43), though 
springtails are known to be able to excrete cadmium and lead via intestinal exfoliation (46). In 
view of these facts, metals are interesting subjects to study mixture toxicity. 

Although concepts for dealing with the combined effects of toxicants have been 
developed by pharmacologists and aquatic toxicologists, mixture toxicity to soil organisms is 
still poorly understood. This can partly be attributed to the more recent origins of soil 
(eco)toxicology, and consequent scarcity of experiments with a systematic approach towards 
mixture toxicity of metals to soil organisms (14,17-20,30,43). Further, the complexity of the 
soil environment makes it difficult to explain effects on the soil organisms from total soil 
concentrations. In soil, metals can interact at three levels: (a) chemical and physiochemical 
interactions with other constituents of the soil, determining sorption and thereby 
bioavailability; (b) physiological interactions, affecting uptake from the soil (solution) and 
ultimately determining the quantity available at the site(s) of action; and (c) interactions at the 
detoxification and intoxication processes, including combination with receptors, at the target 
site(s) (4). At each level, metals may interact with each other. Therefore, in order to 
understand mixture toxicity to soil organisms, the interactions at the different levels must be 
disentangled. 

In mixture toxicity studies, the mixture is often limited to one ratio of the individual 
components, usually with both chemicals added at equal fractions of their EC50 (equitoxic 
mixtures). The above-discussed interactions in a mixture can only fully be explored if more 
ratios of the individual metals are tested. Most commonly, the toxicity data are only explored 
for antagonistic or synergistic deviations from the additive model. It is expected, however, 
that the combined effect of metals depends on the proportion of the metals in the mixture. 
Further, dose level-dependent deviations from additivity are reported in several studies 
(35,42,43). For instance, cadmium and zinc combined affected reproduction of Folsomia 

candida differently at the EC10 (additive) than at the EC50 level (antagonistic) (42,43). 
Recently,  Jonker et al. (16) provided a simple and coherent data analysis framework to detect 
and quantify four distinct deviation patterns from the additive model in dose-response data of 
simple mixtures (no deviation, synergism/antagonism, dose ratio-dependent deviation and 
dose level-dependent deviation). This framework will be applied to the data from the present 
experiments to explore the interactions between the metals in depth. 

The aim of this study was to discriminate between interactions of cadmium with lead, 
copper or zinc on the various levels (sorption, uptake, toxicity) and to relate them to each 
other. Further, we wanted to obtain insight in the importance of dose ratio- and dose level-
dependent deviations in the joint toxicity of metals. Tests were performed in a natural 
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standard soil with the springtail F. candida (13). Toxicity tests were performed with series of 
the individual metals, with mixtures of equitoxic concentration ratio and of four other 
concentration ratios. To unravel the various possible interactions, we studied the following 
aspects: (a) the influence of the metals on each other’s soil-solution distribution by 
determining water-extractable, CaCl2-exchangeable and total soil concentrations; (b) the 
uptake of the metals by the springtails in relation to the (extractable) soil concentrations of 
both metals; and (c) the combined effects of metals on survival, growth and reproduction of 
F. candida in relation to (extractable) concentrations in soil and internal concentrations in the 
animals. 
 
 

MATERIALS AND METHODS 
 
Test animals 

Juvenile F. candida Willem 1902 (Hexapoda: Collembola), of similar age (10-12 d), were 
obtained by synchronizing the egg deposition of adult animals from a laboratory breeding 
stock, which has been kept in the laboratory for many years. The animals were cultured in 
pots with a layer of moist plaster of Paris mixed with activated charcoal (9:1 w/w) and kept in 
a climate room at 20 ± 0.1ºC, 75% relative humidity at a light/dark regime of 12/12 h. 
Animals were fed with dried baker’s yeast (Oetker, Veenendaal, The Netherlands). 
 
Contamination of the test soil 

A natural standard soil (Landwirtschaftliche  Untersuchungs- und ForschungsAnstalt, 
LUFA 2.2) was obtained from the LUFA-Institute at Speyer, Germany. The soil had an 
organic carbon content of 2.19 %, and a cation exchange capacity (CEC) of 11 mval/100 g. 
CdCl2ּ2½H2O (> 99% pure, Sigma-Aldrich, Zwijndrecht, The Netherlands), PbCl2 (> 98% 
pure, Merck-Schuchardt, Hohenbrunn, Germany), CuCl2 ּ2H2O (> 99% pure, Mallinckrodt 
Baker, Deventer, The Netherlands) and ZnCl2 (> 98% pure, Merck, Darmstadt, Germany) 
were mixed in with the soil as aqueous solutions. A few drops of 10% HCl were added to the 
PbCl2 solution to increase solubility. Upon addition of the metal solutions, the moisture 
content of the soil was raised to a level of 25% (w/w), which corresponds with approximately 
50% of the maximum water-holding capacity. The soil was left for two weeks at room 
temperature in closed containers to equilibrate before being used in the experiments. 

The three binary mixture experiments (cadmium-zinc, cadmium-lead and cadmium-
copper, in this order) were started at one-week intervals. The experimental design for the 
mixture experiment was based on the toxic unit (TU) concept with reproduction as an 
endpoint (TU = c/EC50, where EC50 is the median effective concentration and c is the 
toxicant concentration in the mixture). Concentrations were based on EC50s for reproduction 
reported in the literature (516 nmol Cd/g dry soil (44) and 5322 nmol Zn/g dry soil (36)), 
found in a pilot experiment (5114 nmol Cu/g dry soil) and in earlier experiments as described 
in Chapter 2 (2606 nmol Pb/g dry soil). Nominal concentrations of the binary mixtures with 
cadmium were based on expected toxic strengths of 0.25, 0.5, 1, 2 and 4 TU, as well as 
expected toxicant ratios of Cd to Pb, Cu or Zn of 1:9, 1:3, 1:1 (equitoxic), 3:1 and 9:1 (Table 
1). The actual toxic strength of the mixtures depends on the EC50s estimated from the data 
obtained in the current experiment, which always included a series of the single metals tested 
simultaneously with the mixtures (Table 1). 
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Table 1. Nominal total concentrations of cadmium and lead, copper or zinc (Toxic Units) in LUFA 2.2 
soil used in the binary toxicity experiments with Folsomia candida. One TU was defined as the 50% 
effective concentration for reproduction, corresponding with 516, 2606, 5114 and 5322 nmol/g dry 
soil for cadmium, lead, copper and zinc, respectively. To minimize the number of treatment groups, 
some combinations were not tested (indicated with a dash). 
 

   Cd + Me* Cd + Me* Cd + Me* Cd + Me* Cd + Me* 
Total Single Cd Single Me* Equitoxic Ratio 1:9 Ratio 1:3 Ratio 3:1 Ratio 9:1 
0.125 0.125 0.125 — — — — — 
0.25 0.25 0.25 0.125 + 0.125 — — — — 
0.5 0.5 0.5 0.25 + 0.25 0.05 + 0.45 0.125 + 0.375 0.375 + 0.125 0.45 + 0.05 
1 1 1 0.5 + 0.5 0.1 + 0.9 0.25 + 0.75 0.75 + 0.25 0.9 + 0.1 
2 2 2 1 + 1 0.2 + 1.8 0.5 + 1.5 1.5 + 0.5 1.8 + 0.2 
4 4 4 2 + 2 — — — — 
8 — — 4 + 4# — — — — 

 
* Me stands for Cu, Pb or Zn. 
# not tested for the cadmium-lead mixture. 

 
Toxicity testing 

Glass jars (100 ml) were filled with 30 g of moist soil. Five replicates were used for each 
concentration, and 10 for the control (190 jars in total). Within one binary mixture 
experiment, all concentrations were tested simultaneously. At the start of the experiments, 10 
juvenile F. candida were transferred into each of the jars and a few grains of dried baker’s 
yeast were added as food. The jars were placed in a climate room at 20 ± 0.1ºC, 75% relative 
humidity with a 12/12 h light/dark cycle. Additional food was given to maintain ad libitum 
conditions. The jars were aerated three times a week and soil moisture content was kept 
constant by weighing the jars once a week and replenishing the water loss with deionised 
water. 

After 4 weeks of incubation, survival, weight, and reproduction of the animals were 
determined for each concentration. The contents of a jar were washed into a glass beaker 
using 100 ml of deionised water. The mixture was gently stirred to allow all living animals to 
float on the water surface. The parent animals could be distinguished easily from their 
offspring by their body size. First, the number of animals surviving from those originally 
introduced was counted by eye, then, a colour slide of the water surface was made. The slides 
were projected on a portable slide projector, and the number of offspring was counted to 
determine reproduction. For each treatment, a sample of surviving animals (up to a maximum 
of 15) was collected from the replicate test jars. Fresh weight of individual animals was 
determined to the nearest microgram using a supermicrobalance (model S4, Sartorius, 
Goettingen, Germany). The animals were lyophilised and weighed to obtain the dry weight 
and stored at -20ºC until metal analyses.  
 
Chemical analysis 

Soil was dried at 40 ºC. The total metal fraction was obtained by microwave digestion of 1 
± 0.05 g dry soil in 6 ml of a mixture of concentrated HNO3 (min. 65%, Riedel-de Haën, 
Seelze, Germany), HCl (min. 37%, Mallinckrodt Baker, Deventer, The Netherlands), and 
deionised water (4:1:1 v/v/v). At the end of the experiments, exchangeable and water-
extractable metal fractions were determined by shaking 5 ± 0.05 g dry soil for 2 h at 200 rpm 
with 25 ml of a 0.01 M CaCl2 (Mallinckrodt Baker, Deventer, The Netherlands) solution or 25 
ml deionised water. The suspensions were left overnight to settle after which pH was 
determined in the solutions. After filtration over a 0.45 µm cellulose nitrate membrane filter 
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(401196, Schleicher & Schull, Dassel, Germany), metal concentrations in the extracts were 
measured by flame and graphite furnace atomic absorption spectrometry (AAS, model 1100B, 
Bodenseewerk Perkin-Elmer, Überlingen, Germany). San Joaquin soil (certified by the 
National Institute of Standards and Technology, Gaithersburg, MD, USA) was used as 
reference soil for total metal concentrations. Recoveries from the reference soil were 5-71% 
for Cd, 40-57% for Pb, 87-91% for Cu and 84-97% for Zn. For cadmium and lead, the 
recoveries were low due to the low concentrations of these metals in the reference soil, 
resulting in concentrations in the digest close to or below detection limits. The nominal and 
actual metal concentrations were however, in agreement (see Results), therefore no systematic 
corrections were applied to the total metal analyses in soil. Measurements below the detection 
limit were used as half the calculated detection limit. Chloride concentrations in the water 
extracts were measured on an autoanalyser (model SA 400, Skalar, Breda, The Netherlands). 

Individual animals were digested in 300 µl of a mixture of concentrated HNO3 and HClO4 
(7:1 v/v; Ultrex grade; Mallinckrodt Baker, Deventer, The Netherlands), and internal metal 
concentrations were measured using graphite furnace AAS. As standard reference material, 
bovine liver (Cd, Cu and Zn) and olive leaves (Pb) (certified by the Community Bureau of 
Reference, Brussels, Belgium) were used. Recoveries were 60-92% for Cd, 43-91% for Cu, 
86-89% for Pb and 48-55% for Zn. Reference material was weighed at 0.1% of the minimum 
quantity certified to stay in the range of the weight of individual springtails. Therefore 
deviations from certified metal concentrations were to be expected and no systematic 
corrections were applied to the internal metal concentrations. Measurements below the 
detection limit were used as half the calculated detection limit. 
 
Calculations and statistics 

Sorption of metals to the test soil was described by a Langmuir isotherm: 
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where Csorbed is the metal concentration in the soil (nmol/g dry soil), Cdiss is the metal 
concentration in the water or 0.01 M CaCl2 extract (nmol/ml), Csorbed-max is the maximum 
sorption capacity (nmol/g dry soil) and KL is the Langmuir sorption constant (ml/nmol). KL 
may be interpreted as the inverse of the dissolved concentration at which 50% of the sorption 
sites is occupied. Estimates for Csorbed-max and KL were obtained by non-linear regression on 
log-transformed data of Csorbed versus Cdiss (GraphPad Prism™ 2.01). Controls were excluded 
from the analyses because (dissolved) concentrations were below detection limits. A 
generalized likelihood-ratio test (39) was used to compare results from single metal and 
mixture treatments. 

For each binary mixture and for every metal pool, mixture effects on survival, growth and 
reproduction of F. candida were analysed by applying the computational framework proposed 
by Haas et al. (10) and Jonker (16). Following their derivations, the binary toxic-unit mixture 
model can be generalized to: 
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where C1 and C2 denote the concentrations of the individual chemicals in the mixture, Y 
indicates the biological response, and f1

-1 and f2
-1 indicate the inverse dose-response functions 
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of the individual compounds in the mixture. In this equation, the concentration of each 
compound in the mixture is divided by its concentration resulting in the same effect as the 
mixture. This concentration is calculated by utilizing the inverse function of the dose-
response relationship of the individual substances, in this case the log-logistic model. Under 
the assumption of concentration addition, these ratios should add up to 1. G denotes an extent 
function to quantify deviations from additivity. Note that G will be 0 in the case of 
concentration addition (exp (G) = 1). 

Since toxicants differ widely in toxic potency, concentrations at which toxic effects 
appear can vary hugely among toxicants in one experiment. Therefore, the deviation function 
should depend on each chemical’s relative contribution to toxicity (the toxic units (TUx)) 
rather than their actual concentrations. The relative amount of toxic units of each chemical i in 
a mixture can be calculated as follows: 

 

 

∑
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The deviation function is written as a function of these relative contributions to toxicity zi: 
G(z1,…, zn) rather than chemical concentrations. The effect concentration (ECx), on which the 
TUxs are based, can be chosen arbitrarily. However, the EC50 is commonly used, as it is 
usually the effect concentration that can be estimated with the least amount of variability. 

Details of the analysis procedure are outlined by Jonker (14) and Haas et al. (10). In short, 
G enables the quantification of four distinct deviations from the reference model: 1) no 
deviation, 2) synergism/antagonism in all mixture combinations (S/A), 3) dose ratio-
dependent deviation (DR), where the deviation pattern (synergism/antagonism) depends on 
the relative contribution of the toxicants in the mixture, 4) dose level-dependent deviation 
(DL), where synergism/antagonism depends on the dose level tested. Within this framework 
the synergistic/antagonistic model is an extension of the additive model with one additional 
parameter. Subsequently, the synergistic/antagonistic model is nested in the dose ratio-
dependent deviation model and dose level-dependent deviation model. These models have 
two additional parameters compared with the additive model and they cannot be statistically 
compared. The biological interpretation of the additional deviation parameters, here arbitrarily 
named a and b, is listed in Table 2. 

Throughout all three binary mixture experiments, survival of F. candida appeared to be 
affected by cadmium only. Therefore, the model described above could not be applied. 
Instead, the log-logistic model was extended with an interaction parameter (a). In the log-
logistic equation the LC50 parameter was replaced by LC50Cd  for the reference model and 
LC50Cd + a CPb/Cu/Zn  for the extended model, where a is the interaction parameter and 
CPb/Cu/Zn is the concentration of the other metal in the mixture. The interpretation of parameter 
a is equal to that described in Table 2, but only synergistic or antagonistic deviations from the 
additive model can be analysed. 

All parameters, i.e. slopes of the dose-response curves, the median effect concentrations 
(EC501, EC502), the control response (µ0) and the deviation parameters (a, b) were estimated 
simultaneously. The identification and quantification of the deviation pattern from the 
reference proceeds by finding the most parsimonious model. Therefore for every model a set 
of parameter values has to be found that maximizes the likelihood of the data, given the 
hypothesized model.  
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Table 2. Interpretation of additional parameters a and b substituted into Equation 2 that define the 
functional form of the deviation patterns from the additive model. TU denotes the toxic unit of a 
chemical, defined as the exposure concentration in the mixture divided by its EC50 and zi = 
TUi(TU1+TU2)

-1, i =1,2. 

 
Deviation pattern 
 

a b 

Synergism/ Antagonism (S/A) 
G = az1z2 

Pos: antagonism 
 

Neg: synergism 

 

Dose Ratio (DR) dependent 
toxicity 
 
G = (a + b[z1-z2])z1z2 

Pos: predominantly antagonism 
 
Neg: predominantly synergism 

Pos: decreased toxicity related 
to z1 increase in the mixture 
 
Neg: increased toxicity related 
to z1 increase in the mixture 

Dose Level (DL) dependent 
toxicity 
 
G = (a(1 – b[TU1+TU2]))z1z2 

Pos: antagonism at low DL  
& synergism at high DL 
 

Neg: synergism at low DL 
& antagonism at high DL 

b=1: S/A switch at EC50 level 
0<b<1: S/A switch at higher DL 

b>1: S/A switch at lower DL 
b<0: no change, but the 
magnitude of S/A is DL-
dependent 

 
For quantal data, a binomial distribution is assumed and the following objective function 

(L) has to be minimised (26):  
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subject to Equation 2, where Ŷ  = Y. The Tk indicates the number of organisms exposed and Pk 
the number of organisms responding, yk is the observed effect (yk  = Pk/Tk) in the kth treatment, 
in an experiment with m treatments (dose combinations and replicates). 

For continuous toxicity data, a normal distribution is assumed. If it is assumed that the 
variance among the data for every exposure combination is equal, then minimising the sum of 
squared residuals (SS) is equivalent to maximising the likelihood of the data. Hence, the 
following objective function has to be minimised: 
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subject to Equation 2, where Ŷ  = Y, and yk is the observed effect in the kth treatment, in an 
experiment with m treatments. 

The significance of additional parameters in the model was quantified by comparing the 
likelihood ratio to the upper 5% value of the Chi-square distribution with df2 – df1 degrees of 
freedom, and df1 and df2 denote the degrees of freedom of the reduced and the full model, 
respectively. If the synergistic/antagonistic model did not show a significant improvement, 
the dose ratio-dependent deviation and dose level-dependent deviation models were compared 
with the reference. Note that the models for quantifying dose ratio-dependent deviations and 
dose level-dependent deviations are not nested and thus cannot be statistically compared. The 
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objective function was minimized in a spreadsheet environment (Microsoft Excel) using the 
built-in solver function (Newton algorithm).  
 
 

RESULTS 
 
pH, metal and chloride concentrations 

The pH-0.01 M CaCl2 and pH-H2O of the control soil differed for the three experiments. 
The pH-0.01 M CaCl2 of the control soil was 4.7 for the cadmium-lead experiment, 4.8 for the 
cadmium-zinc experiment and 5.2 for the cadmium-copper experiment. The pH-H2O of the 
control soil was 5.2 for the cadmium-lead and cadmium-zinc experiments and 5.7 for the 
cadmium-copper experiment. In the cadmium-lead and cadmium-zinc experiments, the soil 
pH differed less than 0.5 units between the different treatments. The addition of copper or the 
mixture of cadmium and copper to the soil affected soil pH most and caused a dose-related 
decrease of soil pH. The highest copper treatments, both single and with cadmium, resulted in 
a decrease in pH until 4.5, for both pH-0.01 M CaCl2 and pH-H2O. In the single cadmium 
treatments of the cadmium-copper experiment soil pH was affected to a lesser extent (highest 
cadmium treatment: pH-0.01 M CaCl2 = 5.1 and pH-H2O = 5.4).  

 
Table 3. Langmuir sorption parameters KL (L/µmol) and Csorbed-max (µmol /kg), with standard errors 
(between brackets), estimated for the sorption of cadmium and lead in a natural standard soil spiked 
with CdCl2 and PbCl2 in different ratios (in TU), extracted with deionised water or 0.01 M CaCl2. A 
dash represents where the sorption parameters could not be quantified. 

 

Ratio  H2O CaCl2 
Cd : Pb  log KL log Csorbed-max r

2 log KL log Csorbed-max r
2 

1 : 0 Cd -1.22 
(0.14) 

3.55 
(0.11) 

0.99 -2.51 
(0.11) 

3.82 
(0.10) 

1.0 

0 : 1 Pb -0.910 
(0.24) 

4.48 
(0.21) 

0.99 -0.556 
(0.15) 

3.98 
(0.10) 

0.97 

Cd -1.09 
(0.097) 

3.39 
(0.076) 

1.0 -2.49 
(0.24) 

3.78 
(0.22) 

1.0 9 : 1 

Pb -0.200 
(0.021) 

3.72 
(0.019) 

1.0 0.989 
(0.21) 

2.85 
(0.10) 

0.95 

Cd -0.936 
(0.082) 

3.22 
(0.060) 

1.0 -2.13 
(0.013) 

3.43 
(0.011) 

1.0 3 : 1 

Pb ─ 
─ 

─ 
─ 

─ 0.194 
(0.59) 

3.28 
(0.35) 

0.80 

Cd -0.954 
(0.12) 

3.20 
(0.093) 

0.99 -2.24 
(0.14) 

3.51 
(0.12) 

1.0 1 : 1 

Pb ─ 
─ 

─ 
─ 

─ -0.408 
(0.19) 

3.88 
(0.14) 

0.96 

Cd -0.282 
(0.10) 

2.58 
(0.066) 

0.99 -1.55 
(0.056) 

2.84 
(0.045) 

1.0 1 : 3 

Pb ─ 
─ 

─ 
─ 

─ -0.476 
(0.12) 

3.85 
(0.082) 

0.99 

Cd -0.234 
(0.14) 

2.14 
(0.083) 

0.98 -1.02 
(0.11) 

2.36 
(0.084) 

1.0 1 : 9 

Pb -0.460 
(0.29) 

4.06 
(0.22) 

0.98 -0.416 
(0.22) 

3.81 
(0.13) 

0.96 
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Table 4. Langmuir sorption parameters KL (L/µmol) and Csorbed-max (µmol /kg), with standard errors 
(between brackets), estimated for the sorption of cadmium and copper in a natural standard soil spiked 
with CdCl2 and CuCl2 in different ratios (in TU), extracted with deionised water or 0.01 M CaCl2. A 
dash represents where the sorption parameters could not be quantified. 

 
Ratio  H2O CaCl2 

Cd : Cu  log KL log Csorbed-max r2 log KL log Csorbed-max r2 
1 : 0 Cd -1.01 

(0.159) 
3.61 

(0.135) 
0.990 -2.42 

(0.178) 
3.82 

(0.160) 
0.995 

0 : 1 Cu -1.66 
(0.192) 

4.45 
(0.157) 

0.959 -1.37 
(0.125) 

4.22 
(0.0878) 

0.972 

Cd -0.617 
(0.0773) 

3.21 
(0.0543) 

0.997 -1.90 
(0.0222) 

3.31 
(0.0170) 

1.00 9 : 1 

Cu -1.23 
(1.73) 

3.88 
(1.59) 

0.922 -0.639 
(0.546) 

3.49 
(0.441) 

0.949 

Cd -0.533 
(0.236) 

3.06 
(0.155) 

0.967 -1.86 
(0.288) 

3.22 
(0.218) 

0.976 3 : 1 

Cu ─ 
─ 

─ 
─ 

─ -0.956 
(0.174) 

3.79 
(0.136) 

0.992 

Cd -0.786 
(0.177) 

3.21 
(0.122) 

0.943 -2.16 
(0.159) 

3.46 
(0.126) 

0.981 1 : 1 

Cu -1.72 
(0.206) 

4.46 
(0.168) 

0.955 -1.53 
(0.0739) 

4.28 
(0.0545) 

0.991 

Cd -0.0311 
(0.264) 

2.48 
(0.152) 

0.942 -1.48 
(0.209) 

2.78 
(0.161) 

0.989 1 : 3 

Cu ─ 
─ 

─ 
─ 

─ -1.34 
(0.101) 

4.10 
(0.0699) 

0.995 

Cd 0.437 
(0.210) 

2.08 
(0.116) 

0.958 -1.18 
(0.178) 

2.46 
(0.142) 

0.994 1 : 9 

Cu ─ 
─ 

─ 
─ 

─ -1.53 
(0.161) 

4.22 
(0.113) 

0.989 

 
 

Measured total metal concentrations in soil were in agreement with nominal ones (80-
111% for Cd, 89-120% for Pb, 83-101% for Cu and 64-111% for Zn). All data in this paper 
are expressed on the basis of measured concentrations. Water-extractable and CaCl2-
exchangeable metal concentrations increased with the total concentrations. Langmuir sorption 
parameters (KL and Csorbed-max) for both metals in the three mixtures are given in Tables 3-5 
for the single metal treatments and for the different ratios.  

Water-extractable and CaCl2-exchangeable concentrations of cadmium increased 
significantly in the presence of copper, lead or zinc (generalized likelihood ratio test, 
p<0.001). This is reflected by a decrease of the estimated maximum sorption capacity (Csorbed-

max) with increasing contribution of the other metal in the mixture (Tables 3-5). This effect on 
availability can also be seen in the Langmuir isotherms. Figures 1-3 show the Langmuir 
isotherms for water-extractable cadmium at different ratios to lead, copper or zinc in the 
mixture. With increasing proportion of lead, copper or zinc in the mixture, the slope of the 
isotherm decreases (and estimates for KL increase), indicating higher extractable 
concentrations of cadmium. The same was true for CaCl2-exchangeable concentrations of lead 
and zinc in the presence of cadmium (generalized likelihood ratio test, p<0.01). The CaCl2-
exchangeable copper concentrations were hardly affected by cadmium. Water-extractable  
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Table 5. Langmuir sorption parameters KL (L/µmol) and Csorbed-max (µmol /kg), with standard errors 
(between brackets), estimated for the sorption of cadmium and zinc in a natural standard soil spiked 
with CdCl2 and ZnCl2 in different ratios (in TU), extracted with deionised water or 0.01 M CaCl2. A 
dash represents where the sorption parameters could not be quantified. For all fits, r2 was >0.94. 

 
Ratio  H2O CaCl2 

Cd : Zn  log KL log Csorbed-max log KL log Csorbed-max 
1 : 0 Cd -1.21 

(0.0916) 
3.50 

(0.0757) 
-2.46 

(0.134) 
3.75 

(0.120) 
0 : 1 Zn -2.24 

(0.180) 
4.22 

(0.126) 
-3.15 

(0.142) 
4.47 

(0.116) 
Cd -1.14 

(0.00900) 
3.39 

(0.00717) 
-2.90 

(0.557) 
4.12 

(0.535) 
9 : 1 

Zn -1.19 
(0.341) 

3.41 
(0.234) 

-2.07 
(0.338) 

3.59 
(0.267) 

Cd -1.02 
(0.0430) 

3.20 
(0.0322) 

-2.79 
(0.362) 

3.99 
(0.346) 

3 : 1 

Zn -1.66 
(0.0837) 

3.72 
(0.0583) 

-2.59 
(0.192) 

3.96 
(0.158) 

Cd -1.19 
(0.130) 

3.30 
(0.0964) 

-2.54 
(0.0785) 

3.73 
(0.0696) 

1 : 1 

Zn -2.43 
(0.133) 

4.32 
(0.0992) 

-3.36 
(0.119) 

4.62 
(0.102) 

Cd -0.628 
(0.364) 

2.73 
(0.274) 

— — 1 : 3 

Zn -2.42 
(0.416) 

4.27 
(0.322) 

— — 

Cd -0.202 
(0.219) 

2.29 
(0.163) 

-1.45 
(0.582) 

2.66 
(0.516) 

1 : 9 

Zn -2.46 
(0.324) 

4.26 
(0.242) 

-3.36 
(0.667) 

4.65 
(0.579) 
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Figure 1. Langmuir isotherms for the sorption of cadmium in CdCl2 and PbCl2 spiked to LUFA 2.2 
soil, for different Cd:Pb ratios (expressed in TU), extracted with deionised water. 
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Figure 2. Langmuir isotherms for the sorption of cadmium in CdCl2 and CuCl2 spiked LUFA 2.2 soil, 
for different Cd:Cu ratios (expressed in TU), extracted with deionised water. 
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Figure 3. Langmuir isotherms for the sorption of cadmium in CdCl2 and ZnCl2 spiked LUFA 2.2 soil, 
for different Cd:Zn ratios (expressed in TU), extracted with deionised water. 
 
concentrations of lead, copper and zinc were not affected by the presence of cadmium. Due to 
the large scatter in data, no reliable Langmuir fit was possible for lead at the nominal 
cadmium to lead ratios of 3:1, 1:1 and 1:3 (Table 3), and for copper at the nominal cadmium 
to copper ratios of 3:1, 1:3 and 1:9 (Table 4). 

Chloride concentrations in the water-extracts were 2.19, 0.640 and 0.729 mg Cl/ L in the 
controls of the cadmium-lead, cadmium-copper and cadmium-zinc experiment, respectively. 
The chloride concentrations increased in a dose related manner to a maximum in each of the 
mixture experiments of 145 mg Cl/ L at the highest single lead dose, 289 mg Cl/ L at the 
highest combined cadmium and copper dose, and 303 mg Cl/ L at the highest combined 
cadmium an zinc dose. 
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Uptake 

In the controls, internal cadmium and lead concentrations often were below the detection 
limit. Internal concentrations of cadmium and lead in the surviving Collembola increased with 
increasing total concentrations in the soil (Fig. 4-6), while copper and zinc concentrations 
appeared to be regulated at the lower soil concentrations (Fig. 5 and 6). Internal cadmium 
concentrations approached a plateau at high exposure concentrations (Fig. 4-6, left) of 
approximately 1-2 µmol Cd/ g dry body weight. This was most clear when internal 
concentrations were related to the water-extractable cadmium concentrations (Fig. 7, right). 
For internal lead concentrations no plateau was seen. From Figures 5 and 6 it is apparent that 
F. candida is able to regulate its internal copper and zinc concentration at an average level of 
0.5-1.1 µmol Cu/ g dry body weight and 1-3 µmol Zn/ g dry body weight, respectively. 
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Figure 4. Concentrations of cadmium (left) and lead (right) in Folsomia candida after 4 weeks 
exposure in LUFA 2.2 soil related to total soil concentrations. Results are presented for animals 
exposed to individual metals (◊) or to equitoxic mixtures (○). If measurements were below the 
detection limit (dl), symbols are filled instead of open. 
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Figure 5. Concentrations of cadmium (left) and copper (right) in Folsomia candida after 4 weeks 
exposure in LUFA 2.2 soil related to total soil concentrations. Results are presented for animals 
exposed to individual metals (♦) or to equitoxic mixtures (◊). 



  Binary mixtures 

  47 

At equitoxic concentrations, uptake of cadmium and lead, copper or zinc appeared not to 
be affected by the presence of the other metal (compare single and equitoxic in Fig. 4-6). The 
same pattern was found for internal cadmium concentrations related to the water-extractable 
and CaCl2-exchangeable cadmium concentrations. At the cadmium to zinc ratio of 1:9 also no 
effect of zinc on cadmium uptake was found (Fig. 7), but when the internal cadmium 
concentrations were related to water-extractable instead of total soil concentrations of 
cadmium, a reduced uptake of cadmium compared to the single cadmium treatment was found 
(compare squares and diamonds in Fig. 7). At the cadmium to copper ratio of 1:9 a slightly 
higher uptake of cadmium compared to the single cadmium treatment was found when plotted 
against total cadmium concentrations. However, when related to water-extractable 
concentrations instead of total soil concentrations, the effect of copper on cadmium uptake 
was not present (not shown). 
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Figure 6. Concentrations of cadmium (left) and zinc (right) in Folsomia candida after 4 weeks 
exposure in LUFA 2.2 soil related to total soil concentrations. Results are presented for animals 
exposed to individual metals (♦) or to equitoxic mixtures (◊). 
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Figure 7. Concentrations of cadmium in Folsomia candida after 4 weeks exposure in LUFA 2.2 soil 
related to total cadmium soil concentrations (left), and water-extractable cadmium soil concentrations 
(right). Results are presented for animals exposed to single cadmium (♦) and to mixtures with a 
cadmium to zinc ratio of 1:9 (in TU) (□). 
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Toxicity 

The springtails in the controls of the toxicity tests did well. In the controls of the 
cadmium-lead, cadmium-copper and cadmium-zinc experiment survival was 88 ± 17% 
(n=10), 91 ± 13% (n=10) and 84 ± 18% (n=10), respectively, growth during the four week 
exposure was 212 ± 44 µg (n=20), 237 ± 20 µg (n=20) and 231 ± 42 µg (n=20), respectively, 
and the average number of juveniles produced per test container was 857 ± 224 (n=10), 986 ± 
373 (n=10) and 1331 ± 229 (n=10), respectively. 

Cadmium affected survival in a concentration-related manner, except for the highest 
single test concentration in the cadmium-lead experiment (46% compared to 32%), and the 
two highest single test concentrations in the cadmium-copper experiment (42 and 44% 
compared to 28%). In these experiments, survival at the highest or two highest single test 
concentrations was higher compared to the concentration before. However, because of the 
high number of mixture test concentrations, and the simultaneous fit of all data, a reliable 
LC50 for cadmium could always be calculated. No effect of lead, copper or zinc was seen on 
survival at any of the concentrations tested. Therefore, it was only possible to test for an 
antagonistic or synergistic effect of the other metal in the mixture on cadmium toxicity. 
Median lethal concentrations (LC50s) for cadmium are given in Tables 6-8 for each mixture 
experiment. For example, the LC50 based on total cadmium concentrations in the 
cadmium/lead experiment was, according to the most parsimonious model, 980 nmol Cd/g 
dry soil. Statistical analyses revealed an antagonistic effect of lead on cadmium toxicity for 
survival of F. candida, when based on total, water-extractable and CaCl2-exchangeable metal 
concentrations. However, when expressed on the basis of internal metal concentrations, no 
significant effect of lead was found on cadmium toxicity for survival. A similar pattern was 
found in the cadmium-zinc experiment, while an antagonistic effect of copper on cadmium 
toxicity was detected for all metal pools (see Tables 7 and 8). 

Growth and reproduction of F. candida were negatively affected by all metals with 
increasing exposure concentrations. For clarity, the results of the different mixtures are given 
consecutive. 
 
Table 6. Parameter estimates and statistics after analysing the joint effect of cadmium and lead on the 
survival of Folsomia candida exposed for 4 weeks in a natural standard soil, based on total, CaCl2 
exchangeable and water-extractable concentrations in the soil and internal concentrations in surviving 
animals. Single lead had no effect on survival at the tested concentrations, and therefore LC50Pb was 
not estimated. Values are given for calculations based on the additive model (ref) and on the model 
extended with a deviation parameter (a) for synergism/antagonism (sy/an).  LC50s are given in nmol 
Cd/ g dry soil or in nmol Cd/ g dry body weight. See Table 2 for the interpretation of parameter a in 
each column. The p(χ2) values give the outcome of the likelihood ratio test of the extended model 
versus the reference model. 
 
 Total CaCl2-

exchangeable 

Water-

extractable 

Internal 

 ref sy/an ref sy/an ref sy/an ref sy/an 
Control (%) 0.92 0.92 0.92 0.92 0.92 0.92 0.91 0.91 
Slope 1.3 1.3 1.1 1.2 0.97 1.1 1.9 1.9 
LC50Cd 1100 980 380 300 58 38 1900 1800 
a  0.085  12.0  8.1  0.49 
p(χ

2
)  0.049  <0.001  <0.001  0.09 

Conclusion antagonism antagonism antagonism no interaction 
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Table 7. Parameter estimates and statistics after analysing the joint effect of cadmium and copper on 
the survival of Folsomia candida exposed for 4 weeks in a natural standard soil, based on total, CaCl2 
exchangeable and water-extractable concentrations in the soil and internal concentrations in surviving 
animals. Single copper had no effect on survival at the tested concentrations, and therefore LC50Cu 
was not estimated. Values are given for calculations based on the additive model (ref) and on the 
model extended with a deviation parameter (a) for synergism/antagonism (sy/an). LC50s are given in 
nmol Cd/ g dry soil or in nmol Cd/ g dry body weight. See Table 2 for the interpretation of parameter 
a in each column. The p(χ2) values give the outcome of the likelihood ratio test of the extended model 
versus the reference model. 
 
 Total CaCl2-

exchangeable 

Water-

extractable 

Internal 

 ref sy/an ref sy/an ref sy/an ref sy/an 
Control (%) 0.96 0.96 0.97 0.96 1.0 0.96 0.94 0.95 
Slope 0.92 1.4 0.60 1.4 0.33 1.0 2.1 2.8 
LC50Cd 1500 600 860 160 330 9.9 1400 940 
a  0.23  5.0  1.9  0.48 
p(χ

2
)  <0.001  <0.001  <0.001  <0.001 

Conclusion antagonism antagonism antagonism antagonism 
 
 
Table 8. Parameter estimates and statistics after analysing the joint effect of cadmium and zinc on the 
survival of Folsomia candida exposed for 4 weeks in a natural standard soil, based on total, CaCl2 
exchangeable and water-extractable concentrations in the soil and internal concentrations in surviving 
animals. Single zinc had no effect on survival at the tested concentrations, and therefore LC50Zn was 
not estimated. Values are given for calculations based on the additive model (ref) and on the model 
extended with a deviation parameter (a) for synergism/antagonism (sy/an). LC50s are given in nmol 
Cd/ g dry soil or in nmol Cd/ g dry body weight. See Table 2 for the interpretation of parameter a in 
each column. The p(χ2) values give the outcome of the likelihood ratio test of the extended model 
versus the reference model. 
 
 Total CaCl2-

exchangeable 

Water-

extractable 

Internal 

 ref sy/an ref sy/an ref sy/an ref sy/an 
Control 0.87 0.88 0.87 0.88 0.94 0.88 0.87 0.87 
Slope 1.19 1.30 0.84 1.2 0.28 1.0 1.6 1.5 
LC50Cd 2900 540 1700 280 4200 30 3300 4600 
a  1.5  2.0  1.8  -0.33 
p(χ

2
)  <0.001  <0.001  <0.001  0.0766 

Conclusion antagonism antagonism antagonism no interaction 
 
 
 The results of the analysis of the toxicity data for combinations of cadmium and lead are 
summarized in Table 9 (growth) and 10 (reproduction). To illustrate the data analysis 
procedure, the calculations on the effect of water-extractable concentrations on growth are 
discussed in detail. Three comparisons of the data with the toxic unit model (Equation 2) are 
depicted in Figure 8. The upper row of panels shows the response planes, the middle an 
isobolic representation of the models, and the lower shows comparisons of the model 
description with the data. Adding one additional deviation parameter in Equation 2 to describe 
antagonism or synergism resulted in a significant improvement in data description (Table 9). 
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The estimated value of a was 5.91, which is positive, indicating antagonism (second column 
of graphs in Fig. 8). The bottom graph in the second column shows that the description of the 
mixture data points was somewhat improved. Adding an extra deviation parameter allowing 
for a dose ratio-dependent deviation from additivity again improved the description of the 
data significantly. The estimated values of the deviation parameters were a = 3.60 and b = 
5.39, indicating that the deviation from additivity was antagonistic at low cadmium 
concentrations, and the positive b value indicated that relatively more cadmium in the mixture 
coincided with a relative decrease in toxicity (Table 2). On the other hand, adding an extra 
deviation parameter to allow for a dose level-dependent deviation did not improve the 
description of the data (Table 9). The analyses for the other metal pools and effect parameter 
were conducted in a similar way, as were the analyses for the other mixtures. 

When the toxicity for growth was related to total concentrations, an antagonistic deviation 
from additivity was detected (Table 9). According to the most parsimonious model, the 
EC50s for the effect of cadmium and lead on growth of F. candida, based on total metal 
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Figure 8. Graphical summaries of curve fits obtained using the additive model (Eqn. 1) (left), with two 
deviation patterns: synergism/antagonism (middle) and dose ratio-dependent deviation (right). Top 
row: the response plane representing the effect of water-extractable cadmium and lead (nmol/g dry 
soil) on the growth of Folsomia candida (µg dry body weight) in a natural standard soil. Middle row: 
isobolic representation of the models; the isoboles indicate from left to right 10%, 25%, 50%, 75%, 
85% and 90% effect (concentrations in nmol/g dry soil). Bottom row: comparisons of the model 
description with the data. The 1:1 diagonal lines indicate ideal model description. The solid lines show 
a regression analysis over the mixture data. Each point is an average of at least 5 replicates. 
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concentrations, were 502 nmol Cd/g dry soil and 8380 nmol Pb/g dry soil. For the CaCl2-
exchangeable metal pool, the model quantifying dose ratio-dependent deviation described the 
data significantly better (p<0.01). The additional parameters in the DR model (a = 0.98 and b 
= 3.39) indicated that the deviation from additivity was antagonistic at low cadmium 
concentrations and that the mixture was relatively less toxic if relatively more cadmium was 
available. Relating toxicity to internal concentrations yielded a dose level-dependent 
deviation, although this conclusion was not that strong (P(X

2
) = 0.04). The additional 

parameters in the DL model (a = 7.61 and b = 0.25) indicated antagonism at low dose levels 
and synergism at high dose levels. From the value of parameter b it can be calculated that 
switching from antagonism to synergism occurred at concentration levels of 1/b = 1/0.25 = 4 ⋅ 
EC50 isobole. For reproduction, calculations on mixture effects yielded an antagonistic 
deviation from additivity for all metal pools (Table 10). No further improvement of the model 
was obtained by adding extra deviation parameters to allow for a dose ratio- or dose level-
dependent deviation. According to the most parsimonious model, the EC50s for the effect of 
 
Table 9. Parameter estimates and statistics after analysing the cadmium-lead effect on the growth (in 
µg dry body weight) of the springtail Folsomia candida exposed for 4 weeks in spiked natural soil, 
based on total, CaCl2 exchangeable and water-extractable concentrations in the soil and internal 
concentrations. Values are given for calculations based on the additive model (ref) and on the model 
extended with a deviation parameter (a) for synergism/antagonism (sy/an) or with an additional 
deviation parameter (b) for dose ratio-dependent deviation (ratio) or dose level-dependent deviation 
(level). EC50s are given in nmol/g dry soil or in nmol/g dry body weight. See Table 2 for the 
interpretation of parameters a and b in each column. The p(χ2) values indicate the significance of the 
additional deviation parameters in Equation 2. 
 
 Total CaCl2-exchangeable 

 ref sy/an ratio level ref sy/an ratio level 
Control  233 234 234 234 234 234 235 234 
Slope Cd 2.97 2.77 2.78 2.78 2.57 2.47 2.48 2.54 
Slope Pb 8.39 6.29 6.87 6.30 5.19 4.24 4.52 4.27 
EC50Cd 573 502 474 502 163 144 136 144 
EC50Pb 8800 8380 8470 8380 75.3 71.2 72.2 71.2 
a  1.28 1.18 1.25  2.12 0.98 1.51 
b   1.34 -0.025   3.39 -0.37 
p(χ

2
)  <0.001 0.086 0.98  <0.001 0.0099 0.66 

Conclusion antagonism high Cd: decrease in toxicity 

 
 Water-extractable Internal 

 ref sy/an ratio level ref sy/an ratio level 
Control  231 233 235 233 238 231 231 231 
Slope Cd 2.04 1.86 1.87 1.83 3.74 4.26 4.26 3.53 
Slope Pb 114000 8.10 8.16 8.08 0.44 31.0 36.8 9.96 
EC50Cd 25.3 14.7 13.4 14.7 1020 1020 1010 974 
EC50Pb 16.2 14.7 15.0 14.7 1240 1240 1250 1160 
a  5.91 3.60 6.34  3.30 3.28 7.61 
b   5.39 0.03   0.08 0.25 
p(χ

2
)  <0.001 0.018 0.865  <0.001 0.935 0.043 

Conclusion high Cd: decrease in toxicity low dose level: antagonism 
high dose level: synergism 
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cadmium and lead on reproduction of F. candida, based on total metal concentrations, were 
603 nmol Cd/g dry soil and 6400 nmol Pb/g dry soil. 

The results of the analysis of the toxicity data for combinations of cadmium and copper 
are summarized in Table 11 (for growth) and 12 (for reproduction). For the effect of total soil 
concentrations of cadmium and copper on growth, three comparisons of the data with the 
toxic unit model (Equation 2) are depicted in Figure 9. Adding one additional deviation 
parameter in Equation 2 to describe antagonism or synergism resulted in a significant 
improvement in data description (Table 11). The estimated value of a was 2.08, which is 
positive, indicating antagonism (second column of graphs in Fig. 9). The bottom graph in the 
second column shows that the description of the mixture data points was somewhat improved. 
Adding an extra deviation parameter allowing for a dose ratio-dependent deviation from 
additivity again improved the description of the data significantly. The estimated values of the 
deviation parameters were a = 2.72 and b = -4.07, indicating that the deviation from additivity 
 
Table 10. Parameter estimates and statistics after analysing the cadmium-lead effect on the 
reproduction (number of juveniles per container) of the springtail Folsomia candida exposed for 4 
weeks in spiked natural soil, based on total, CaCl2 exchangeable and water-extractable concentrations 
in the soil and internal concentrations. Values are given for calculations based on the additive model 
(ref) and on the model extended with a deviation parameter (a) for synergism/antagonism (sy/an) or 
with an additional deviation parameter (b) for dose ratio-dependent deviation (ratio) or dose level-
dependent deviation (level). EC50s are given in nmol/g dry soil or in nmol/g dry body weight. See 
Table 2 for interpretation of parameters a and b in each column. The p(χ2) values indicate the 
significance of the additional deviation parameters in Equation 2. 
 

 Total CaCl2-exchangeable 

 ref sy/an ratio level ref sy/an ratio level 
Control  997 996 996 996 996 996 996 995 
Slope Cd 3.33 3.37 3.37 3.33 2.85 2.90 2.90 2.84 
Slope Pb 4.47 4.42 4.36 4.38 3.08 2.58 2.58 2.50 
EC50Cd 727 603 607 603 211 179 179 180 
EC50Pb 7310 6400 6380 6390 54.2 46.1 46.1 45.8 
a  1.64 1.65 1.77  2.14 2.14 2.63 
b   -0.14 0.05   0.019 0.14 
p(χ

2
)  0.0026 0.92 0.94  0.0098 0.99 0.81 

Conclusion antagonism antagonism 

 
 Water-extractable Internal 

 ref sy/an ratio level ref sy/an ratio level 
Control  992 993 995 994 933 956 952 954 
Slope Cd 2.31 2.23 2.23 2.27 24.7 4.67 4.61 3.65 
Slope Pb 4.60 4.09 4.41 4.14 0.99 >10000 >10000 2920 
EC50Cd 31.3 20.6 19.6 20.6 1780 1220 1270 1140 
EC50Pb 13.6 11.4 11.6 11.4 5320 1290 1280 1230 
a  3.82 3.61 3.52  2.78 2.76 9.93 
b   1.26 -0.047   -0.60 0.35 
p(χ

2
)  <0.001 0.60 0.90  <0.001 0.69 0.17 

Conclusion antagonism antagonism 
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Figure 9. Graphical summaries of curve fits obtained using the additive model (Eqn. 1) (left), with two 
deviation patterns: synergism/antagonism (middle) and dose ratio-dependent deviation (right). Top 
row: the response plane representing the effect of total cadmium and copper (µmol/g dry soil) on the 
growth of Folsomia candida (µg dry body weight) in a natural standard soil. Middle row: isobolic 
representation of the models; the isoboles indicate from left to right 10%, 25%, 50%, 75%, 85% and 
90% effect (concentrations in µmol/g dry soil). Bottom row: comparisons of the model description 
with the data. The 1:1 diagonal lines indicate ideal model description. The solid lines show a 
regression analysis over the mixture data. Each point is an average of at least 5 replicates. 
 
 
was antagonistic at low cadmium concentrations, but the negative b value indicated that more 
cadmium in the mixture coincided with a relative increase in toxicity (Table 2). On the other 
hand, adding an extra deviation parameter to allow for a dose level-dependent deviation did 
not improve the description of the data (Table 11). 
When the toxicity for growth was related to CaCl2-exchangeable concentrations, the model 
quantifying dose ratio-dependent deviation described the data significantly better (p < 0.001) 
(Table 11). According to the most parsimonious model, the EC50s for the effect of cadmium 
and copper on growth of F. candida, based on CaCl2-exchangeable metal concentrations, 
were 109 nmol Cd/g dry soil and 862 nmol Cu/g dry soil. The additional parameters in the DR 
model (a = -3.78 and b = 18.5) indicated that the deviation from additivity was synergistic at 
low Cd concentrations and that the mixture was relatively less toxic if relatively more 
cadmium was available. For the water-extractable metal pool, the model quantifying dose 
ratio-dependent deviation also described the data significantly better (p < 0.001). The 
additional parameters in the DR model (a = 31.1 and b = -30.8) indicated that the deviation 
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Table 11. Parameter estimates and statistics after analysing the cadmium-copper effect on the growth 
(in µg dry body weight) of the springtail Folsomia candida exposed for 4 weeks in spiked natural soil, 
based on total, CaCl2 exchangeable and water-extractable concentrations in the soil and internal 
concentrations. Values are given for calculations based on the additive model (ref) and on the model 
extended with a deviation parameter (a) for synergism/antagonism (sy/an) or with an additional 
deviation parameter (b) for dose ratio-dependent deviation (ratio) or dose level-dependent deviation 
(level). EC50s are given in nmol/g dry soil or in nmol/g dry body weight. See Table 2 for the 
interpretation of parameters a and b in each column. The p(χ2) values indicate the significance of the 
additional deviation parameters in Equation 2. 
 
 Total CaCl2-exchangeable 

 ref sy/an ratio level ref sy/an ratio level 
Control 246 250 248 250 245 247 253 247 
Slope Cd 2.14 1.94 1.95 1.94 1.93 1.76 1.71 1.72 
Slope Cu 11800 7.13 6.71 7.12 8060 2.36 2.33 2.29 
EC50Cd 554 450 525 449 153 122 109 121 
EC50Cu 19600 14000 13600 14000 1940 601 862 626 
a  2.08 2.72 2.11  6.62 -3.78 7.86 
b   -4.07 0.00724   18.5 0.0340 
p(χ

2
)  <0.001 0.005 0.977  <0.001 <0.001 0.419 

Conclusion high Cd: increase in toxicity high Cd: decrease in toxicity 
 
 Water-extractable Internal 

 ref sy/an ratio level ref sy/an ratio level 
Control 244 248 248 248 240 240 240 242 
Slope Cd 1.63 1.19 1.19 1.22 2.98 3.02 2.95 0.593 
Slope Cu 2810 1.48 1.26 1.50 14700 14700 14700 14500 
EC50Cd 15.4 6.41 8.15 6.46 1170 980 798 614 
EC50Cu 899 174 118 175 3680 3660 2000 2000 
a  18.2 31.1 17.3  1.24 2.63 114 
b   -30.8 -0.0147   0.943 0.569 
p(χ

2
)  <0.001 <0.001 0.379  <0.001 0.002 <0.001 

Conclusion high Cd: increase in toxicity antagonism at low effect level, 
synergism at high effect level 

 
from additivity was antagonistic at low cadmium concentrations and that the mixture was 
relatively more toxic if relatively more cadmium was available. Relating toxicity to internal 
concentrations also yielded a dose ratio-dependent deviation. The additional parameters in the 
DR model (a = 2.63 and b = 0.943) indicated that the deviation from additivity was 
antagonistic at low cadmium concentrations and that the mixture was relatively less toxic if 
relatively more cadmium was available. The most parsimonious model, however, was the 
model allowing for dose level-dependent deviations. The estimated deviation parameter 
values were a = 114 and b = 0.569, indicating antagonism at low dose levels and synergism at 
high dose levels. From the value of parameter b it can be calculated that switching from 
antagonism to synergism occurred at concentration levels of 1/b = 1/0.569 = 1.76 ⋅ EC50 
isobole. 

For reproduction, calculations on mixture effects yielded an antagonistic deviation from 
additivity for the total and CaCl2-exchangeable metal pools (Table 12). No further 
improvement of the model was obtained by adding extra deviation parameters to allow for a 
dose ratio- or dose level-dependent deviation. According to the most parsimonious model, the 
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EC50s for the effect of cadmium and copper on reproduction of F. candida, based on total 
metal concentrations, were 402 nmol Cd/g dry soil and 10.1 µmol Cu/g dry soil. For the 
water-extractable metal pool, the model quantifying dose ratio-dependent deviation also 
described the data significantly better (p<0.001). The additional parameters in the DR model 
(a = -1.03 and b = 14.2) indicated that the deviation from additivity was synergistic at low 
cadmium concentrations and that the mixture was relatively less toxic if relatively more 
cadmium was available. Relating reproduction to internal concentrations yielded no reliable 
parameter values, and is therefore not discussed. 

The results of the analysis of the toxicity data for combinations of cadmium and zinc are 
summarized in Table 13 (for growth) and Table 14 (for reproduction). For the effect of 
cadmium and zinc on growth, expressed on the basis of water-extractable concentrations, four 
comparisons of the data with the toxic unit model (Equation 2) are depicted in Figure 10. 
Adding one additional deviation parameter in Equation 2 to describe antagonism or synergism 
resulted in a significant improvement in data description (Table 13). The estimated value of a 
was 9.37, which is positive, indicating antagonism (second column of graphs in Fig. 10). The 
bottom graph in the second column shows that the description of the mixture data points was 
 
Table 12. Parameter estimates and statistics after analysing the cadmium-copper effect on the 
reproduction (number of juveniles per container) of the springtail Folsomia candida exposed for 4 
weeks in spiked natural soil, based on total, CaCl2 exchangeable and water-extractable concentrations 
in the soil. Values are given for calculations based on the additive model (ref) and on the model 
extended with a deviation parameter (a) for synergism/antagonism (sy/an) or with an additional 
deviation parameter (b) for dose ratio-dependent deviation (ratio) or dose level-dependent deviation 
(level). EC50s are given in nmol/g dry soil. See Table 2 for interpretation of parameters a and b in 
each column. The p(χ2) values indicate the significance of the additional deviation parameters in Equation 2. 
 

 Total CaCl2-exchangeable 

 ref sy/an ratio level ref sy/an ratio level 
Control 808 810 815 825 824 828 826 830 
Slope Cd 2.15 1.91 2.08 1.53 1.81 1.76 1.76 1.60 
Slope Cu 4.63 937 3.99 3.42 1.45 1.48 1.60 1.34 
EC50Cd 471 402 425 371 119 101 96.8 100 
EC50Cu 12400 10100 10100 10000 421 255 280 245 
a  1.42 1.40 5.05  2.77 2.40 4.61 
b   -1.28 0.464   1.88 0.255 
p(χ

2
)  <0.001 0.547 0.238  <0.001 0.424 0.346 

Conclusion antagonism antagonism 
 

 Water-extractable 

 ref sy/an ratio level 
Control 858 900 900 899 
Slope Cd 1.38 1.18 1.16 1.20 
Slope Cu 1.11 0.902 11.4 0.914 
EC50Cd 10.0 4.94 5.22 4.97 
EC50Cu 194 62.1 150 62.6 
a  6.84 -1.03 6.58 
b   14.2 -0.0125 
p(χ

2
)  <0.001 <0.001 0.794 

Conclusion high Cd: decrease in toxicity 
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Table 13. Parameter estimates and statistics after analysing the cadmium-zinc effect on the growth (in 
µg dry body weight) of the springtail Folsomia candida exposed for 4 weeks in spiked natural soil, 
based on total, CaCl2 exchangeable and water-extractable concentrations in the soil and internal 
concentrations. Values are given for calculations based on the additive model (ref) and on the model 
extended with a deviation parameter (a) for synergism/antagonism (sy/an) or with an additional 
deviation parameter (b) for dose ratio-dependent deviation (ratio) or dose level-dependent deviation 
(level). EC50s are given in nmol/g dry soil or in nmol/g dry body weight. See Table 2 for the 
interpretation of parameters a and b in each column. A dash represents where the parameters could not 
be identified. The p(χ2) values indicate the significance of the additional deviation parameters in 
Equation 2. 
 
 Total CaCl2-exchangeable 

 ref sy/an ratio level ref sy/an ratio level 
Control 243 242 242 242 244 243 244 243 
Slope Cd 2.20 2.41 2.37 2.49 2.04 2.19 2.26 2.21 
Slope Zn 5.15 4.33 28.0 4.48 3.38 3.30 4.98 3.33 
EC50Cd 876 653 527 656 275 211 183 211 
EC50Zn 12800 10600 10100 10600 5380 3830 4160 3830 
a  2.49 2.68 2.21  3.13 2.59 3.04 
b   3.46 -0.0638   3.97 -0.0134 
p(χ

2
)  <0.001 <0.001 0.652  <0.001 <0.001 0.885 

Conclusion mainly antagonism 
high Cd: decrease in toxicity 

mainly antagonism 
high Cd: decrease in toxicity 

 
 Water-extractable Internal 

 ref sy/an ratio level ref sy/an ratio level 
Control 246 232 241 232 236 248 247 — 

Slope Cd 1.46 1.97 1.61 1.95 1.83 0.979 1.03 — 

Slope Zn 2.78 5030 9000 130 1.06 1.02 0.974 — 

EC50Cd 40.9 23.4 23.0 16.2 1620 624 810 — 

EC50Zn 2260 1200 1290 1050 33300 9180 9640 — 

a  9.37 4.73 30.7  7.45 6.91 — 

b   6.94 0.0775   -3.34 — 

p(χ
2
)  <0.001 <0.001 <0.001  <0.01 0.304 — 

Conclusion mainly antagonism 
high Cd: decrease in toxicity 

antagonism 

 
 
 
 
 
Next page Figure 10. Graphical summaries of curve fits obtained using the additive model (Eqn. 1) 
(left), with three deviation patterns: synergism/antagonism (middle left), dose ratio-dependent 
deviation (middle right) and dose level-dependent deviation (right). Top row: the response plane 
representing the effect of water-extractable cadmium and zinc (µmol/g dry soil) on the growth of 
Folsomia candida (µg dry body weight) in a natural standard soil. Middle row: isobolic representation 
of the models; the isoboles indicate from left to right 10%, 25%, 50%, 75%, 85% and 90% effect 
(concentrations in µmol/g dry soil). Bottom row: comparisons of the model description with the data. 
The 1:1 diagonal lines indicate ideal model description. The solid lines show a regression analysis 
over the mixture data. Each point is an average of at least 5 replicates. 
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clearly improved. Adding an extra deviation parameter allowing for a dose ratio-dependent 
deviation from additivity again improved the description of the data significantly. The 
estimated values of the deviation parameters were a = 4.73 and b = 6.94, indicating that the 
deviation from additivity was antagonistic at low cadmium concentrations, and the positive b 
value indicated that a relative increase in cadmium in the mixture coincided with a relative 
decrease in toxicity of the mixture (Table 2). Adding an extra deviation parameter to allow for 
a dose level-dependent deviation did also improve the description of the data significantly. 
The additional parameters in the DL model (a = 30.7 and b = 0.0775) indicated antagonism at 
low dose levels and synergism at high dose levels. From the value of parameter b it can be 
calculated that switching from antagonism to synergism occurred at concentration levels of 
1/b = 1/0.0775 = 13 ⋅ EC50 isobole. The most parsimonious model however, was the model 
allowing for dose ratio-dependent deviations. When the toxicity for growth was related to 
CaCl2-exchangeable or total concentrations, the dose ratio-dependent deviation model also  
 
Table 14. Parameter estimates and statistics after analysing the cadmium-zinc effect on the 
reproduction (number of juveniles per container) of the springtail Folsomia candida exposed in spiked 
natural soil, based on total, CaCl2 exchangeable and water-extractable concentrations in the soil. 
Values are given for calculations based on the additive model (ref) and on the model extended with a 
deviation parameter (a) for synergism/antagonism (sy/an) or with an additional deviation parameter 
(b) for dose ratio-dependent deviation (ratio) or dose level-dependent deviation (level). EC50s are 
given in nmol/g dry soil. See Table 2 for interpretation of parameters a and b in each column. The 
p(χ2) values indicate the significance of the additional deviation parameters in Equation 2. 
 

 Total CaCl2-exchangeable 

 ref sy/an ratio level ref sy/an ratio level 
Control 1250 1240 1240 1240 1260 1250 1250 1250 
Slope Cd 2.33 3.09 3.19 2.97 2.10 2.68 2.85 2.58 
Slope Zn 3.06 3.11 3.29 3.01 3.06 2.86 3.31 2.69 
EC50Cd 815 550 451 545 256 184 160 182 
EC50Zn 8500 5990 7190 5950 3080 2110 2560 2080 
a  3.14 2.83 3.54  3.27 2.84 3.83 
b   3.91 0.0508   3.81 0.0621 
p(χ

2
)  <0.001 <0.001 0.688  <0.001 <0.001 0.620 

Conclusion mainly antagonism 
high Cd: decrease in toxicity 

mainly antagonism 
high Cd: decrease in toxicity 

 
 Water-extractable 

 ref sy/an ratio level 
Control 1270 1260 1250 1260 
Slope Cd 1.44 1.91 1.92 1.86 
Slope Zn 6.01 1.84 3.23 1.66 
EC50Cd 35.5 24.5 22.9 23.7 
EC50Zn 1080 666 912 631 
a  4.16 2.91 4.99 
b   5.26 0.0437 
p(χ

2
)  <0.001 <0.001 0.687 

Conclusion mainly antagonism 
high Cd: decrease in toxicity 
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described the data best (Table 13). The parameter values for a and b were in each case 
positive, which means that the deviation from additivity was antagonistic at low cadmium 
concentrations, and a relative increase in cadmium in the mixture coincided with a relative 
decrease in toxicity of the mixture. Relating the toxicity for growth to internal concentrations 
yielded only an antagonistic deviation from additivity. The estimated value for a was positive 
indicating antagonism. No further improvement of the model was obtained by adding an extra 
deviation parameters allowing for dose ratio-dependent deviations and the dose level-
dependent deviation model yielded no reliable parameter values. 

For reproduction, calculations on mixture effects yielded an antagonistic deviation from 
additivity for the total, CaCl2-exchangeable and water-extractable metal pools (Table 14). In 
each case, further improvement of the model was obtained by adding extra deviation 
parameters to allow for a dose ratio-dependent deviation. The main conclusion was the same 
as for the analysis on growth; the deviation from additivity was antagonistic at low cadmium 
concentrations, and a relative increase in cadmium in the mixture coincided with a relative 
decrease in toxicity of the mixture. Relating mixture effects on reproduction to internal 
concentrations yielded no reliable parameter values, and is therefore not discussed. 
 
 

DISCUSSION 
 
Soil solution distribution 

In the present study, the other metals affected the soil-solution distribution of cadmium. In 
the mixtures, cadmium was found in relatively higher concentrations in water and CaCl2 
extracts, compared to the single metal treatment. This effect was most pronounced for the 
extraction with water. In the cadmium-zinc mixture log Csorbed-max dropped from 3.50 µmol/kg 
dry soil in single cadmium treatments to 2.29 µmol/kg dry soil in treatments with a Cd:Zn 
ratio of 1:9 TU (Table 5), indicating an increased availability of cadmium in the soil solution. 
For the other mixtures a similar drop in log Csorbed-max was found. At the most extreme ratio, 
45 (Pb), 89 (Cu) or 93 (Zn) times as many molar units of these metals compared to cadmium 
were added per kg dry soil. The binding strength of a metal to the soil is given by the 
maximum sorption capacity, as given by the Langmuir sorption isotherm, which increased in 
the order Cd<Zn<Cu=Pb. This was in agreement with data found in the literature (1). So, part 
of the competition between the metals in the mixtures can be explained from the differences 
in binding strength to the soil and another part from the proportion in which the metals are 
present. For lead and zinc, a smaller, but significant drop in Csorbed-max was found with 
increasing contribution of cadmium to the mixture, when based on CaCl2-exchangeable 
concentrations (see Tables 3 and 5). For the water extracts a similar trend could be seen, 
though not significant. The smaller effect of cadmium on exchangeability of lead and zinc can 
be partly explained by the lower concentrations of cadmium in the mixtures (most extreme 
Cd:Pb and Cd:Zn ratio (9:1 (in TU)) was, when expressed in nmol/g, 1.78:1 and 1.1:1). If we 
had not included other ratios than equitoxic in our study, this effect of cadmium on sorption 
of lead and zinc would not have been found. Since molar concentrations of cadmium at 
polluted sites are usually lower compared to lead or zinc concentrations, this interactive effect 
will rarely be observed in the field.   

No effect of cadmium addition on extractable copper concentrations was found. Though 
we used a wide variety in dose ratios in the test, to stay in the range of relevant toxicity, we 
did not test combinations in which cadmium was the dominant metal in molar units 
(maximum Cd:Cu ratio of 1.1: 1 molar units). This could partly explain the lack of interactive 
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effects of cadmium on copper sorption. From the higher sorption constant Csorbed-max for single 
copper compared to cadmium it can further be deduced that cadmium is not likely to force 
copper into solution. We could not find a study using higher molar concentrations of 
cadmium compared to copper combined in soil, nor is the molar concentration of cadmium at 
heavily polluted mining sites higher than that of copper (29,31). Therefore, it can be 
concluded that at environmentally and toxicologically relevant situations cadmium does not 
occur at higher molar concentrations than copper, and interactions on copper availability in 
soil due to the presence of cadmium are not likely. In the same test soil, Jonker et al. (15) 
found similar results for sorption of cadmium and copper in mixtures, but did not detect an 
effect of cadmium on sorption of lead. The latter could be due to the choice of test 
concentrations resulting in the lack of mixtures with higher molar cadmium compared to lead 
concentrations. 
 
Uptake of metals 

A dose-dependent relationship was apparent for cadmium body concentrations in F. 

candida when related to total and extractable metal concentrations in soil, as expected since 
cadmium is not known to be subject to regulation (11). Internal cadmium concentrations 
showed a plateau at high exposure concentrations (Fig. 4-6, left) of approximately 1-2 µmol 
Cd/ g dry body weight (lethal body concentration). This is in agreement with the findings of 
Crommentuijn et al. (6) and Van Gestel and Hensbergen (43) who found plateaus of 3.4 and 
5.8 µmol Cd/ g dry body weight, respectively. The differences in lethal body concentrations 
between the literature and the present experiments are probably related to soil type and 
interclonal differences (6,37).  

A dose-dependent relationship was also apparent for lead body concentrations in F. 

candida when related to total and extractable metal concentrations in soil. Lead too is not 
known to be subject to regulation, so this was expected. For lead uptake, however, no plateau 
was identified, possibly because lead concentrations were not high enough to affect survival, 
which is usually accompanied by a levelling off of the uptake curve. However, data from a 
study by Bongers et al. (2) on effects of lead to F. candida in the same natural standard soil, 
show even further increasing internal lead concentrations up to 7.1 µmol Pb/ g dry body 
weight at higher exposure concentrations, despite partial mortality at a total lead 
concentration of 19 µmol Pb/ g dry soil.  

Levels of copper in F. candida appeared to be regulated at internal concentrations of 500-
1100 nmol Cu/g dry body weight at the lower exposure concentrations (Fig. 5, right). Bruus 
Pedersen et al. (3) also reported regulation of internal copper concentrations by F. candida at 
a level of 630-940 nmol Cu/g dry body weight. Our findings are in agreement with these 
results. Vijver et al. (47) found F. candida capable of regulating its internal copper 
concentration at a fixed level of 264 ± 25 nmol Cu/g dry body weight, which is low compared 
to our findings. A possible explanation for the differences in regulated copper levels between 
the study by Vijver et al. (47) and the present results is discussed below. 

Levels of zinc in F. candida were regulated at internal concentrations of 1-3 µmol Zn/ g 
dry body weight or up to total soil concentrations of 2.6-4.9 µmol Zn/ g dry soil. Vijver et al. 
(47) also found F. candida capable of maintaining their internal concentration at a fixed level 
of 3 µmol Zn/ g dry body weight, which is in agreement with our findings. The springtails, 
however, were able to regulate their internal zinc concentrations at higher total soil 
concentrations compared to our findings (up to 9.1 µmol Zn/ g dry soil). This could be the 
result of differences in bioavailability of zinc in LUFA 2.2 soil and OECD artificial soil. 
Another option is a difference in regulation capacity between juvenile and adult springtails, 
since we started with juveniles where Vijver et al. (47) used adults. Van Gestel and 
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Hensbergen (43) observed a regulated level of zinc by F. candida of 0.46-1.2 µmol Zn/ g dry 
body weight up to total concentrations in artificial soil of 1.5-12.2 µmol Zn/ g dry soil 
depending on the exposure time. These regulated levels overlap with both the levels found by 
Vijver et al. (47) and the ones found in the present study. Smit and Van Gestel (36) found 
regulated levels of zinc by F. candida exposed in LUFA 2.2 soil and a natural sandy soil to be 
approximately 0.68 and 1.9 µmol Zn/ g dry body weight, respectively, which again is in 
agreement with our findings. In a second study (37) they found regulated zinc levels in F. 

candida to be 0.95-2.0 µmol Zn/ g dry body weight and regulation of zinc was found for total 
zinc concentrations up till 3.9-16 µmol Zn/ g dry soil, depending on soil type and treatment 
(ageing). From comparison of the regulated levels it is apparent that there is no strict relation 
between regulated internal zinc level and soil type, treatment or (total) zinc concentration in 
the soil at which regulation of internal zinc levels is possible. 

Though availability of cadmium, lead and zinc in soil was increased at combined 
exposure, uptake of cadmium, lead and zinc into the springtails was not affected (Fig. 4-6, 
compare open circles and diamonds). Similar results were also found by Van Gestel and 
Hensbergen (43) for the combination of cadmium and zinc. Only two exceptions were 
observed in the present study. At the most extreme Cd:Cu ratio of 1:9 (in TU) a slight 
increase in cadmium uptake at combined exposure compared to single exposure could be seen 
when related to total soil concentrations (data not shown). When the data were related to 
water-extractable metal concentrations instead of total concentrations this effect disappeared. 
The opposite was found for the Cd:Zn ratio of 1:9, where internal cadmium concentrations 
were similar to those at single cadmium exposure when based on total soil concentrations, but 
clearly lower than at single cadmium exposure when related to water-extractable 
concentrations (see Fig. 7). In general, however, it can be concluded that uptake of heavy 
metals in F. candida is not directly determined by the metal concentration present in the soil 
solution, as estimated with water and 0.01 M CaCl2 extraction. This is supported by findings 
of Vijver et al. (47), who found that for cadmium and lead in field soils, total dissolved 
concentrations were not the primary parameter influencing uptake in F. candida, and total 
cadmium and lead pools played an important role in explaining internal concentrations. A 
possible explanation is given by the biotic ligand model, which states that soluble metal can 
be present as complexes unavailable for uptake into organisms (e.g. CdCl2 complexes) and 
only free metal ions are truly available and compete with H+ and Ca2+ ions for binding sites 
on biological membranes (28,45). Since in our tests, metal addition to the soil is accompanied 
by chloride addition, the increased water-extractable cadmium concentrations could be partly 
present in the form of cadmium-chloride complexes, resulting in no elevation of bio-available 
cadmium and thus no effect on cadmium uptake by F. candida. A comparable result was 
found by Marinussen et al. (22), who measured an increased availability of copper in the soil 
solution with decreasing pH, but no effect of pH on copper uptake in the earthworm 
Lumbricus rubellus. 

For the springtail Orchesella cincta, a significant positive correlation was found between 
the amounts of cadmium and lead excreted by individual animals (46) exposed to the metals 
via food. It has been suggested that cadmium and lead follow the same physiological 
pathway, but are excreted independently as the efficiency with which one metal is excreted 
was not influenced by the presence of another metal. No interaction between cadmium and 
lead on their accumulation in F. candida was found in the present study, reaching similar 
internal concentrations at single and combined exposure concentrations. Further, the levelling 
off of internal cadmium concentrations at higher equitoxic exposure concentrations is not 
reflected by reduced internal lead concentrations. This suggests that in F. candida at least part 
of the physiological pathway differs for cadmium and lead. 
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For mixtures of cadmium with copper or zinc physiological interactions were expected. 
Hopkin (11) suggested that zinc, cadmium and copper share uptake sites in the cell membrane 
explaining antagonism found between these class B metals in a wide range of terrestrial 
invertebrates All three metals are bound to proteins on entering the cell. Exposure of L. 

rubellus to cadmium-rich soil before exposure to copper-rich soil increased the copper burden 
(21). Biochemical analysis of metal-binding proteins in earthworms indicated that copper 
binds to a metallothionein homologue induced by cadmium. However, Marinussen et al. (23) 
found a decrease in copper uptake in the earthworm Dendrobaena veneta at combined copper 
and cadmium exposure; possibly the level of cadmium in their test soils was too low to induce 
metallothionein. In our experiment we found no evidence for physiological interactions 
during uptake of cadmium and copper. 
For the springtail O. cincta, cadmium uptake rate from food was reduced in the presence of 
zinc, at exposure concentrations comparable to those used in the present study (40). In the 
present study, no interaction of cadmium and zinc on uptake patterns into F. candida were 
observed. This implies that either metals in food and soil are taken up via different routes or 
that the species of springtail differ in uptake patterns. 
 

Validity of toxicity tests 

Soil pH was reduced by metal addition. Copper affected soil pH most, but for all test 
concentrations, pH was in the optimal range for F. candida of 4.3 – 6.2 (8,12). Therefore, pH 
is not expected to have played an important role in metal toxicity in this experiment. At the 
end of the test, survival of the control animals in the cadmium-lead, cadmium-copper and 
cadmium-zinc experiment was 88%, 91% and 84%, respectively, and the average number of 
juveniles produced per test container was 857, 986 and 1331, respectively. So, the 
requirements of >80% survival and 100 juveniles per test container, as posed in the guideline 
for the Collembola test (13), were met. 
 
Toxicity of single metals 

Lead, copper or zinc did not affect survival at the tested concentrations. In other 
experiments on effects of lead to F. candida in the same soil, the LC50 for total lead added as 
PbCl2 was 14 µmol/g dry soil (2). In that same research, an LC50 of 4.7 µmol Pb/g dry soil 
was found for lead added as Pb(NO3)2. The lack of effects on survival at the highest tested 
lead concentration in the present experiment (10 µmol Pb/g dry soil) confirms the lower 
toxicity of the chloride salt. 

From the lack of effects on survival at the tested copper concentrations it can be deduced 
that the LC50 for copper is higher than 20 µmol Cu/g dry soil or 1.30 g Cu/kg dry soil. 
Sandifer and Hopkin (33) found a significant reduction in survival of F. candida at copper 
concentrations of 3 g Cu/kg dry soil, but no LC50 could be determined. These data are in 
agreement with the LC50 of 5.3-9.9 g Cu/kg dry soil, which has been reported by Rundgren 
and Van Gestel (32) for F. candida exposed to CuCl2 in artificial OECD soil. 

From the literature it appeared that zinc affects survival of F. candida, but not in a clear 
dose-related manner. Often survival is affected at low levels but is unaffected or even 
improved at higher concentration levels in the soil (33,37,38,43). Nevertheless, two LC50s of 
11 and 9.6 µmol Zn/g dry soil were reported (37,38), and for another study, data indicate that 
the LC50 probably lies between 46 and 153 µmol Zn/g dry soil (33). In the present study we 
tested total concentrations of zinc in the soil up to 18 µmol Zn/g dry soil and no effect on 
survival was observed at all. It is clear that the LC50 for zinc is not well defined for total 
concentrations in the soil. Since there was only one study in which LC50s were also related to 
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extractable metal pools (38), we are not able to pronounce on the role of (bio)availability for 
effects on survival related to the differences in LC50s observed by the different authors. 

The LC50 for cadmium ranged from 0.54 to 0.98 µmol/g dry soil based on total cadmium 
concentrations (Tables 6-8). This was low compared to LC50s reported in the literature, 
which range from 1.5 to >7.7 µmol Cd/g dry soil (5,7,8,33,43,49). In two out of the three 
experiments an elevated survival was seen at the highest or two highest single cadmium 
concentrations compared to intermediate test concentrations. Van Gestel and Hensbergen  
(43) reported an inconsistent survival pattern with 100% mortality at intermediate 
concentrations and 45% survival at higher test concentrations. This could also be seen in the 
dose-response curve for cadmium as reported by Crouau et al. (8). These dips in the survival 
curve occurred at concentrations of 1.9 and 1.1 µmol Cd/g dry soil, which come close to the 
LC50s found in the present experiment. The increased survival at highest test concentration(s) 
compared to intermediate test concentrations coincides with severe effects on growth and 
reproduction, and levelling off of the uptake curve, both in the present experiments and as 
reported in the literature (8,43). All of these effects could result from changes in the 
behaviour of the springtails at severe cadmium exposure, for example by becoming inactive 
or reduce feeding, which promotes better survival, but due to reduced energy intake would 
result in less growth and reproduction. No behavioural changes were observed though, but, 
since the springtails generally are invisible in the soil, only severe changes would be 
noticeable and subtle changes are likely. 

The EC50growth for lead, based on total soil concentrations, was 8.4 µmol Pb/g dry soil 
(Table 9). The only EC50growth found for lead, 12 µmol Pb/g dry soil, was reported for soil 
that had been percolated with demineralised water after spiking, to remove excess metal and 
chloride (2). It is possible that the chloride added at the spiking contributed to the toxicity of 
lead and therefore the EC50growth was lower in the present experiment (2,34). 
The EC50growth for copper, based on total soil concentrations, of 13.6 µmol Cu/g dry soil 
(Table 11) is in agreement with the EC50growth of 10.4 µmol Cu/g dry soil reported for 
exposure in artificial OECD soil (32). 
The EC50growth for zinc, based on total soil concentrations, of 10.1 µmol Zn/g dry soil (Table 
13) is well in the lower range of EC50growth of 7.65-18.8 µmol Zn/g dry soil reported in the 
literature (33,37,38,43). This was also the case when the EC50growth was related to extractable 
metal pools (37,38,43). Based on internal Zn concentrations, however, the EC50growth found in 
the present experiment of 9.18 µmol Zn/g dry body weight was higher than those reported in 
the literature (2.03-6.91 µmol Zn/g dry body weight) (37,38,43). 
The EC50growth for cadmium, based on total soil concentrations, ranged from 0.50-0.53 µmol 
Cd/g dry soil for the three experiments (Tables 9, 11 and 13), which is in the lower range of 
the EC50growth values given in the literature (0.23-7.3 µmol Cd/g dry soil) (5,7,43,49). This 
was also the case when the EC50growth was related to the water-extractable metal pool in the 
soil and the internal metal pool in the surviving animals. For the CaCl2-exchangeable metal 
pool there was only one study to refer to and our findings were slightly lower (0.11-0.18 
compared to 0.42-1.7 µmol Cd/g dry soil (49)). 

The EC50reproduction for lead, based on total soil concentrations, was 6.4 µmol Pb/g dry soil 
(Table 10), which is lower than the EC50reproduction values of 9.2 and 14.3 µmol Pb/g dry soil 
reported in the literature (2,33). 
The EC50reproduction for copper, based on total soil concentrations, was 10.1 µmol Cu/g dry soil 
(Table 12), which is close to the EC50reproduction of 8.17 µmol Cu/g dry soil reported in the 
literature for CuSO4 (3). 
The EC50reproduction for zinc, based on total soil concentrations, was 7.19 µmol Zn/g dry soil 
(Table 14), which is in agreement with the EC50reproduction values of 2.81-13.8 µmol Zn/g dry 



Chapter 3 

64 

soil reported in the literature (33,37,38,43). However, when based on exchangeable 
concentrations in the soil or internal concentrations, the present EC50reproduction for zinc was 
higher than those reported in the literature (33,37,38,43). 
The EC50reproduction for cadmium, based on total soil concentration, ranged from 0.40-0.60 
µmol Cd/g dry soil for the three experiments (Tables 10, 12 and 14), which is in the lower 
range of the EC50reproduction values given in the literature (0.090-5.2 µmol Cd/g dry soil) 
(5,7,8,33,43,49). When relating toxicity to the CaCl2-exchangeable metal pools in the soil, the 
present EC50reproduction values of 101-179 nmol Cd/g dry soil were in agreement with the 
values found in the literature (67.2-706 nmol Cd/g dry soil (49)). For the water-extractable 
metal pool the present EC50reproduction values of 5.22-22.9 nmol Cd/g dry soil were also in 
agreement with the values found in the literature (0.489-36.1 nmol Cd/g dry soil) 
(5,43,44,49). 
 
Mixture effects 

For each metal mixture, antagonism was found to be the dominant interaction pattern 
compared to additivity, irrespective of the different effect parameters and metal pools 
(positive a-value in Tables 6-14). Because of the interactions in the soil, the sorption of the 
metals decreased when they were combined and this effect was largest for cadmium. When 
comparing effects based on total and e.g. CaCl2-exchangeable metal concentrations, the same 
toxic effects of the mixtures were related to elevated Cd concentrations and e.g. ‘normal’ 
copper concentrations. If exchangeable metal concentrations are not totally bioavailable (see 
discussion on uptake), the expected toxicity is overestimated, and when compared with 
observed effects will result in less than expected (read antagonistic) effects. Synergism was 
found only twice (for growth in the cadmium-lead and the cadmium-copper mixture at 
internal metal concentrations), and only at high dose levels. Deviations from the overall 
pattern of antagonism are discussed below. 

For survival, dose ratio- and dose level-dependent deviations could not be detected since 
lead, copper and zinc showed no effect by themselves at the tested concentrations. 
Antagonism was detected for all metal pools in the soil, for the total as well as for the 
extractable metal pools. Therefore, the interaction pattern cannot be explained by interactions 
at the level of binding to the soil only. When based on internal metal concentrations in the 
surviving animals, antagonism was also detected for the cadmium-copper mixture, but for the 
cadmium-lead and the cadmium-zinc mixture no significant interactions between the metals 
could be detected. Copper and zinc were regulated at lower soil concentrations, while internal 
cadmium concentrations reached a plateau level at higher soil concentrations. As a result, the 
dose-response curves for single and combined cadmium exposure both were very steep. This 
is in contrast with the other metal pools, where the inconsistent effects on survival of single 
cadmium resulted in a shallow slope of the curve, while the combined cadmium dose-
response curve appeared consistent giving a steeper slope. As a result, model parameter 
estimates for effects of single and combined cadmium exposure were much more similar 
based on internal metal pool. Part of the antagonism detected when effects were related to soil 
concentrations appeared thus absent when related to internal concentrations. 

Since the dose ratio determines the measure of increased chemical availability of metals, 
but not bio-availability (see discussion above), the addition of a deviation parameter allowing 
for a dose ratio-dependent effect is likely to be found statistically significant. Dose ratio-
dependent deviations were found indeed for the effects on growth at each of the three 
mixtures, when the metal concentrations were expressed on the basis of exchangeable or 
water-extractable concentrations (Tables 9, 11 and 13). In general, the mixture decreased in 
toxicity when the relative contribution of cadmium increased.  
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This does not explain the dose ratio-dependent interactions based on total metal 
concentrations in the soil as was seen for growth in the cadmium/copper mixture and for both 
growth and reproduction in the cadmium/zinc mixture. Another explanation of the 
antagonistic effects of cadmium and the other metals in the mixture can be found in the 
binding of the metals to metallothionein. If exposure to cadmium leads to increased 
metallothionein expression, this could bind part of the metal after uptake, leaving it 
unavailable for binding to receptors thus inducing less toxic effects. Support for this theory 
can be found in the positive value for parameter b found for the dose ratio-dependent model 
based on internal metal concentrations for growth, indicating that the effects of the mixture 
are more antagonistic if cadmium is present in the mixture. This was, however, not found for 
the other metal combinations, possibly due to the internal cadmium concentration reaching a 
plateau as discussed for survival. 
Lastly, perhaps the counterion takes part in the dose ratio-dependent effects. If part of the 
toxicity can be attributed to chloride, then this chloride toxicity is found more in mixture 
concentrations with a lot of lead, copper or zinc compared to mixture concentrations with a lot 
of cadmium, since on a molar basis, more of these metals and thus chloride had to be added 
relative to cadmium to cause the same toxic effect. Chloride effects are not taken into account 
in the effect modelling, but those mixture concentrations with relatively more cadmium have 
relatively less chloride and a lower toxicity than expected. This perhaps can be explained by 
less toxic effects due to chloride in these mixture concentrations. Unfortunately, we had no 
single chloride concentration range in the test and thus chloride concentrations could not be 
included in the effect modelling used in this thesis. 
We cannot explain however, that for the cadmium-copper mixture, the relative cadmium 
concentration in the extracts sometimes correlated positively with elevated toxicity, and 
sometimes not. Apparently, more complex interactions, both outside and inside the animal 
take place, requiring a more detailed study. 
For effects on reproduction, dose ratio-dependent deviations were found only for the water-
extractable metal pool of the cadmium-copper mixture and for all soil metal pools in the 
cadmium-zinc mixture. Why the dose ratio-dependent deviation was found more frequent for 
growth compared to reproduction is not known. 

Dose level-dependent deviations from additivity were found for the water-extractable 
metal pool of the cadmium-zinc mixture and the internal metal pool of the cadmium-lead and 
cadmium-copper mixture. In each case the switch was from antagonism at low concentrations 
to synergism at high concentrations. The switch occurred always at two or more times the 
EC50 isobole, which would be concentrations above the maximum internal cadmium 
concentration observed throughout the experiments and thus not relevant. 

In the present study a wide range of dose ratios was tested. This creates good conditions to 
explore dose ratio-dependent interactions, which were found to be quite common. Jonker et 
al. (15), however, reported dose level-dependent deviations from additivity for combined 
toxicity of cadmium and lead or copper on population growth of Caenorhabditis elegans 

exposed in the same type of soil as used in the present study. They found deviations from 
additivity to be antagonistic at low effect levels and synergistic at high effect levels, both for 
the exchangeable and the water-extractable metal pools, and in case of the cadmium-lead 
mixture also for the total metal pool. As the metal concentrations were in the same order of 
magnitude as in the present study, this could be due to the smaller range of concentration 
ratios used in the study on nematodes. Another possibility is that the interaction patterns are 
species specific, or endpoint specific, since Jonker et al. looked at population increase as the 
effect parameter. 
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Van Gestel and Hensbergen (43) reported dose level-dependent deviations from additivity 
for combined toxicity of cadmium and zinc on growth, but not reproduction, of F. candida 

after 4 weeks exposure. At the EC10-level the mixture acted additive, but antagonistic at the 
EC50-level. In the present cadmium-zinc mixture experiment, only for growth related to 
water-extractable metal concentrations in the soil dose level-dependent deviations were found, 
though with the switch from antagonism at low dose levels to synergism at high dose levels 
occurring at 13 times the EC50 isobole and thus not in the relevant range of concentrations. 
So, the nature of the interaction at low and high effect levels differed between the two 
experiments, but in the range around the EC50 isobole the conclusions agreed. Van Gestel 
and Hensbergen (43) found additive effects of cadmium and zinc on reproduction, where we 
found antagonistic effects. The observed differences between the two experiments possibly 
can be attributed to differences in soil type used (OECD artificial soil versus natural LUFA 
2.2 soil) or in the concentration range of the metals, affecting the focus of the effect 
observations and the chemical interactions. This, however, warns us to be conservative when 
extrapolating results from one experiment to another. 

One of the objectives of the present research was to relate mixture interactions in the soil 
and during uptake, and the combined toxicity. Significant differences in Langmuir sorption 
parameter values between the metals, solely and in combination, indicate chemical and 
physicochemical interactions with other soil constituents. The sorption of the metals 
decreased when they were combined (Fig. 1-3), so extractable metal concentrations increased. 
Since cadmium and lead, copper or zinc did not affect each other’s uptake into the springtails, 
it is concluded that these interactions in the soil are not affecting the biologically available 
metal concentrations or that they are compensated for during uptake. The continuing uptake 
of lead at combined exposure concentrations, where cadmium uptake was levelling off, 
however, suggests that cadmium and lead do not interact during uptake. A similar conclusion 
is drawn for the cadmium-copper and the cadmium-zinc mixtures since internal 
concentrations of copper and zinc, but not cadmium, were regulated. Based on internal metal 
concentrations, antagonistic effects were significant for reproduction and growth, which 
suggest that at the intoxication processes antagonistic interactions take place. Since effect 
modelling based on internal metal concentrations was difficult when one of the metals was 
regulated, and in some cases not successful at all, the latter suggestion should be treated with 
care. 
From these results it can be concluded that the interaction of the metals on their soil-solution 
distribution cannot predict interactions on toxic effects to F. candida. 
 
General 

The interpretation of mixture toxicity data is difficult, and obviously too many black 
boxes are present in our approach to be able to pin down combined toxicity patterns exactly. 
Some factors interfering with a straightforward interpretation of the data are discussed below. 

The design of the present experiment was based on EC50reproduction values (total metal 
concentrations) obtained in previous experiments. The combinations were nicely arranged 
around the EC50s and the equitoxic combinations, with the most extreme ratios containing 
nine times as many TU of one metal compared to the other. From the chemistry viewpoint 
however, the concentrations are heavily skewed to one side; with zinc dominating in ratios 
Cd:Zn of 1:93 (in nmol/g dry soil) on the one side and only a meagre dominance of cadmium 
in the most extreme Cd:Zn ratio of 1.1:1 on the other side. For the cadmium-copper mixture 
the extreme ratios, when expressed in molar concentrations, were Cd:Cu of 1:89 and 1.1:1, 
and for the cadmium-lead mixture they were Cd:Pb of 1:45 and 1.8:1. Further, toxicity always 
varies a little, resulting in other dose ratios than the ones intended. In extreme cases this can 
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shift ratios in such a way that the focus of toxicity is shifted to one metal. In the present 
cadmium-zinc mixture, for one, cadmium appeared more toxic than expected and zinc 
appeared less toxic, shifting the focus even more towards cadmium toxicity. Further, different 
metal pools yield very different metal ratios, which can shift both toxic and chemical ratios 
completely. For example, expressed in molar units on the basis of the total metal pool, 
EC50growth was ten times as high for lead as for cadmium, while on the basis of internal 
concentrations, EC50growth did not differ. 

The counterion appears to contribute to metal toxicity when metals are added as water-
soluble salts. This is, however, almost always ignored when toxicity is expressed on the basis 
of metal concentrations (2,34). Assuming that the chloride measured in water extracts is fully 
derived from the pore water, a worst-case estimate of pore-water concentrations can be 
derived. The amount of chloride added to the soil was largest for the highest zinc 
concentration. At a soil moisture content of 25% (w/w), the chloride concentration in the pore 
water at the highest zinc concentration was estimated to be 6.1 g Cl-/L. At the highest lead 
and copper concentrations the chloride concentrations in the pore water were estimated to be 
2.9 and 5.8 g Cl-/L, respectively. F. candida has a strongly reduced fecundity at salt levels 
comparable with 5.5 g Cl-/L (12), with 50% reduction in number of eggs laid and almost 90% 
reduction in the percentage of eggs hatching. A lower fecundity was reported still at salt 
levels comparable with 2.6 g Cl-/L. Since chloride concentrations at most of the tested metal 
concentrations stayed below levels known to reduce fecundity of F. candida, we expect that 
chloride played a minor role in comparison to the toxicity induced by the metals. It is, 
however, a matter of concern, and we think it possible that some dose ratio- and dose level-
dependent deviations are related to chloride toxicity. It is advised for future studies to include 
a percolation treatment before introduction of the test animal, to remove the excess chloride 
from the test soils. 

From the results presented in this study, it can be concluded that concentration addition is 
a conservative method for estimating combined toxicity to springtails exposed in natural 
standard soil, and can serve as a worst-case scenario. This appears to be also applicable to 
other soil invertebrates. For other terrestrial invertebrates antagonism was found for effects of 
combined cadmium and zinc exposure (9,24,25,27,48,50) and other metal mixtures (51). 
However, for cadmium-lead and cadmium-copper mixtures, toxicity to nematodes appeared to 
act antagonistic at low dose levels (15), which is in agreement with our findings, but at higher 
dose levels synergistic effects were detected. As more studies look into the dose level- or dose 
ratio-dependent interactions, more exceptions from the general antagonistic interaction pattern 
are to be expected. 
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Abstract – Single and combined toxicity of the metals copper, zinc, cadmium and lead to the 
springtail Folsomia candida was studied in a natural standard soil. Toxicity tests were 
performed with series of the individual metals and with complex mixtures at various 
concentration ratios. Survival, growth and reproduction were related to total, 0.01 M CaCl2 
exchangeable and water-extractable metal concentrations in the soil and internal 
concentrations were determined in the surviving animals. The sorption of cadmium and zinc 
decreased in the presence of other metals, whereas the soil-solution distribution of copper and 
lead did not change. Uptake of metals by the springtails was not affected by the presence of 
other metals in the complex mixture, but at high chloride concentrations uptake was 
decreased. The data analyses procedure used in this study detected clearly antagonism as well 
as dose ratio- and dose level-dependent deviations from the concentration addition model. 
Compared with binary metal mixtures, more dose ratio- and dose level-dependent deviations 
were distinguished. The cadmium metal pool was a dominant factor in causing a dose ratio-
dependent deviation. This could be explained from the role of cadmium in the interaction 
pattern in sorption of the metals to the soil. Dose level-dependent deviations from 
concentration addition were found for the total and CaCl2-exchangeable metal pool. This 
deviation pattern was observed far more frequent when compared with binary mixture 
experiments. Because of observed changes in animal behavior at high combined exposure 
concentrations as well as disturbed metal uptake patterns, it is concluded that chloride 
contributed to the toxicity of the metal salts. 
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INTRODUCTION 
 

Soil organisms are usually exposed to mixtures of chemicals that vary in toxic potential. 
For ecotoxicological risk assessment, any interactions between the toxicants should be taken 
into account. Concepts for dealing with the combined effects of toxicants have been 
developed by pharmacologists and aquatic toxicologists. In soil, however, the link between 
total chemical concentrations and effects on the organism is not straightforward. Interactions 
between chemicals can occur at three levels: (a) chemical and physiochemical interactions 
with other constituents of the soil, determining sorption and thereby bioavailability; (b) 
physiological interactions, affecting uptake from the soil (solution) and ultimately 
determining the quantity available at the site(s) of action; and (c) interactions at the 
intoxication processes, including combination with receptors, at the target site(s) (3). At each 
level, chemicals may interact with each other. When toxicity data are related to total chemical 
concentrations in the soil, several, possibly opposite interactions are taken together, and the 
soil plus animal is treated as a black box. To understand mixture toxicity to soil animals, the 
interactions at the different levels must be disentangled. As a result of the complexity of the 
soil environment and the more recent origins of soil (eco)toxicology, mixture toxicity  to soil 
organisms is still poorly understood. 

Metal pollution is often present in the soil as a mixture of several metals. Combined high 
soil copper, zinc, cadmium and lead concentrations can be found at metal-polluted sites like a 
lead/zinc mining area, Plombières (Belgium) and a lead smelting area, Stolberg (Germany) 
(22). Experiments with a systematic approach towards mixture toxicity of metals to soil 
organisms are, however, scarce (12,15,16,18,19,23,35). In most studies, the number of 
exposure concentrations is limited and the toxicity data are not suitable for exploring much 
more than antagonistic or synergistic effects of its components, leaving interesting aspects, 
such as dose ratio-dependent and dose level-dependent effects (27,33,35) on mixture 
interactions, barely touched. Recently, Jonker (14) provided a simple and coherent data 
analysis framework to detect and quantify four distinct deviation patterns from the additive 
model in dose-response data of simple mixtures (no deviation, synergism/antagonism, dose 
ratio-dependent deviation and dose level-dependent deviation). This was successfully applied 
to the analysis of binary metal mixture toxicity data (see Chapter 3), showing besides 
antagonistic effects, both dose ratio- and dose level-dependent deviations from the additive 
model. 

In the present study we investigate a more realistic complex mixture of metals (copper, 
zinc, cadmium, and lead). Tests were performed in a natural standard soil with the springtail 
Folsomia candida following the principles of the method standardized by ISO (11). This 
collembolan lives in the surface layers of the soil, where it is exposed to metals accumulating 
in the topsoil layer. Toxicity tests were performed with series of the individual metals, with 
mixtures of equitoxic concentration ratio and with concentration ratios varying in dominance 
of each metal, including four field ratios. To unravel the various possible interactions, we 
studied the following aspects: (a) the influence of each metal on the other’s soil-solution 
distribution by determining water-extractable, CaCl2-exchangeable and total soil 
concentrations; (b) the uptake of each metal by the springtails in relation to its (extractable) 
soil concentrations and that of the other metals; and (c) the combined effects of copper, zinc, 
cadmium and lead on survival, growth and reproduction of F. candida in relation to 
(extractable) concentrations in soil and internal concentrations in the animals. 
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MATERIALS AND METHODS 
 
Test animals 

Juvenile F.  candida Willem 1902 (Hexapoda: Collembola), of similar age (10-12 d), were 
obtained by synchronizing the egg deposition of adult animals from a laboratory breeding 
stock, which has been kept in the laboratory for many years. The animals were cultured in 
pots with a layer of moist plaster of Paris mixed with activated charcoal (9:1 w/w) and kept in 
a climate room at 20 ± 0.1ºC, 75% relative humidity at a light/dark regime of 12/12 h. 
Animals were fed with dried baker’s yeast (Oetker, Veenendaal, The Netherlands). 
 
Contamination of the test soil 

A natural standard soil (Landwirtschaftliche  Untersuchungs- und ForschungsAnstalt, 
LUFA 2.2) was obtained from the LUFA-Institute at Speyer, Germany. The soil had an 
organic carbon content of 2.19 %, and a cation exchange capacity (CEC) of 11 mval/100 g. 
Before addition of the metal solutions, the soil was dried at 40ºC to a moisture content of 6%. 
CuCl2 ּ2H2O ( > 99% pure, Mallinckrodt Baker, Deventer, The Netherlands), ZnCl2 ( > 98% 
pure, Merck, Darmstadt, Germany), CdCl2ּ2½H2O ( > 99% pure, Sigma-Aldrich, 
Zwijndrecht, The Netherlands) and PbCl2 ( > 98% pure, Merck-Schuchardt, Hohenbrunn, 
Germany) were mixed in with the soil as aqueous solutions. A few drops of 10% HCl were 
added to the PbCl2 solution to increase solubility. Upon addition of the metal solutions, the 
moisture content of the soil was raised to a level of 25% (w/w), which corresponds with 
approximately 50% of the maximum water-holding capacity. The soil was left for two weeks 
at room temperature in closed containers to equilibrate before being used in the experiments. 

Individual metals and their mixtures were tested simultaneously. The experimental design 
for the mixture experiment was based on the toxic unit (TU) concept with reproduction as 
endpoint (TU = c/EC50, where EC50 is the median effective concentration and c is the 
toxicant concentration in the mixture). Concentrations were based on EC50s for reproduction 
found in pilot experiments and the literature, being 6531 nmol Cu/g dry soil (pilot experiment 
and Chapter 3), 6117 nmol Zn/g dry soil ((28) and Chapter 3), 516 nmol Cd/g dry soil ((35) 
and Chapter 3), and 6757 nmol Pb/g dry soil ((1) and Chapter 2 and 3). Nominal 
concentrations of the mixtures were based on expected toxic strengths and toxicant ratios as 
given in Table 1. Apart from an equitoxic ratio, a number of other concentration ratios were 
chosen; one for each metal in which that metal dominated the mixture, one with the essential 
metals dominating, one with the non-essential metals dominating, and four ratios with an 
equal expected contribution to the toxicity of the essential and the non-essential metals, but 
with an unequal distribution of the expected toxicity over the two essential or non-essential 
metals. Further, four field concentration ratios were included; Budel (The Netherlands) is a 
site polluted by a zinc smelter, Plombières (Belgium) is an abandoned lead mine, Stolberg 
(Germany) is affected by a lead smelter and Hilversum (The Netherlands) is an unpolluted 
reference site. Total concentrations in the field soil were divided by the expected EC50 of 
each metal to calculate the number of toxic units in the field soil. A percentage of the field 
concentrations was added to the test soil, corresponding with the toxic strength desired. The 
metal concentrations giving an expected toxic strength of 1 TU in the mixture correspond 
with 52%, 4%, 7% and 455% of the field metal concentrations for Budel, Plombières, 
Stolberg and Hilversum, respectively. 
 
Toxicity testing 

The toxicity tests were performed according to the ISO-guideline for assessing the effects  



Chapter 4 

74 

Table 1. Nominal total concentrations of copper, zinc, cadmium and lead (Toxic Units) in a natural 
standard soil used in the complex metal mixture toxicity experiment with Folsomia candida. One TU 
was defined as the 50% effective concentration for reproduction, corresponding with 6531, 6117, 516 
and 6757 nmol/g dry soil for copper, zinc, cadmium and lead, respectively. Levels of toxic strength 
tested per ratio are marked with a "x". The lower four ratios are derived from field ratios; a = Budel, b 
= Plombières, c = Stolberg, d = Hilversum. 
 

Ratios (%) Toxic strength (TU) 
Cu Zn Cd Pb 0.125 0.25 0.5 1 2 4 8 16 
100 - - - x x x x x x - - 

- 100 - - x x x x x x - - 
- - 100 - x x x x x x - - 
- - - 100 x x x x x x - - 

100 100 100 100 - - x x x x x x 
70 10 10 10 - - x x x - - - 
10 70 10 10 - - x x x - - - 
10 10 70 10 - - x x x - - - 
10 10 10 70 - - x x x - - - 
10 10 40 40 - - x x x - - - 
40 40 10 10 - - x x x - - - 
25 25 45 5 - - x x x - - - 
25 25 5 45 - - x x x - - - 
45 5 25 25 - - x x x - - - 
5 45 25 25 - - x x x - - - 
8a 77 3 12 - - x x x - - - 
2b 56 4 38 - - x x x - - - 
22c 27 8 43 - - x x x - - - 
23d 36 5 36 - - x x x - - - 

 
 
of soil pollutants on F. candida (11). Glass jars (100 ml) were filled with 30 grams of moist 
soil. Five replicates were used for each concentration, and 20 for the control (380 jars in 
total). All concentrations were tested simultaneously, but for practical reasons the experiment 
was split in two, with half the number of replicates per concentration run one week after the 
other half. At the start of the experiment, 10 juvenile F. candida were transferred into each of 
the jars and a few grains of dried baker’s yeast were added as food. The jars were placed in a 
climate room at 20 ± 0.1ºC, 75% relative humidity with a 12/12 h light/dark cycle. Additional 
food was given to maintain ad libitum conditions. The jars were aerated three times a week 
and soil moisture content was kept constant by weighing the jars once a week and 
replenishing the water loss with deionised water. 

After 4 weeks of incubation, survival, weight, and reproduction of the animals were 
determined for each concentration. The contents of a jar were washed into a glass beaker 
using 100 ml of deionised water. The mixture was gently stirred to let all living animals to 
float on the water surface. First, the number of animals surviving from those originally 
introduced was counted by eye, then, a colour slide of the water surface was made. The slides 
were projected on a portable slide projector, and the number of offspring was counted to 
determine reproduction. For each treatment, a sample of surviving animals (up to a maximum 
of 10) was collected from the replicate test jars. Fresh weight of individual animals was 
determined to the nearest microgram using a microbalance (model UMT2, Mettler-Toledo, 
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Greifensee, Switzerland). The animals were lyophilised and weighed to obtain the dry weight 
and stored at -20ºC until metal analyses.  
 
Chemical analysis 

Soil was dried overnight at 40ºC. The total metal fraction was obtained by microwave 
digestion of 1 ± 0.05 g dry soil in 10 ml of a mixture of HCl (min. 37%, Riedel-de Haën, 
Seelze, Germany), concentrated HNO3 (min. 65%, Riedel-de Haën, Seelze, Germany), and 
deionised water (6:2:2 v/v/v). At the start and end of the experiment exchangeable and water-
extractable metal fractions were determined by shaking 5 ± 0.05 g dry soil for 2 h at 200 rpm 
with 25 ml of a 0.01 M CaCl2 (Mallinckrodt Baker, Deventer, The Netherlands) solution or 25 
ml deionised water. The suspensions were left overnight to settle after which pH was 
determined in the solutions. After filtration over a 0.45 µm cellulose nitrate membrane filter 
(401196, Schleicher & Schull, Dassel, Germany), metal concentrations in the extracts were 
measured by flame and graphite furnace atomic absorption spectrometry (AAS, model 1100B, 
Bodenseewerk Perkin-Elmer, Überlingen, Germany). San Joaquin soil (certified by the 
National Institute of Standards and Technology, Gaithersburg, MD, USA) and an uncertified 
reference soil SETOC (sample 2) international sediment (34), were used as reference soil for 
total metal concentrations. Recoveries for the San Joaquin soil were 90% for Cu, 98% for Zn, 
14% for Cd and 75% for Pb. For Cd and Pb, the low recoveries are due to the low 
concentrations in this reference soil, resulting in concentrations in the digest close to or below 
detection limits. For the SETOC soil recoveries were 126% for Cu, 109% for Zn, 80% for Cd 
and 105% for Pb. Since the nominal and actual metal concentrations were in good agreement 
(see Results), no systematic corrections were applied to the total metal analyses in soil. 
Measurements below the detection limit were used as half the calculated detection limit. 
Chloride concentrations in the water extracts were measured on an autoanalyser (model SA 
400, Skalar, Breda, The Netherlands). 

Individual animals were digested in 300 µl of a mixture of HNO3 and HClO4 (7:1 v/v; 
Ultrex grade; Mallinckrodt Baker, Deventer, The Netherlands), and internal metal 
concentrations were measured using graphite furnace AAS. As standard reference material, 
dolt-2 (for Zn and Cd), bovine liver (for Cu) and olive leaves (for Pb) (certified by the 
Community Bureau of Reference, Brussels, Belgium) were used. Recoveries were 86% for 
Cu, 93% for Zn, 85% for Cd and 88% for Pb. Reference material was weighed at 0.1% of the 
minimum quantity certified to stay in the range of the weight of individual springtails. 
Therefore deviations from certified metal concentrations were to be expected and no 
systematic corrections were applied to the internal metal concentrations. Measurements below 
the detection limit were used as half the calculated detection limit. 
  
Calculations and statistics 

Sorption of metals to the test soil was described by a Langmuir isotherm: 
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where Csorbed is the metal concentration in the soil (nmol/g dry soil), Cdiss is the metal 
concentration in the water or 0.01 M CaCl2 extract (nmol/ml), Csorbed-max is the maximum 
sorption capacity (nmol/g dry soil) and KL is the Langmuir sorption constant (ml/nmol). KL 
may be interpreted as the inverse of the dissolved concentration at which 50% of the sorption 
sites is occupied. Estimates for Csorbed-max and KL were obtained by non-linear regression on 
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log-transformed data of Csorbed versus Cdiss (Systat 7.0, SPSS-inc.). Controls were excluded 
from the analyses because (dissolved) concentrations were below detection limits.  

Competition from other metal ions present in the mixture or from H+ ions was described 
by addition of an interaction term to equation 1 as follows: 
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where M1 is the metal described with the isotherm and M2  can relate to any of the other 
metals in the mixture or to H+. The significance of additional parameters in the model was 
quantified by calculating the likelihood ratio statistic (X2) (30) and comparing its value to the 
upper 5% value of the Chi-square distribution at degrees of freedom equal to the difference in 
the number of parameters in the two models. In a similar way a second or third interaction 
term can be incorporated in the equation. Forward selection of the parameters (with threshold 
value p(X2) = 0.05) was used to identify competing cations. 
 

For every metal pool, mixture effects on survival, growth and reproduction of F. candida 

were analysed by applying the computational framework proposed by Haas et al. (8) and 
Jonker (14). Following their derivations, the additive toxic-unit mixture model can be 
generalized to: 
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where Ci denotes the concentrations of the individual chemicals in the mixture, Y indicates the 
biological response, and fi

-1 indicates the inverse dose-response functions. In this equation, the 
concentration of each compound in the mixture is divided by its concentration resulting in the 
same effect as the mixture. This concentration is calculated by utilizing the inverse function 
of the dose-response relationship of the individual substances, in this case the log-logistic 
model. Under the assumption of concentration addition, these ratios should add up to 1. G 
denotes an extent function to quantify deviations from additivity. Note that G will be 0 in case 
of concentration addition. To enable calculations of the EC50s as well as the EC10s 
simultaneously, a modified log-logistic dose-response model was adopted. The inverse dose-
response relationship can then be written as: 
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where µ0 denotes the response of the control group, η = ln(9)-1, and ωi = ln(EC50i/EC10i). 

Details of the analysis procedure are outlined in Haas et al. (8) and Jonker (14). In short, 
G enables the quantification of four distinct deviations from the reference model: 1) no 
deviation, 2) synergism/antagonism in all mixture combinations (S/A), 3) dose ratio-
dependent deviation (DR), where the deviation pattern (synergism/antagonism) depends on 
the relative contribution of the toxicants in the mixture, 4) dose level-dependent deviation 
(DL), where synergism/antagonism depends on the dose level tested. Within this framework 
the synergistic/antagonistic model is an extension of the additive model with one additional 
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Table 2. Interpretation of additional parameters in Equation 3 that define the functional form of the 
deviation patterns from the additive model. TU denotes the toxic unit of a chemical, defined as TUxi = 
Ci / ECxi, where ECxi is the effect concentration inducing x % effect, and Ci is the concentration of 
toxicant i in the mixture and zi = TUxi(ΣΣΣΣj

n
TUxj)

-1.  
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parameter. Subsequently the synergistic/antagonistic model is nested in the dose ratio-
dependent deviation model and dose level-dependent deviation model. These models have 
two (DL) or at least two (DR) additional parameters compared with the additive model and 
they cannot be statistically compared. For the dose ratio-dependent model, the influence of 
the relative amount of each of the metals in the mixture on the deviation pattern can be 
evaluated, compared to the other metals. The deviation function can be expanded with extra 
interaction parameters for a second, third or fourth metal. Forward selection of the parameters 
(with threshold value p(X2) = 0.05) was used to identify the metals explaining most of the 
deviation. The biological interpretation of the additional deviation parameters, here arbitrarily 
named a and b, is listed in Table 2. All parameters, i.e. slopes of the dose-response curves, the 
median effect concentrations (EC50i), the control response (µ0) and the deviation parameters 
(a, b) were estimated simultaneously. The identification and quantification of the deviation 
pattern from the reference proceeds by finding the most parsimonious model. Therefore for 
every model a set of parameter values has to be found that maximizes the likelihood of the 
data, given the hypothesized model.  

For continuous data a normal distribution is assumed. If it is assumed that the variance 
among the data for every exposure combination is equal, then minimising the sum of squared 
residuals (SS) is equivalent to maximising the likelihood of the data. Hence, the following 
objective function has to be minimised: 
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subject to Equation 3, where Ŷ  = Y, and Yj is the observed effect in the jth treatment, in an 
experiment with k treatments. 

The significance of additional parameters in the model was quantified by comparing the 
likelihood ratio to the upper 5% value of the Chi-square distribution with df2 – df1 degrees of 
freedom, and df1 and df2 denote the degrees of freedom of the reduced and the full model, 
respectively. If the synergistic/antagonistic model did not show a significant improvement, 
the dose ratio- and dose level-dependent deviation models were compared with the reference. 
Note that the models for quantifying toxicant-ratio dependent deviations and effect-level 
dependent deviations are not nested and thus cannot be statistically compared. 
The objective function was minimised using a program written in MATLAB 6.1 (The 
MathWorks, Natick, MA, USA) using the Nelder-Mead Simplex Method. 

 

 

RESULTS 
 
pH, metal and chloride concentrations 

The pH-0.01 M CaCl2 and pH-H2O of the control soil were 4.9 and 5.5, respectively. The 
addition of single zinc or cadmium did not affect pH-0.01 M CaCl2, whereas both copper and 
lead caused a dose-related decrease of maximal 0.6 pH units. All metals affected pH-H2O 
negatively ranging in order Cd <Zn <Pb <Cu (maximum decrease in pH of 0.2, 0.5, 1 and 1.2 
unit, respectively). For the equitoxic mixture the soil pH dropped even further to 3.9 at the 
highest dose, for both pH-0.01 M CaCl2 and pH-H2O. For the other metal ratios, soil pH 
differed less than 0.7 or 0.2 units for pH-H2O and pH-0.01 M CaCl2, respectively, between 
the different treatments. 

Measured total metal concentrations in soil were in agreement with nominal ones (82-97% 
for Cu, 82-113% for Zn, 84-103% for Cd and 87-105% for Zn). All data in this paper are 
expressed on the basis of measured concentrations. 

For all metals, water-extractable and CaCl2-exchangeable concentrations increased with 
the total soil concentrations. For all metals, Langmuir sorption parameters (KL and Csorbed-max) 
related to water-extractable concentrations are given in Table 3, both for the simple Langmuir 
sorption isotherm (Equation 1) and for the extended model (Equation 2). For copper and lead, 
sorption to the soil was not affected by the presence of other metals. For zinc the fit of the 
sorption isotherm improved when Cu, Cd or H+ concentrations were included (generalized 
likelihood ratio test, p<0.05) (Table 3). Log Csorbed-max for zinc was relatively low when the 
water-extractable zinc concentrations were related to total sorbed zinc concentrations in the 
soil. When an interaction term for copper was introduced (see Equation 2), the estimated 
value for log Csorbed-max was higher, suggesting that the sorption capacity of the soil for zinc 
was decreased by the presence of copper, thus copper forced zinc into solution. The most 
parsimonious fit was, however, found when H+ concentrations were included. For cadmium, 
incorporation of all metals in the sorption model proved to give the best fit. Introduction of H+ 
concentrations in the model also significantly improved the fit, but not as much as when all 
metals were included in the model (Table 3). When sorption was related to CaCl2-
exchangeable concentrations, the same interaction pattern was observed, except for cadmium, 
where the most parsimonious model included interaction terms for copper and zinc, but not 
lead. 

Chloride concentrations in the water-extracts increased in a dose-related manner from 
1.96 mg Cl/ L (= 55.4 µM) in the controls to 1.07 g Cl/ L (= 30.1 mM) at the highest 
combined copper, zinc, cadmium and lead dose. 
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Table 3. Langmuir sorption parameters KL (L/µmol) and Csorbed-max (µmol /kg) estimated for the 
sorption of copper, zinc, cadmium and lead in a natural standard soil spiked with CuCl2, ZnCl2, CdCl2 
and PbCl2 in different ratios, and extracted with deionised water. Parameter values are given for the 
sorption isotherm model (Equation 1 and 2) according to forward selection of significant interaction 
terms. The sum of squared residuals (SS) is given for each parameter set. The most parsimonious 
model is indicated with an *.  
 

Metal Significant 
interaction term 

Log Csorbed-max Log KL SS 

Cu —* 4.234 -1.583 0.633 
Zn — 3.697 -1.610 1.388 

 Cu 3.766 -1.628 1.122 
 Cd 3.768 -1.647 1.186 
 pH* 3.806 -0.586 1.083 

Cd — 2.768 -0.758 4.059 
 Cu 3.521 -1.437 3.090 
 Zn 3.304 -1.127 2.165 
 Pb 3.398 -1.281 2.962 
 Cu + Zn 3.630 -1.399 1.704 
 Cu + Zn + Pb* 3.658 -1.372 1.537 
 pH 3.005 3.935 2.064 

Pb —* 4.103 -0.572 3.810 
 
 
Uptake 

Copper, cadmium and lead concentrations in the surviving Collembola increased with 
increasing total soil concentrations, while zinc concentrations appeared to be regulated at the 
lower soil concentrations (Fig. 1). From figure 1 it is apparent that F. candida is capable of 
regulating its internal zinc concentration at a level of 1.4 to 2.3 µmol Zn/g dry body weight. 
At equitoxic concentrations, uptake of cadmium and lead appeared to be slightly higher in the 
presence of the other metals when based on total metal concentrations (compare single and 
equitox in Fig. 1), but, when related to water-extractable concentrations, cadmium uptake in 
the mixtures was lower. For the highest single cadmium concentration and the two highest 
equitoxic concentrations the internal concentrations of cadmium, and in the latter also of lead, 
did no longer increase with increasing exposure concentrations. 
 
Toxicity 

The springtails in the controls of the toxicity tests did very well. In the controls survival 
was 87 ± 11% (n=20), growth during the four week exposure period was 265 ± 38 µg (n=40), 
and the average number of juveniles produced per test container was 1450 ± 215 (n=20). At 
the two highest equitoxic exposure concentrations, however, the springtails were clinging to 
the wall of the test containers, and in these cases no noticeable food consumption was 
observed. 

No effect of copper or zinc was seen on survival of F. candida at the concentrations 
tested. For lead, survival was affected at the highest single lead concentration only (60% 
survival). Cadmium affected survival in a concentration-related manner for the lower four test 
concentrations. For the highest two test concentrations, however, survival was higher 
compared to the concentration before (46 and 46% compared to 38%, data not shown). In the 
mixtures survival never dropped below 60% (at the highest equitoxic concentration). 
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Therefore, it was not possible to calculate an LC50 for cadmium. On average, survival for all 
mixture concentrations was 94 ± 11%. 

Growth and reproduction of F. candida were negatively affected by all metals with 
increasing exposure concentrations. Figure 2 shows the effects of the metals, at both single 
and equitoxic exposure concentrations, on the growth and reproduction of F. candida related 
to total metal concentrations in the soil. It shows that for all metals and for both growth and 
reproduction, complete dose-response curves were obtained. Further it can be seen that the 
effects of the highest dosages of the equitoxic mixtures were more severe. The results of the 
analysis of the toxicity data are summarized in Table 4 (growth) and Table 5 (reproduction). 
For each of the four deviation models, estimated parameter values are presented. For each 
metal pool a conclusion on the overall mixture toxicity interactions is given, based on the 
parameter estimates of the most parsimonious model. To illustrate the selection of the most 
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Figure 1. Concentrations of copper, zinc, cadmium and lead in Folsomia candida after 4 weeks 
exposure in LUFA 2.2 soil related to total (left) and water-extractable (right) soil concentrations. 
Results are presented for animals exposed to single metals (♦) or to equitoxic mixtures (◊). Each point 
is the mean of 4 or 5 animals, and vertical lines indicate standard deviations. 
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Figure 2. Effects of copper, zinc, cadmium and lead on growth (upper row) and reproduction (bottom 

row) of Folsomia candida after 4 weeks exposure in LUFA 2.2 soil related to total soil concentrations. 
Results are presented for animals exposed to single metals (■) or to equitoxic mixtures (□). Each point 
is the mean of 10 animals (growth) or 5 test containers (reproduction), and vertical lines indicate 
standard deviations. 
 
parsimonious model, Figure 3 shows the analysis of the effects on reproduction for the total 
metal pool in the soil. Using the additive model, the description improved considerably when 
one additional parameter for quantifying synergism/antagonism was incorporated. Forward 
selection revealed that addition of an extra parameter allowing for dose level-dependent 
deviation yielded no significant improvement of the model fit. Modelling dose ratio-
dependent deviation from additivity yielded the lowest value for the SS when b3 was 
incorporated in the model, quantifying the effects on the deviation pattern associated with Cd 
(SS = 198⋅105, p = 0.00016). Adding an extra parameter when b3 was already in the model did 
not improve the data description significantly. 

For growth, adding one additional deviation parameter in Equation 3 to describe 
antagonism or synergism resulted in a significant improvement in data description 
irrespective of the metal pool used (Table 4). In each case, the estimated value of a was 
positive, indicating antagonism. For the total and CaCl2-exchangeable metal pool, addition of 
a second parameter allowing for dose level-dependent deviation improved the description of 
the growth data significantly. The additional parameters in the DL model (a = 567, 413 and b 
= 0.421, 0.260) indicated antagonism at low effect levels and synergism at high effect levels 
(see Table 2). From the value of parameter b it can be calculated that switching from 
antagonism to synergism occurred at concentration levels of 1/b = 1/0.260 = 3.80 ⋅ EC50 
isobole and 1/0.421 = 2.38 ⋅ EC50 isobole. For the water-extractable metal pool in the soil and 
the internal metal pool, no significant dose level-dependent deviations were found. Adding an 
extra parameter allowing for dose ratio-dependent deviation improved the description of the 
data significantly for each metal pool, and the parameter estimates for the most parsimonious 
dose ratio-dependent deviation model are given in Table 4 for each metal pool. Cadmium 
appears to be the metal explaining most of the effects. Only when based on internal 
concentrations, incorporation of the cadmium-ratio in the model gave no significant 
improvement of the data description. Overall, the relative concentration of cadmium was 
found to be the most influential, with decreased toxicity at higher contribution of cadmium to 
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Table 4. Parameter estimates and statistics of the mixture model (Equation 3) after analysing the 
copper-zinc-cadmium-lead effect on the growth (µg fresh body weight) of the springtail Folsomia 

candida exposed in spiked natural soil, based on total, CaCl2-exchangeable and water-extractable 
concentrations in the soil and internal concentrations. Values are given for calculations based on the 
additive model (additive), on the model extended with a deviation parameter (a) for 
synergism/antagonism (S/A) or with an additional deviation parameter (b) for dose ratio-dependent 
deviation (DR) or dose level-dependent deviation (DL). In the case of dose ratio-dependent deviation, 
more than one additional parameter (b1, b2, etc.) could be introduced to the model if more than one 
metal ratio appeared to be significantly influencing the mixture toxicity. The most parsimonious DR 
model is shown. Next to the value for b, the metal to which b is related is given. EC50s are given in 
nmol/g dry soil or in nmol/g dry body weight. See Table 2 for the interpretation of parameters a and b 
in each column. For significance levels note that S/A is compared with additive, and both DR and DL 
are compared with S/A, unless S/A is not significantly different from additive, in which case they are 
compared with additive. 
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  Extraction 

  Total  CaCl2-exchangeable 

  additive S/A DR 1) DL  additive S/A DR 2) DL 

Control (µg)  272 273 273 274  276 277 277 278 

           

Slope  Cu  4.76 4.26 4.81 2.54  1.45 1.19 1.23 1.07 

 Zn  4.21 3.81 4.01 3.00  2.55 2.56 2.57 2.49 

 Cd  2.04 2.09 2.12 1.74  1.81 1.79 1.80 1.69 

 Pb  2.68 2.69 2.71 2.26  1.52 1.49 1.54 1.35 

            

EC50 Cu  1680 1440 1460 1270  6000 760 763 671 

(nmol/g) Zn  1540 1390 1410 1280  237 5630 5770 5470 

 Cd  895 719 680 696  123 224 214 225 

 Pb  1100 9310 9540 9670  123 102 106 97.3 

            

a   152 89.8 567   224 16.4 413 

b1    232Cd 0.421    618 Cd 0.260 

b2           

           

p(X2)    1.20⋅10-21 0.0270 9.72⋅10-11   4.54⋅10-7 0.00538 0.00950 

           

conclusion  Low DL: antagonism 
High DL: synergism 

 High Cd: decreased toxicity 

 
  Extraction 

  Water-extractable  Internal 

  additive S/A DR 3) DL  additive S/A DR 4) DL 

Control (µg)  280 283 283 283  290 288 287 289 

           

Slope  Cu  1.41 1.39 1.52 1.38  2.93 4.64 5.60 4.33 

 Zn  1.82 1.66 1.80 1.64  2.75 3.22 3.40 3.19 

 Cd  1.19 1.02 1.14 0.980  3.16 3.96 3.69 2.84 

 Pb  1.95 1.92 2.13 1.91  1.57 1.31 1.45 1.23 

            

EC50 Cu  529 336 382 330  6130 4850 4850 4890 

(nmol/g) Zn  2980 2370 2440 2340  7290 6700 6810 6690 

 Cd  45.0 41.9 32.0 42.7  3050 2650 3010 2620 

 Pb  28.9 22.5 23.1 22.5  2540 2130 1650 2100 

            

a   329 -189 379   129 -15.4 158 

b1    2390 Cd  0.110    665 Pb 0.120 

b2    -1370 Cu       

           

p(X2)    1.48⋅10-13 2.25⋅10-12 0.514   3.40⋅10-13 8.44⋅10-5 0.483 

           
conclusion  High Cd: decreased toxicity 

High Cu: increased toxicity 
 High Pb: decreased toxicity 

 

1) significant DR effects were also found for Pb (p = 0.0270) and Cu (p = 0.0478) 
2) significant DR effects were also found for Cu (p = 0.0354) 
3) significant DR effects were also found for Pb (p = 0.00356) 
4) significant DR effects were also found for Zn (p = 0.00373) and Cu (p = 0.0169) 
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Table 5. Parameter estimates and statistics of the mixture model (Equation 3) after analysing the 
copper-zinc-cadmium-lead effect on the reproduction (number of juveniles per container) of the 
springtail Folsomia candida exposed in spiked natural soil, based on total, CaCl2-exchangeable 
and water-extractable concentrations in the soil and internal concentrations. Values are given for 
calculations based on the additive model (additive), on the model extended with a deviation 
parameter (a) for synergism/antagonism (S/A) or with an additional deviation parameter (b) for 
dose ratio-dependent deviation (DR) or dose level-dependent deviation (DL). In the case of dose 
ratio-dependent deviation, more than one additional parameter (b1, b2, etc.) could be introduced to 
the model if more than one metal ratio appeared to be significantly influencing the mixture 
toxicity. The most parsimonious DR model is shown. Next to the value for b, the metal to which b 
is related is given. EC50s are given in nmol/g dry soil or in nmol/g dry body weight. See Table 2 
for the interpretation of parameters a and b in each column. For significance levels note that S/A is 
compared with additive, and both DR and DL are compared with S/A, unless S/A is not 
significantly different from additive, in which case they are compared with additive. 
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  Extraction 

  Total  CaCl2-exchangeable 

  additive S/A DR DL  additive S/A DR DL 

Control (njuv)  1430 1440 1470 1430  1440 1440 1440 1430 

           

Slope  Cu  2.26 2.21 2.18 1.90  1.25 1.30 1.31 1.09 

 Zn  3.17 2.94 2.88 2.70  3.01 2.74 2.75 2.64 

 Cd  2.21 2.38 2.33 2.05  1.84 1.81 1.83 1.76 

 Pb  3.96 5.88 6.56 4.74  2.61 3.67 3.76 2.55 

            

EC50  Cu  7640 5700 5790 5430  157 113 113 109 

(nmol/g) Zn  8480 7380 7500 7030  2840 2620 2730 2530 

 Cd  708 558 572 543  181 1660 163 165 

 Pb  8160 6780 6560 6670  67.9 56.8 56.3 56.5 

            

a   179 121 429   166 250 480 

b    196Pb 0.315    -322Zn 0.351 

           

p(X2)    4.96⋅10-17 0.124 4.72⋅10-4   1.57⋅10-8 0.168 4.85⋅10-3 

           

conclusion  Low DL: antagonism 
High DL: synergism 

 Low DL: antagonism 
High DL: synergism 

 
  Extraction 

  Water-extractable  Internal 

  additive S/A DR 1) DL  additive S/A DR DL 

Control (njuv)  1460 1450 1450 1450  1630 1620 1670 1600 

           

Slope  Cu  1.83 2.04 2.13 1.97  5.52 7.45 4.71 8.91 

 Zn  2.14 1.87 1.96 1.77  2.48 2.56 2.58 2.62 

 Cd  1.26 1.15 1.23 1.11  5.18 4.41 3.43 5.18 

 Pb  4.79 30.1⋅103 466⋅103 279  2.48 2.13 1.86 2.43 

            

EC50 Cu  108 87.5 89.0 86.3  3210 3150 2720 3220 

(nmol/g) Zn  1110 927 994 911  4000 3930 3690 3960 

 Cd  28.4 27.1 22.9 27.1  3530 2720 1.01⋅106 2820 

 Pb  17.6 17.6 17.6 17.6  2100 1560 1300 1640 

            

a   126 -19.1 186   110 431 55.1 

b    657Cd 0.182    -4380Cd -0.684 

           

p(X2)    7.39⋅10-8 1.60⋅10-4 0.415   1.03⋅10-4 5.71⋅10-3 0.360 

           

conclusion  High Cd: decreased toxicity  High Cd: increased toxicity 

 
1) significant DR effects were also found for Zn (p = 0.0267) and for Pb (p = 0.0466) 
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 the mixture (see Table 4). The negative value for a found for the DR model based on the 
water-extractable metal pool in the soil and the internal metal pool, can be interpreted as 
synergistic effects at relatively low cadmium contribution to the mixture and the positive b-
value indicates that the toxicity decreased at higher cadmium contribution and lower copper 
contribution, or higher lead contribution to the mixture, respectively. From the analyses with 
the S/A model, indicating overall antagonism, it can be concluded that the overall effect is 
still mostly antagonistic. 

For reproduction, adding one additional deviation parameter in Equation 3 to describe 
antagonism or synergism also resulted in a significant improvement in data description 
irrespective of the metal pool used (Table 5). In each case, the estimated value of a was 
positive, indicating antagonism. For the total and CaCl2-exchangeable metal pool, addition of 
a second parameter allowing for dose level-dependent deviation also significantly improved 
the description of the reproduction data. The additional parameters in the DL model (a = 429, 
480 and b = 0.315, 0.351) indicated antagonism at low effect levels and synergism at high 
effect levels (see Table 2). From the value of parameter b it can be calculated that switching 
from antagonism to synergism occurred at concentration levels of 1/b = 1/0.315 = 3.17 ⋅ EC50 
isobole and 1/0.351 = 2.85 ⋅ EC50 isobole. For the water-extractable metal pool in the soil and 
the internal metal pool, again no significant dose level-dependent deviations were found. 
Adding an extra parameter allowing for dose ratio-dependent deviation improved the 
description of the data significantly for the water-extractable metal pool in the soil and the 
internal metal pool, but not for the total and CaCl2-exchangeable metal pool in the soil. The 
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Figure 3. The results of the forward selection of parameters in the model analyses (Equation 3) of the 
copper-zinc-cadmium-lead mixture effect on the reproduction (number of juveniles per container) of 
the springtail Folsomia candida exposed in spiked natural soil, based on total concentrations in the 
soil. The x-axis depicts the number of additional parameters, relative to the additive model. The y-axis 
depicts the sum of squared errors (SS). The dotted line indicates the significant parameter selection 
giving the most parsimonious fit. The dots are labelled to show which combination of parameters 
results in the indicated SS. The effect of copper on the deviation function is quantified by b1, the effect 
of zinc by b2, the effect of cadmium by b3, and the effect of lead by b4. The open square (labelled with 
bdl) indicates the SS for the dose level-dependent deviation from the additive model. 
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parameter estimates for the most parsimonious dose ratio-dependent deviation model are 
given in Table 5 for each metal pool.  
The negative value for a found for the DR model based on the water-extractable metal pool 
can be interpreted as synergistic effects at relatively low cadmium contribution to the mixture 
and the positive b-value indicates that the toxicity decreased at higher cadmium contribution 
to the mixture. From the analyses with the S/A model, indicating overall antagonism, it can be 
concluded that the overall effect is still mostly antagonistic. 
The outcome for the DR model based on internal metal concentrations is questionable 
because of the high EC50 value for cadmium, by far exceeding the highest internal cadmium 
concentrations measured. Therefore, the outcome of the DR model for internal concentrations 
should not be valued too high in this case.  
 

 

DISCUSSION 
 
Soil solution distribution 

In the present study, the soil-solution distribution of cadmium was affected by all other 
metals, and the soil-solution distribution of zinc was most affected by pH. The soil-solution 
distribution of copper and lead was not affected by the addition of any of the other metals 
(Table 3). In the mixtures, both cadmium and zinc were found in relatively higher 
concentrations in water and CaCl2 extracts, compared to the single metal treatment. Jonker et 

al. (13) found similar results for sorption of copper, zinc, cadmium and lead in binary 
mixtures. In Chapter 3, a small effect was found of cadmium addition on the soil-solution 
distribution of lead. In that experiment an extreme toxicant ratio of Cd: Pb of 1.78:1 nmol/g 
dry soil (9:1 in TU) was tested. In Chapter 3, concentrations of lead were based on the 
EC50reproduction reported in Chapter 2 for lead added as nitrate salt. From the results in Chapter 
3, it was clear that the EC50reproduction was much higher, as had also been found for lead added 
as chloride salt in Chapter 2. Thus, the doubt we had in the correctness of the high EC50 
found for lead added as chloride salt in Chapter 2 was not justified. Therefore, the expected 
EC50reproduction for lead was adjusted from 2606 nmol/g dry soil used in Chapter 3 to 6757 
nmol/g in the present experiment. As a consequence, cadmium never dominated over any of 
the other metals when expressed in molar units in the present experiment, though similar 
concentration ratios were tested based on TU. This explains why no effect of cadmium on 
lead sorption was detected in the overall analyses of the present experiment. The remaining 
results are in agreement with the findings reported in Chapter 3. 
 
Uptake of copper, zinc, cadmium and lead 

A dose-dependent relationship was apparent for copper, cadmium and lead body 
concentrations in F. candida when related to total and extractable metal concentrations in soil. 
From results described in Chapter 3, levels of copper in F. candida appeared to be regulated. 
In the present study little evidence for such a regulation of internal copper levels was found. 
Only at the lowest two single copper concentrations no increase in internal Cu concentrations 
was seen. This lack of regulation of copper is in conflict with the literature (2,37). Possibly F. 

candida is able only to regulate copper at low external concentrations, explaining why 
regulation was described in the literature for exposure to low soil concentrations (0.01-8.2 
µmol Cu/g dry soil), but was not seen at the higher exposure concentrations in the present 
study (2.9–25.3 µmol Cu/g dry soil). In contrast with earlier findings (See Chapter 3) no 
plateau could be seen for internal cadmium concentrations. A very clear decrease in body 
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concentrations could be seen at higher equitoxic mixture exposure concentrations for both 
cadmium and lead. Uptake of metals is severely affected at these mixture concentrations. 
Several explanations can be suggested. First, since the animals grow only very little in four 
weeks time (See Fig. 2), they could have eaten less and moved less, leaving them less 
exposed to the metals, both in the soil and in the food (pore water absorbed by the dry yeast). 
This agrees with observed behaviour of the springtails at the highest exposure concentrations 
(clinging to the walls, little food consumption). Second, problems with low biomass of 
springtails for individual metal analyses could result in non-detectable metal concentrations in 
the digests. This was, however, not the case; metal concentrations in the small individuals 
from the highest equitoxic exposure concentration were well in the range for correct 
measurement. Possibly, the plateau levels found for cadmium in the binary mixtures (see 
Chapter 3) and the literature (5,35) also result from changes in behaviour at high exposure 
concentrations.   

Levels of zinc in F. candida were regulated at internal concentrations of 1.4-2.3 µmol 
Zn/g dry body weight or up to total soil concentrations of 3.1 µmol Zn/g dry soil. This is in 
agreement with findings in the binary cadmium and zinc mixture experiment described in 
Chapter 3. From the literature it becomes clear that regulated internal zinc concentrations vary 
between experiments, ranging from 0.46 to 3.0 µmol Zn/g dry body weight (28,29,35,37), and 
this regulation occurred up to total zinc levels in the soil of 1.5-16 µmol Zn/g dry soil. No 
clear relation between soil type, treatment and regulated levels of zinc could be found, and the 
present data are in agreement with the general findings in the literature. 

Though availability of cadmium and zinc in soil was increased at combined exposure, 
cadmium and zinc uptake into the springtails was not affected (Fig. 1, compare open and 
closed diamonds). Similar results for uptake of cadmium and zinc by F. candida were found 
in Chapter 3 and by Van Gestel and Hensbergen (35). It can be concluded that uptake of 
metals in F. candida is not directly determined by the metal present in the soil solution, as 
estimated with water and 0.01 M CaCl2 extraction. This is supported by findings of Vijver et 

al. (37), who found that for cadmium in field soils, total dissolved concentrations are not the 
primary parameter influencing uptake in F. candida, and total cadmium pools in the soil play 
an important role in explaining internal concentrations. A possible explanation is given by the 
biotic ligand model, which states that extractable metal can be present as complexes 
unavailable for uptake into organisms (e.g. CdCl2 complexes) and only free metal ions are 
truly available and compete with H+ and Ca2+ ions for binding sites on biological membranes 
(21,36). For uptake of zinc, Smit and Van Gestel (29) found that water-extractable zinc 
concentrations could partly, but not entirely, explain the variation in internal zinc 
concentrations in F. candida exposed in different spiked and aged soils. 
 

Toxicity tests 

Soil pH decreased by metal addition, but for almost all test concentrations, pH was in the 
optimal range for F. candida of 4.3 – 6.2 (6,10). Only for the highest equitoxic mixture dose, 
pH dropped below the optimal range. We chose not to exclude this data point from analysis, 
since the equitoxic mixture dose just below the highest one already resulted in 98 and 100% 
reduction of growth and reproduction, respectively (see Fig. 2). Exclusion of the highest 
equitoxic mixture dose from data analysis would therefore have little effect on the results, and 
pH is not expected to have played an important role. At the end of the test, mean survival of 
the control animals was 87% and the average number of juveniles produced per test container 
was 1450. So, the requirements of >80% survival and 100 juveniles per test container, as 
posed in the guideline for the Collembola test (11), were met. 
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Toxicity of single metals 

Survival was a poor measure of toxicity for all four metals. Partial effects on survival 
were recorded for single cadmium and lead concentrations. In an earlier experiment with 
different lead salts an LC50 for lead (added as PbCl2) was found of 14 µmol Pb/g dry soil. 
Effects were less severe in the present experiment; at 28 µmol Pb/g dry soil still 60% survival 
was observed. This could be related to the better control performance of the springtails in the 
present experiment, suggesting a better condition of the animals. An inconsistent survival 
pattern related to cadmium, as found in the present experiment, was also observed both in the 
binary mixture experiments (Chapter 3) and the literature (6,35). At the tested concentrations 
of copper and zinc, no effects on survival were expected (24,25,35) as was confirmed earlier 
in the binary mixture experiments (see Chapter 3). 

The EC50s for growth and reproduction based on total metal concentrations (Table 4 and 
Table 5) were close to those reported in Chapter 3, except for the EC50 reproduction for copper, 
which was with 5.4 µmol Cu/g dry soil almost halve the EC50 found in the binary cadmium-
copper mixture experiment (10.1 µmol Cu/g dry soil). The EC50reproduction found for copper in 
the present experiment (5.4 µmol Cu/g dry soil) is also lower than the only value found in the 
literature of 8.17 µmol Cu/g dry soil (2). In two pilot studies, however, the EC50reproduction was 
7.2 and 3.9 µmol Cu/g dry soil, respectively (M. Bongers, unpublished data). Thus, the effects 
of copper in the present experiment are not exceptional. 
 
Mixture effects 

Though both single cadmium and lead showed a negative effect on survival of F. candida, 
almost no effect on survival was observed at the mixture concentrations. On the contrary, 
survival in the mixtures was 94% on average (data not shown), outdoing even the control 
survival (87%). The severest effect of a mixture on survival was observed for the highest 
equitox mixture concentration (60% survival), which was still doing far better compared to 
the highest single cadmium concentration (46%). For the two highest equitoxic mixture doses 
it was observed that the springtails sat at the wall of the container, above the soil layer. In this 
way they could avoid contact with the high metal and salt concentrations in the soil. These 
animals did not eat and no growth and reproduction was observed. In this way, however, they 
survived the four-week test period. Crommentuijn et al. (4) reported a lethal body burden of 
about 2.7 µmol Cd/g dry body weight, which is in agreement with the mean maximum 
internal cadmium concentration in the present experiment. The internal cadmium 
concentrations dropped at the two highest equitoxic mixture concentrations (Fig. 1). This 
could mean that the lethal cadmium body burden was not reached in these mixtures due to the 
avoidance behaviour, explaining why no effects on survival were observed. At lower mixture 
concentrations, however, the springtails did move into the soil, consumed food, grew and 
reproduced. Internal cadmium concentrations at these mixtures were comparable with 
corresponding single cadmium concentrations, but survival was still higher in the mixtures. 
This means that though reduced internal cadmium concentrations may explain part of the 
reduction in toxicity of the high equitoxic mixture concentrations, other factors are at work 
resulting in less toxic effects at lower mixture concentrations. 

Compared to additivity, antagonism was found for both growth and reproduction for all 
metal pools. This agrees with the findings on complex metal mixture toxicity of other authors. 
Lock and Janssen (18) reported antagonistic effects of a mixture of copper, zinc, cadmium 
and lead on reproduction of the potworm Enchytraeus albidus. Spurgeon and Hopkin (31) 
observed antagonistic effects of copper, zinc, cadmium and lead on cocoon production of 
Eisenia fetida. In aquatic studies less then additive effects were reported for a mixture of eight 
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metals to population growth of the Daphnia magna (7) and for a mixture of five metals to the 
filtration rate of Dreissena polymorpha  (17). 

Dose ratio-dependent deviations were detected for effects on growth (all metal pools), and 
for reproduction (water-extractable and internal metal pool). The effect of the complex 
mixtures appeared to be less with increasing relative cadmium concentrations for all soil 
metal pools. For the internal metal pool the dose ratio-dependent deviations were related 
differently. For growth, the deviations were related most to the relative lead concentration, 
and to a lesser extent to zinc or copper. For reproduction, the deviation was related to the 
relative cadmium concentration indeed, but in a manner opposite compared to the other metal 
pools, namely increasing toxicity with relative increase of the cadmium concentration. 
However, the parameter estimate for EC50 of cadmium was > 3 times the highest measured 
internal cadmium concentration. This outcome of the model is not realistic and therefore not 
discussed further. The cadmium metal pool is a dominant factor in the dose ratio-dependent 
deviation model. This can be explained by the dominant interaction pattern in sorption of the 
metals in the mixtures to the soil. Langmuir sorption isotherm modelling showed that for the 
CaCl2-exchangeable metal pool sorption, of all metals, cadmium was affected most by other 
metals, and this was even clearer for the water-extractable metal pool. Thus, the same toxic 
effect was induced by relatively higher concentrations when the effect was related to 
extractable concentrations compared to total concentrations. Since internal cadmium 
concentrations were not related to these elevated extractable concentrations, it appears that 
effects are not directly related to extractable metal concentrations. Therefore, the expected 
effects based on available cadmium concentrations are overestimated and result in a model 
outcome relating decreasing toxicity to higher cadmium concentrations. Since this decreasing 
toxicity at relatively higher cadmium concentrations was also found for the total metal pool, 
there appears to be a real antagonistic effect of cadmium on the toxicity of the metal mixture. 
This is further motivated by the negative estimates for parameter a in the toxicant-ratio 
dependent models based on the water-extractable and internal metal pool, which implied 
synergism between the metals not included in the b parameter(s), namely, zinc and copper or 
lead. This suggests that addition of cadmium (or lead) to the mixture reduces its toxicity. A 
possible explanation could be that the presence of cadmium induces the production of 
metallothionein that then reduces the toxicity of all metals. For another species of springtail, 
Orchesella cincta, a cadmium-binding metallothionein has been identified (9). Sterenborg et 

al. (32), however, showed that zinc did not bind to this cadmium-induced metallothionein. 
Whether metallothionein plays a role in the antagonistic effects observed at combined metal 
exposure to F. candida is unclear. 

Dose level-dependent deviations were detected for effects on growth and reproduction for 
the total and CaCl2-exchangeable metal pool. The mixture appeared to act antagonistic at low 
effect levels and synergistic at high effect levels. The switch from antagonism to synergism 
was estimated in all cases to be between 2.4 and 3.8 times the EC50. Since only the single 
metal and equitoxic concentrations were tested at toxic strengths higher than 2 TU, this could 
be an effect of the equitoxic mixture only. Possibly the high chloride concentrations at the 
high (equitoxic) mixture concentrations is the cause of this effect. Hutson (10) showed that F. 

candida had a lower fecundity at salt levels exceeding 9 g NaCl/L, comparable with 2.6 g 
Cl/L, and survival was severely reduced at a salt level of 19.5 g NaCl/L. Assuming that the 
chloride measured in water extracts is fully derived from the pore water, a worst-case estimate 
of pore-water concentrations can be derived. At a soil moisture content of 25% (w/w), the 
chloride concentration in the pore water at the highest equitoxic mixture concentration was 
estimated to be 21.4 g Cl/L. Salt levels exceeding 2.6 g Cl/L (comparable with 130 mg Cl/L 
in the extract) were found for the 2 and 4 TU concentrations of single copper, zinc and lead, 
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for the 4 higher equitoxic mixtures and for the highest toxic strength level of 12 out of the 14 
other ratio mixtures. It therefore can be concluded that the counterion chloride contributed to 
the toxicity observed in the present experiment.  
 
General 

In the complex mixtures the soil-solution distribution was affected for cadmium and zinc, 
but not for copper and lead, as was found in the binary mixture experiments. As for binary 
metal mixtures, uptake of metals was not affected by the presence of other metals in the 
complex mixture, but at high chloride concentrations uptake was decreased.  
The data analyses procedure used in this study detected antagonism as well as dose ratio- and 
dose level-dependent deviations from the concentration addition model for a complex metal 
mixture. Compared with the binary metal mixtures, more dose ratio- and dose level-dependent 
deviations were distinguished. Dose level-dependent deviations from concentration addition 
were found for the total and CaCl2-exchangeable metal pool. This deviation pattern was 
observed far more frequent when compared with the binary mixture experiments. Because of 
observed changes in the behaviour of animals at high combined exposure concentrations as 
well as disturbed uptake patterns of metals, it is concluded that chloride contributed to the 
toxicity of the metal salts. Since all metal additions to the soil went inadvertently together 
with the addition of chloride, chloride concentrations reached the highest toxicant 
concentrations of all. Possibly this explains the dose level-dependent deviation outcome of the 
model. In the literature, several authors have recognized the problem of counterions exerting a 
toxic effect on the test organism (1,20,26). In metal-polluted sites counterions, like chloride in 
the present experiment, are not present or have long been washed out by precipitation. To 
reliably relate laboratory toxicity experiments with the situation of field exposure, the 
contribution of the chloride-artifact to metal toxicity in the laboratory should be determined. 
Percolation of the spiked soil with water prior to the introduction of the test animals is 
suggested as a way to remove counterions and minimize salt toxicity (20,29). It would be 
interesting to repeat this complex mixture experiment applying such a percolation treatment. 
Such an experiment would give a more realistic assessment of combined metal toxicity and 
could clarify the contribution of the counterion to the (combined) metal toxicity as was 
observed in the present study. 
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The Effect of Percolation on the Joint Toxicity of a Complex 

Metal Mixture to Folsomia candida in Soil 
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Abstract – Single and combined toxicity of the metals copper, zinc, cadmium and lead to the 
springtail Folsomia candida was studied in a natural standard soil. Toxicity tests were 
performed with series of the individual metals and with complex mixtures at various 
concentration ratios. Three weeks after spiking of the soil with the metal chloride salts and 
two weeks before introduction of the springtails, the soil was percolated with water to remove 
the counterions. Survival, growth and reproduction were related to total, 0.01 M CaCl2 
exchangeable and water-extractable metal concentrations in the soil. Internal metal 
concentrations were determined in the surviving animals. The aim of the study was to clarify 
the role of the counterion in mixture interactions of copper, zinc, cadmium and lead on 
sorption to soil, on uptake by the springtails, and on the toxic effects. The mixture effects 
were compared to the effects of the individual constituents using a model that distinguished 
four distinct patterns, relative to the additive model: no deviation, synergism/antagonism, 
dose ratio-dependent deviation, and dose level-dependent deviation. Percolation of the spiked 
soil resulted in adequate removal of the counterion. The loss of metals was relatively small 
and interactions between metals in the sorption to the soil became more clear and abundant. 
The uptake of metals in F. candida was similar to that in non-percolated soil. The toxicity of 
the metals was reduced by the percolation treatment, except for cadmium, which was more 
toxic after percolation. For all effect parameters and metal pools, the model analyses resulted 
in antagonistic deviations from the additive model. In agreement with the more frequent 
occurrence of interactions between metals in the sorption to soil, dose ratio-dependent effects 
were found overall. The relative contribution of cadmium to the mixture proved to be the 
most important factor, and the percolation treatment made this clearer. We conclude that 
chloride affects the chemical interactions in the soil, but does not interfere with the uptake of 
the metals tested. Chloride adds to the toxicity of the metals to F. candida, not by affecting 
the bioavailability of the metals, but by being toxic itself. Since the use of presumably 
bioavailable metal concentrations in soil extracts and/or internal concentrations cannot 
compensate for the inherent toxicity of chloride, we advice to percolate metal-spiked soil 
prior to testing. 
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INTRODUCTION 
 

For ecotoxicological risk assessment, toxicity tests are used to assess the impact of toxic 
compounds on the soil ecosystem. In the case of metals, these tests are performed by adding 
the water-soluble metal salts to the soil prior to introduction of the test animal. Inadvertently, 
the test animals are not only exposed to metal ions, but to the counterions as well. Though the 
counterions can exert a toxic effect on the test organism, this is rarely recognized (11,16) and 
toxicity is related to the metal concentration only. 

The various types of counterion differ in toxicity amongst themselves and depending on 
the test organism (2,14). The Folsomia candida reproduction test (8) is well suited for 
assessing the toxicity of compounds in soil. For lead, it has been shown that the toxicity 
depends on the metal salt used, with the chloride form being less toxic compared to the nitrate 
form (2). The effect of the counterion on the metal toxicity can be exerted in two ways; 
directly, e.g. by affecting the osmo-regulation of the springtail (7) or indirectly by affecting 
bioavailability of the metal. Percolation of the spiked soil with water prior to the introduction 
of the test animals is suggested in the literature as a way to remove counterions and minimize 
salt toxicity (11,18). Bongers et al. (2) found that such a percolation treatment reduced 
toxicity of  two lead salts to F. candida. The percolation treatment reduced counterion 
concentrations, but did not affect the availability of lead. This implies that the counterions 
affect F. candida directly and contribute significantly to the toxicity of lead salts. Percolation 
of the soil proved to be an effective way to remove (part of) the counterion. 
In mixture toxicity studies for metals, the counterions in the combined exposure doses reach 
high concentrations. In Chapter 4 the combined effect of cadmium, copper, lead and zinc was 
studied. At high combined metal concentrations the response of the animals changed 
remarkably; survival increased and uptake of metals decreased. It was observed that at high 
exposure concentrations the springtails sat against the wall of the test containers, presumably 
avoiding contact with the soil. It was suggested that the high osmotic values in the soil 
solution, related to the counterion concentrations, caused the springtails to behave in such a 
manner. Further, the bioavailability of the metals can be affected through decreased ion 
activity at high ion concentrations (21) and through binding of counterions with free metal 
ions to unavailable complexes (13,25). 

This research aims to evaluate the role of the counterion chloride in the combined toxicity 
of cadmium, copper, lead and zinc to the springtail F. candida exposed in LUFA 2.2 soil. 
Toxicity tests were performed with series of the individual metals and with mixtures at 
various concentration ratios as used in the experiment described in Chapter 4. Three weeks 
after spiking of the soil and prior to introduction of the springtails, the soil was percolated 
with water to remove the counterions. After another two weeks equilibration, the soil was 
used in the toxicity test. Subsequently, the availability, both in the soil and to the springtails, 
and the toxicity of the single metals and the metal mixtures were assessed. Comparison of the 
results with the findings described in Chapter 4 gives an assessment of the contribution of the 
counterion to the (combined) metal toxicity. 

 
 

MATERIALS AND METHODS 
 
Test animals 

Juvenile F. candida Willem 1902 (Hexapoda: Collembola), of similar age (10-12 d), were 
obtained by synchronizing the egg deposition of adult animals from a laboratory breeding 
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stock, which has been kept in the laboratory for many years. The animals were cultured in 
pots with a layer of moist plaster of Paris mixed with activated charcoal (9:1 w/w) and kept in 
a climate room at 20 ± 0.1ºC, 75% relative humidity at a light/dark regime of 12/12 h. 
Animals were fed with dried baker’s yeast (Oetker, Veenendaal, The Netherlands). 
 
Contamination of the test soil 

A natural standard soil (Landwirtschaftliche  Untersuchungs- und ForschungsAnstalt, 
LUFA 2.2) was obtained from the LUFA-Institute at Speyer, Germany. The soil had an 
organic carbon content of 2.19 %, and a cation exchange capacity (CEC) of 11 mval/100 g. 
Before addition of the metal solutions, the soil was dried at 40ºC to a moisture content of 6%. 
CuCl2 ּ2H2O ( > 99% pure, Mallinckrodt Baker, Deventer, The Netherlands), ZnCl2 ( > 98% 
pure, Merck, Darmstadt, Germany), CdCl2ּ2½H2O ( > 99% pure, Sigma-Aldrich, 
Zwijndrecht, The Netherlands) and PbCl2 ( > 98% pure, Merck-Schuchardt, Hohenbrunn, 
Germany) were mixed in with the soil as aqueous solutions. A few drops of 10% HCl were 
added to the PbCl2 solution to increase solubility. Upon addition of the metal solutions, the 
moisture content of the soil was raised to a level of 25% (w/w), which corresponds with 
approximately 50% of the maximum water-holding capacity. The soil was left for two weeks 
at room temperature in closed containers to equilibrate. Next, for each concentration, the 
amount of soil was split in halves. One half was used directly in the experiments described in 
Chapter 4. The second half of the soil was stored for another week. Then, the soil was placed 
in 6-cm diameter polyvinylchloride tubes with a paper filter and a 0.45 µm cellulose nitrate 
membrane filter (401196; Schleicher & Schull, Dassel, Germany) on a gauze bottom and 
flushed with an amount of deionized water equal to two times the amount of pore water 
present in the soil. A volume of percolate equal to the amount of water originally present in 
the soil was collected, after which the percolated soil was air-dried to a soil moisture content 
of 25% (w/w). The soil was then left in closed containers for two more weeks to equilibrate 
before being used in the experiments. 

Individual metals and their mixtures were tested simultaneously. The experimental design 
for the mixture experiment was based on the toxic unit (TU) concept with reproduction as 
endpoint (TU = c/EC50, where EC50 is the median effective concentration and c is the 
toxicant concentration in the mixture). Concentrations were based on EC50s for reproduction 
found in pilot experiments and the literature, being 6531 nmol Cu/g dry soil (pilot experiment 
and Chapter 3), 6117 nmol Zn/g dry soil ((17) and Chapter 3), 516 nmol Cd/g dry soil ((24) 
and Chapter 3), and 6757 nmol Pb/g dry soil ((2) and Chapter 2 and 3). Nominal 
concentrations of the mixtures were based on expected toxic strengths and toxicant ratios in 
the non-percolated soil as given in Table 1. Apart from an equitoxic ratio, a number of other 
concentration ratios were chosen; one for each metal in which that metal dominated the 
mixture, one with the essential metals dominating, one with the non-essential metals 
dominating, and four ratios with an equal expected contribution to the toxicity of the essential 
and the non-essential metals, but with an unequal distribution of the expected toxicity over the 
two essential or non-essential metals. Further, four field concentration ratios were included; 
Budel (The Netherlands) is a site polluted by a zinc smelter, Plombières (Belgium) is an 
abandoned lead mine, Stolberg (Germany) is affected by a lead smelter and Hilversum (The 
Netherlands) is an unpolluted reference site. Total concentrations in the field soil were 
divided by the expected EC50 of each metal to calculate the number of toxic units in the field 
soil. A percentage of the field concentrations was added to the test soil, corresponding with 
the toxic strength desired. The metal concentrations giving an expected toxic strength of 1 TU 
in the mixture correspond with 52%, 4%, 7% and 455% of the field metal concentrations for 
Budel, Plombières, Stolberg and Hilversum, respectively. 
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Table 1. Nominal total concentrations of copper, zinc, cadmium and lead (Toxic Units) in a natural 
standard soil, prior to percolation, used in the complex metal mixture toxicity experiment with 
Folsomia candida. One TU was defined as the 50% effective concentration for reproduction, 
corresponding with 6531, 6117, 516 and 6757 nmol/g dry soil for Cu, Zn, Cd and Pb, respectively. 
Levels of toxic strength tested per ratio are marked with a "x". The lower four ratios are derived from 
field ratios; a = Budel, b = Plombières, c = Stolberg, d = Hilversum. 
  

Ratios (%) Toxic strength (TU) 
Cu Zn Cd Pb 0.125 0.25 0.5 1 2 4 8 16 
100 - - - x x x x x x - - 

- 100 - - x x x x x x - - 
- - 100 - x x x x x x - - 
- - - 100 x x x x x x - - 

100 100 100 100 - - x x x x x x 
70 10 10 10 - - x x x - - - 
10 70 10 10 - - x x x - - - 
10 10 70 10 - - x x x - - - 
10 10 10 70 - - x x x - - - 
10 10 40 40 - - x x x - - - 
40 40 10 10 - - x x x - - - 
25 25 45 5 - - x x x - - - 
25 25 5 45 - - x x x - - - 
45 5 25 25 - - x x x - - - 
5 45 25 25 - - x x x - - - 
8a 77 3 12 - - x x x - - - 
2b 56 4 38 - - x x x - - - 
22c 27 8 43 - - x x x - - - 
23d 36 5 36 - - x x x - - - 

 
 
Toxicity testing 

The toxicity tests were performed according to the ISO-guideline for assessing the effects 
of soil pollutants on F. candida (8). Glass jars (100 ml) were filled with 30 grams of moist 
soil. Five replicates were used for each concentration, and 20 for the control (380 jars in 
total). All concentrations were tested simultaneously, but for practical reasons the experiment 
was split in two, with half the number of replicates per concentration run one week after the 
other half. At the start of the experiment, 10 juvenile F. candida were transferred into each of 
the jars and a few grains of dried baker’s yeast were added as food. The jars were placed in a 
climate room at 20 ± 0.1ºC, 75% relative humidity with a 12/12 h light/dark cycle. Additional 
food was given to maintain ad libitum conditions. The jars were aerated three times a week 
and soil moisture content was kept constant by weighing the jars once a week and 
replenishing the water loss with deionised water. 

After 4 weeks of incubation, survival, weight, and reproduction of the animals were 
determined for each concentration. The contents of a jar were washed into a glass beaker 
using 100 ml of deionised water. The mixture was gently stirred to let all living animals to 
float on the water surface. First, the number of animals surviving from those originally 
introduced was counted by eye, then, a color slide of the water surface was made. The slides 
were projected, and the number of offspring was counted to determine reproduction. For each 
treatment, a sample of surviving animals (up to a maximum of 10) was collected from the 
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replicate test jars. Fresh weight of individual animals was determined to the nearest 
microgram using a microbalance (model UMT2, Mettler-Toledo, Greifensee, Switzerland). 
The animals were lyophilized and weighed to obtain the dry weight and stored at -20ºC until 
metal analyses.  
 
Chemical analysis 

Soil was dried overnight at 40ºC. The total metal fraction was obtained by microwave 
digestion of 1 ± 0.05 g dry soil in 10 ml of a mixture of HCl (min. 37%, Riedel-de Haën, 
Seelze, Germany), concentrated HNO3 (min. 65%, Riedel-de Haën, Seelze, Germany), and 
deionised water (6:2:2 v/v/v). At the start and end of the experiment exchangeable and water-
extractable metal fractions were determined by shaking 5 ± 0.05 g dry soil for 2 h at 200 rpm 
with 25 ml of a 0.01 M CaCl2 (Mallinckrodt Baker, Deventer, The Netherlands) solution or 25 
ml deionised water. The suspensions were left overnight to settle after which pH was 
determined in the solutions. After filtration over a 0.45 µm cellulose nitrate membrane filter 
(401196, Schleicher & Schull, Dassel, Germany), metal concentrations in the extracts were 
measured by flame and graphite furnace atomic absorption spectrometry (AAS, model 1100B, 
Bodenseewerk Perkin-Elmer, Überlingen, Germany). San Joaquin soil (certified by the 
National Institute of Standards and Technology, Gaithersburg, MD, USA) and an uncertified 
reference soil SETOC (sample 2) international sediment (22), were used as reference soil for 
total metal concentrations. Recoveries for the San Joaquin soil were 90% for Cu, 98% for Zn, 
14% for Cd and 75% for Pb. For cadmium and lead, the low recoveries are due to the low 
concentrations in this reference soil, resulting in concentrations in the digest close to or below 
detection limits. For the SETOC soil recoveries were 126% for Cu, 109% for Zn, 80% for Cd 
and 105% for Pb. Since the nominal and actual metal concentrations before percolation were 
in good agreement (see Results Chapter 4), no systematic corrections were applied to the total 
metal analyses in soil, both prior and after the percolation treatment. Measurements below the 
detection limit were used as half the calculated detection limit. Chloride concentrations in the 
water extracts were measured on an autoanalyzer (model SA 400, Skalar, Breda, The 
Netherlands). 

Due to time constraints, only for the control, single and equitoxic test concentrations, 
three replicate individual animals were digested in 300 µl of a mixture of HNO3 and HClO4 
(7:1 v/v; Ultrex grade; Mallinckrodt Baker, Deventer, The Netherlands), and internal metal 
concentrations were measured using graphite furnace AAS. As standard reference material, 
dolt-2 (for Cu, Zn and Cd) and olive leaves (for Pb) (certified by the Community Bureau of 
Reference, Brussels, Belgium) were used. Recoveries were 94% for Cu, 94% for Zn, 92% for 
Cd and 129% for Pb. Reference material was weighed at 0.1% of the minimum quantity 
certified to stay in the range of the weight of individual springtails. Therefore deviations from 
certified metal concentrations were to be expected and no systematic corrections were applied 
to the internal metal concentrations. Measurements below the detection limit were used as 
half the calculated detection limit. 
  
Calculations and statistics 

Sorption of metals to the test soil was described by a Langmuir isotherm: 
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where Csorbed is the metal concentration in the soil (nmol/g dry soil), Cdiss is the metal 
concentration in the water or 0.01 M CaCl2 extract (nmol/ml), Csorbed-max is the maximum 
sorption capacity (nmol/g dry soil) and KL is the Langmuir sorption constant (ml/nmol). KL 
may be interpreted as the inverse of the dissolved concentration at which 50% of the sorption 
sites is occupied. Estimates for Csorbed-max and KL were obtained by non-linear regression on 
log-transformed data of Csorbed versus Cdiss (Systat 7.0, SPSS-inc.). Controls were excluded 
from the analyses because (dissolved) concentrations were below detection limits.  

Competition from other metal ions present in the mixture or from H+ ions was described 
by addition of an interaction term to equation 1 as follows: 
 

 [ ]
[ ] [ ]

[ ] [ ]
dissMLdissML
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where M1 is the metal described with the isotherm and M2  can relate to any of the other 
metals in the mixture or to H+. The significance of additional parameters in the model was 
quantified by calculating the likelihood ratio statistic (X2) (19) and comparing its value to the 
upper 5% value of the Chi-square distribution at degrees of freedom equal to the difference in 
the number of parameters in the two models. In a similar way a second or third interaction 
term can be incorporated in the equation. Forward selection of the parameters (with threshold 
value p(X2) = 0.05) was used to identify competing cations. 

 
For every metal pool in the soil, mixture effects on survival, growth and reproduction of 

F. candida were analyzed by applying the computational framework proposed by Haas et al. 
(6) and Jonker et al. (9). Following their derivations, the additive toxic-unit mixture model 
can be generalized to: 
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where Ci denotes the concentrations of the individual chemicals in the mixture, Y indicates the 
biological response, and fi

-1 indicates the inverse dose-response functions. In this equation, the 
concentration of each compound in the mixture is divided by its concentration resulting in the 
same effect as the mixture. This concentration is calculated by utilizing the inverse function 
of the dose-response relationship of the individual substances, in this case the log-logistic 
model. Under the assumption of concentration addition, these ratios should add up to 1. G 
denotes an extent function to quantify deviations from additivity. Note that G will be 0 in case 
of concentration addition. To enable calculations of the EC50s as well as the EC10s 
simultaneously, a modified log-logistic dose-response model was adopted. The inverse dose-
response relationship can then be written as: 
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where µ0 denotes the response of the control group, η = ln(9)-1, and ωi = ln(EC50i/EC10i). 

Details of the analysis procedure are outlined in Haas et al. (6) and Jonker et al. (9). In 
short, G enables the quantification of four distinct deviations from the reference model: 1) no  
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Table 2. Interpretation of additional parameters in Equation 3 that define the functional form of the 
deviation patterns from the additive model. TU denotes the toxic unit of a chemical, defined as TUxi = 
Ci / ECxi, where ECxi is the effect concentration inducing x % effect, and Ci is the concentration of 
toxicant i in the mixture and zi = TUxi(ΣΣΣΣj

n
TUxj)

-1.  
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0<b<1: S/A switch at 
higher DL 
b>1: S/A switch at lower 
DL 
b<0: no change, but the 
magnitude of S/A is DL-
dependent 

 
 
deviation, 2) synergism/antagonism in all mixture combinations (S/A), 3) dose ratio-
dependent deviation (DR), where the deviation pattern (synergism/antagonism) depends on 
the relative contribution of the toxicants in the mixture, 4) dose level-dependent deviation 
(DL), where synergism/antagonism depends on the dose level tested. Within this framework 
the synergistic/antagonistic model is an extension of the additive model with one additional 
parameter. Subsequently the synergistic/antagonistic model is nested in the dose ratio-
dependent deviation model and dose level-dependent deviation model. These models have 
two (DL) or at least two (DR) additional parameters compared with the additive model and 
they cannot be statistically compared. For the dose ratio-dependent model, the influence of 
the relative amount of each of the metals in the mixture on the deviation pattern can be 
evaluated, compared to the other metals. The deviation function can be expanded with extra 
interaction parameters for a second, third or fourth metal. Forward selection of the parameters 
(with threshold value p(X2) = 0.05) was used to identify the metals explaining most of the 
deviation. The biological interpretation of the additional deviation parameters, here arbitrarily 
named a and b, is listed in Table 2. All parameters, i.e. slopes of the dose-response curves, the 
median effect concentrations (EC50i), the control response (µ0) and the deviation parameters 
(a, b) were estimated simultaneously. The identification and quantification of the deviation 
pattern from the reference proceeds by finding the most parsimonious model. Therefore for 
every model a set of parameter values has to be found that maximizes the likelihood of the 
data, given the hypothesized model.  

For quantal data, a binomial distribution is assumed and the following objective function 
has to be minimised (12): 
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subject to Equation 3, where Ŷ  = Y,  Ŷ  is the expected value. Tj indicates the number of 
organisms exposed and Pj the number of organisms responding, Yj is the observed effect (Yj = 
Pj/Tj) in the j

th treatment, in an experiment with k treatments (dose combinations and 
replicates).  

For continuous data a normal distribution is assumed. If it is assumed that the variance 
among the data for every exposure combination is equal, then minimising the sum of squared 
residuals (SS) is equivalent to maximising the likelihood of the data. Hence, the following 
objective function has to be minimised: 
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subject to Equation 3, where Ŷ  = Y, and Yj is the observed effect in the jth treatment, in an 
experiment with k treatments. 

The significance of additional parameters in the model was quantified by comparing the 
likelihood ratio to the upper 5% value of the Chi-square distribution with df2 – df1 degrees of 
freedom, and df1 and df2 denote the degrees of freedom of the reduced and the full model, 
respectively. If the synergistic/antagonistic model did not show a significant improvement, 
the dose ratio- and dose level-dependent deviation models were compared with the reference. 
Note that the models for quantifying dose ratio- and dose level-dependent deviations are not 
nested and thus cannot be statistically compared. 
The objective function was minimised using a program written in MATLAB 6.1 (The 
MathWorks, Natick, MA, USA) using the Nelder-Mead Simplex Method. 
 
 

RESULTS 
 
pH, metal and chloride concentrations 

The pH-0.01 M CaCl2 and pH-H2O of the control soil were 5.0 and 5.5, respectively. The 
addition of single zinc or cadmium did not affect pH-0.01 M CaCl2, whereas both copper and 
lead caused a dose-related decrease of maximal 0.7 pH units. All metals affected pH-H2O 
negatively ranging in order Zn = Cd <Pb = Cu (maximum decrease in pH of 0.3 and 1.2 unit, 
respectively). For the equitoxic mixture the soil pH dropped even further to 4.0 at the highest 
dose, for both pH-0.01 M CaCl2 and pH-H2O. For the other metal ratios, soil pH differed less 
than 0.8 or 0.4 units for pH-H2O and pH-0.01 M CaCl2, respectively, between the different 
treatments. 

Measured total metal concentrations in soil before percolation were in agreement with 
nominal ones (See Chapter 4). All data in this paper are expressed on the basis of measured 
concentrations. Due to the percolation treatment maximal loss of total metal concentrations 
was 28% Cu, 64% Zn, 71% Cd and 14% Pb, observed at the highest equitoxic mixture 
concentration. For the single metal concentrations, losses due to percolation were much 
smaller; 11% Cu, 18% Zn, 8% Cd and 14% Pb, observed at the highest single concentration.   
For the other metal ratios losses were even lower; on average over all test concentrations, 
losses were 1% Cu, 9% Zn, 14% Cd and 2% Pb. 
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Table 3. Langmuir sorption parameters KL (L/µmol) and Csorbed-max (µmol /kg) estimated for the 
sorption of copper, zinc, cadmium and lead in a natural standard soil spiked with CuCl2, ZnCl2, CdCl2 
and PbCl2 in different ratios followed by a percolation treatment, and extracted with deionised water. 
Parameter values are given for the sorption isotherm model (Equation 1 and 2) according to forward 
selection of significant interaction terms. The sum of squared residuals (SS) is given for each 
parameter set. The most parsimonious model is indicated with an *.  
 

Metal Significant 
interaction term 

Log Csorbed-max Log KL SS 

Cu — 4.350 -1.693 0.849 
 Pb* 4.587 -1.933 0.772 

Zn — 3.725 -1.355 1.162 
 Cu 3.851 -1.400 0.637 
 Cd 3.828 -1.443 0.877 
 Pb 3.850 -1.456 0.745 
 pH 3.855 -1.016 0.840 
 Cu + Pb 3.880 -1.400 0.534 
 Cu + pH 3.924 -1.229 0.534 
 Cu + Pb + pH* 3.940 -1.246 0.454 

Cd — 2.701 -0.329 4.129 
 Cu 3.714 -1.259 2.813 
 Zn 3.324 -0.768 2.129 
 Pb 3.908 -1.431 2.169 
 pH 2.900 0.252 3.309 
 Zn + Pb 3.811 -1.209 1.252 
 Zn + Pb + Cu* 3.770 -1.101 1.114 

Pb —* 4.318 -0.834 2.817 
 
 

For all metals, water-extractable and CaCl2-exchangeable concentrations increased with 
the total concentrations. For all metals, Langmuir sorption parameters (KL and Csorbed-max) 
related to water-extractable concentrations are given in Table 3, both for the simple Langmuir 
sorption isotherm (Equation 1) and for the extended model (Equation 2). For lead, sorption to 
the soil was not affected by the presence of other metals, whereas for copper, sorption was 
only affected by the presence of lead. For zinc the fit of the sorption isotherm improved when 
Cu , Cd, Pb or H+ concentrations were included (generalized likelihood ratio test, p<0.05) 
(Table 3). Log Csorbed-max for zinc was relatively low when the water-extractable zinc 
concentrations were related to total sorbed zinc concentrations in the soil. When an interaction 
term for copper was introduced (see Equation 2), the estimated value for log Csorbed-max was 
higher, suggesting that the sorption capacity of the soil for zinc was decreased by the presence 
of copper, and thus copper forced zinc into solution. The most parsimonious fit was, however, 
found when also Pb and H+ concentrations were included. For cadmium, incorporation of all 
metals in the sorption model proved to give the best fit. Introduction of  H+ concentrations in 
the model also significantly improved the fit, but not as much as when one ore more of the 
other metals were included in the model (Table 3). When sorption was related to CaCl2-
exchangeable concentrations, a similar interaction pattern was observed, but now for both 
copper and lead, sorption to the soil was not affected by the presence of the other metals. For 
zinc, the most parsimonious model included interactions terms for Cu and H+ concentrations 
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only, and for cadmium, the most parsimonious model included interaction terms for Cu, Zn, 
Pb and H+ concentrations. 

From Figure 1 it can be seen that all added chloride is water-extractable. Due to the 
percolation treatment chloride concentrations in the water-extracts were reduced by 78% on 
average compared to the non-percolated soil. Chloride concentrations in the water-extracts 
from the percolated soil still increased in a dose-related manner from 0.597 mg Cl/ L (= 16.8 
µM) in the controls (not shown) to 406 mg Cl/ L (= 11.5 mM) at the highest combined Cu, 
Zn, Cd and Pb dose (see Figure 1). 
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Figure 1. Water-extractable chloride concentrations in LUFA 2.2 soil, with (□) and without (�) a 
percolation treatment, related to the maximum possible water-extractable chloride concentrations 
calculated from the nominal total chloride concentrations reached while spiking of the soil with metal 
chloride salts. The solid line represents the 1:1 line. 
 
Uptake 

Copper, cadmium and lead concentrations in the surviving Collembola increased with 
increasing total soil concentrations, while zinc concentrations appeared to be regulated at the 
lower soil concentrations (Fig. 2). From Figure 2 it is apparent that F. candida is capable of 
regulating its internal Zn concentration at a level of 1.1 to 2.5 µmol Zn/g dry body weight. At 
equitoxic concentrations, uptake of zinc, cadmium and lead appeared to be slightly higher in 
the presence of the other metals when based on total metal concentrations (compare single 
and equitox in Fig. 2), but when related to water-extractable concentrations this was no longer 
seen.  For the highest equitoxic concentrations the internal cadmium concentration did no 
longer increase with increasing exposure concentrations. In Figure 3, for the equitoxic 
exposure concentrations, the internal metal concentrations after percolation are compared to 
those without percolation (see also Chapter 4). For copper, zinc and cadmium little effect of 
percolation on uptake in the animals can be seen, but for lead, uptake in the percolated 
treatment did increase with increasing soil concentrations while it tended to decrease in the 
non-percolated treatment. 
 
Toxicity 

Survival in the controls was 91 ± 14% (n=20). No effect of copper, zinc or lead was seen 
on survival of F. candida at the concentrations tested. Cadmium reduced survival in a  
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Figure 2. Concentrations of copper, zinc, cadmium and lead in Folsomia candida after 4 weeks 
exposure in LUFA 2.2 soil, which, after spiking, has been percolated with two pore-volumes water to 
remove the counterion, related to total (left) and water-extractable (right) soil concentrations. Results 
are presented for animals exposed to single metals or to equitoxic mixtures. Each point is the mean of 
4 or 5 animals, and vertical lines indicate standard deviations. 
 
concentration-related manner to 14% at the highest single test concentration. The model (Eq. 
5) was fitted to the single cadmium data only and to the complete data set. The LC50 for 
cadmium using the single cadmium data only was 494, 116 and 6.6 nmol/g dry soil for effects 
based on the total, CaCl2-exchangeable and water-extractable metal pool, respectively. In the 
equitoxic mixtures, survival was close to 100%. For the other mixtures, survival was only 
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Figure 3. Concentrations of Cu, Zn, Cd and Pb in Folsomia candida after 4 weeks exposure in LUFA 
2.2 soil related to total (left) and water-extractable (right) soil concentrations. Results are presented for 
animals exposed to equitoxic mixtures, with and without percolation of the soil with two pore-volumes 
water after spiking. Each point is the mean of 4 or 5 animals, and vertical lines indicate standard 
deviations. 
 
affected in the mixtures with ratio Cu:Zn:Cd:Pb of 10:10:70:10 and 10:10:10:70, but not in a  
consistent dose-related manner. Because of the low number of concentrations affecting the 
survival besides the single cadmium concentrations, fitting the model (Eq. 5) to all data 
appeared difficult, and in the case of water-extractable concentrations gave unrealistic results 
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(LC50 lower than control concentrations). However, LC50 values for cadmium based on the 
total and CaCl2-exchangeable metal pool were close to those obtained from analyzing the 
single cadmium data only (435, 100 nmol/g dry soil, respectively). Statistical analyses 
confirmed the clear antagonistic effect of copper, zinc and lead on cadmium toxicity for 
survival of F. candida (p<0.001), when based on total and CaCl2-exchangeable metal 
concentrations. 
 
 

0

50

100

150

200

250

300

350

400

450

g
ro

w
th

(µ
g

 f
re

sh
 w

e
ig

h
t)

0

500

1000

1500

2000

10 100 1000 10000

total Cu (nmol/g dry soil)

ju
v
e

n
il
e

s
p

e
r 

te
st

 c
o

n
ta

in
e

r

100 1000 10000

total Zn (nmol/g dry soil)

0.1 1 10 100 1000

total Cd (nmol/g dry soil)

10 100 1000 10000 100000

total Pb (nmol/g dry soil)

0

50

100

150

200

250

300

350

400

450

g
ro

w
th

(µ
g

 f
re

sh
 w

e
ig

h
t)

0

50

100

150

200

250

300

350

400

450

g
ro

w
th

(µ
g

 f
re

sh
 w

e
ig

h
t)

0

500

1000

1500

2000

10 100 1000 10000

total Cu (nmol/g dry soil)

ju
v
e

n
il
e

s
p

e
r 

te
st

 c
o

n
ta

in
e

r

0

500

1000

1500

2000

10 100 1000 10000

total Cu (nmol/g dry soil)

ju
v
e

n
il
e

s
p

e
r 

te
st

 c
o

n
ta

in
e

r

100 1000 10000

total Zn (nmol/g dry soil)

100 1000 10000

total Zn (nmol/g dry soil)

0.1 1 10 100 1000

total Cd (nmol/g dry soil)

0.1 1 10 100 1000

total Cd (nmol/g dry soil)

10 100 1000 10000 100000

total Pb (nmol/g dry soil)

10 100 1000 10000 100000

total Pb (nmol/g dry soil)  
 

 
Figure 4. Effects of copper, zinc, cadmium and lead on growth (upper row) and reproduction (bottom 

row) of Folsomia candida after 4 weeks exposure in LUFA 2.2 soil percolated with two pore volumes 
of water, related to total soil concentrations. Results are presented for animals exposed to single metals 
(■) or to equitoxic mixtures (□). Each point is the mean of 10 animals (growth) or 5 test containers 
(reproduction), and vertical lines indicate standard deviations. 
 

Growth and reproduction of F. candida were negatively affected by all metals with 
increasing exposure concentrations. Figure 4 shows the effects of the metals, at both single 
and equitoxic exposure concentrations, on the growth and reproduction of F. candida related 
to total metal concentrations in the soil. It shows that for both growth and reproduction, 
complete dose-response curves were obtained for copper, cadmium and lead. For zinc, the 
single dose-response curves were not complete, but since 100% effect was obtained at 
combined exposure concentrations and all data are used to calculate the EC50s this is not a 
problem. Further it can be seen that the effects of the equitoxic mixtures were more severe, 
both for effects on growth and reproduction. The results of the analysis of the toxicity data are 
summarized in Table 4 (growth) and Table 5 (reproduction). For each of the four deviations 
models, estimated parameter values are presented. For each metal pool a conclusion on the 
overall mixture toxicity interactions is given, based on the parameter estimates of the most 
parsimonious model. To illustrate the selection of the most parsimonious model, Figure 5 
shows the analysis of the effects on growth for the CaCl2-exchangeable metal pool in the soil. 
Using the additive model, the description improved considerably when one additional 
parameter for quantifying synergism/antagonism was incorporated. Forward selection 
revealed that addition of an extra parameter allowing for dose level-dependent deviation 
yielded no significant improvement of the model fit. Modeling dose ratio-dependent deviation 
from additivity yielded the lowest value for the SS when b3 was incorporated in the model,  
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Table 4. Parameter estimates and statistics of the mixture model (Equation 3) after analyzing the 
copper-zinc-cadmium-lead effect on the growth (µg fresh body weight) of the springtail Folsomia 

candida exposed in spiked natural soil, which has been percolated with two pore-volumes water to 
remove the counterion, based on total, CaCl2-exchangeable and water-extractable concentrations in the 
soil. Values are given for calculations based on the additive model (additive), on the model extended 
with a deviation parameter (a) for synergism/antagonism (S/A) or with an additional deviation 
parameter (b) for dose ratio-dependent deviation (DR) or dose level-dependent deviation (DL). In the 
case of dose ratio-dependent deviation, more than one additional parameter (b1, b2, etc.) could be 
introduced to the model if more than one metal ratio appeared to be significantly influencing the 
mixture toxicity. The most parsimonious DR model is shown. Next to the value for b, the metal to 
which b is related is given. EC50s are given in nmol/g dry soil or in nmol/g dry body weight. See 
Table 2 for the interpretation of parameters a and b in each column. For significance levels note that 
S/A is compared with additive, and both DR and DL are compared with S/A, unless S/A is not 
significantly different from additive, in which case they are compared with additive. 
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  Extraction 

  Total  CaCl2-exchangeable 

  additive S/A DR 1) DL  additive S/A DR 2) DL 

Control (µg)  354 355 353 356  357 358 357 358 

           

Slope  Cu  2.98 2.41 2.75 2.19  1.12 1.02 1.05 1.03 

 Zn  2.22 2.39 2.55 2.31  1.96 2.13 2.15 2.14 

 Cd  2.40 2.41 2.39 2.31  1.92 1.96 1.99 1.97 

 Pb  2.88 2.73 2.98 2.56  1.25 1.22 1.28 1.23 

            

EC50  Cu  1450 1220 1290 1200  719 583 590 586 

(nmol/g) Zn  1730 1470 1540 1440  5770 5330 5350 5350 

 Cd  670 602 532 598  176 174 159 174 

 Pb  1210 1030 1100 1020  169 131 161 131 

            

a   141 -16.4 208   173 -442 159 

b1    592Cd 0.196    1320 Cd -0.0535 

b2         629Zn  

           

p(X2)    4.41⋅10-26 1.57⋅10-12 0.0223   1.72⋅10-7 8.42⋅10-14 0.555 

           

conclusion  High Cd: decreased toxicity  High Cd: decreased toxicity 
High Zn: decreased toxicity 

 
  Extraction 

  Water-extractable 

  additive S/A DR 3) DL 

Control (µg)  368 367 359 366 

      

Slope  Cu  1.53 1.54 1.91 1.56 

 Zn  1.43 1.34 2.29 1.38 

 Cd  1.33 1.23 1.44 1.28 

 Pb  1.96 2.14 2.69 2.22 

       

EC50 Cu  2.27 182 173 184 

(nmol/g) Zn  1500 1200 1230 1220 

 Cd  14.2 14.7 12.0 14.5 

 Pb  25.0 21.1 22.2 21.0 

       

a   165 -296 130 

b1    1610 Cd -0.240 

b2      

      

p(X2)    1.48⋅10-9 6.79⋅10-33 0.0410 

      

conclusion  High Cd: decreased toxicity 

 
1) significant DR effects were also found for Cu (p = 0.0454), Zn (p = 0.0410) and Pb (p = 0.00180) 
2) significant DR effects were also found for Pb (p = 7.26⋅10-10) 
3) significant DR effects were also found for Cu (p = 0.0136), Zn (p = 4.44⋅10-6) and Pb (p = 6.20⋅10-9) 
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Table 5. Parameter estimates and statistics of the mixture model (Equation 3) after analyzing the 
copper-zinc-cadmium-lead effect on the reproduction (number of juveniles per container) of the 
springtail Folsomia candida exposed in spiked natural soil, which has been percolated with two pore-
volumes water to remove the counterion, based on total, CaCl2-exchangeable and water-extractable 
concentrations in the soil. Values are given for calculations based on the additive model (additive), on 
the model extended with a deviation parameter (a) for synergism/antagonism (S/A) or with an 
additional deviation parameter (b) for dose ratio-dependent deviation (DR) or dose level-dependent 
deviation (DL). In the case of dose ratio-dependent deviation, more than one additional parameter (b1, 
b2, etc.) could be introduced to the model if more than one metal ratio appeared to be significantly 
influencing the mixture toxicity. The most parsimonious DR model is shown. Next to the value for b, 
the metal to which b is related is given. EC50s are given in nmol/g dry soil or in nmol/g dry body 
weight. See Table 2 for the interpretation of parameters a and b in each column. For significance 
levels note that S/A is compared with additive, and both DR and DL are compared with S/A, unless 
S/A is not significantly different from additive, in which case they are compared with additive. 
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  Extraction 

  Total  CaCl2-exchangeable 

  additive S/A DR 1) DL  additive S/A DR 2) DL 

Control (njuv)  1970 1960 1950 1960  1970 1970 1960 1970 

           

Slope  Cu  3.03 2.41 3.05 2.44  1.29 1.20 1.43 1.24 

 Zn  4.55 4.29 5.07 4.14  4.57 4.99 4.82 4.99 

 Cd  2.56 2.68 3.07 2.65  2.04 2.12 2.22 2.15 

 Pb  4.57 58.0 1770 6.07  2.31 2.27 601 2.56 

            

EC50  Cu  11800 9400 10400 9220  407 332 335 335 

(nmol/g) Zn  13800 12200 13100 12100  4590 4430 4360 4440 

 Cd  702 621.7 518 609  191 189 167 189 

 Pb  15100 12900 13000 12500  246 202 238 205 

            

a   151 -83.6 243   130 -553 85.9 

b1    766Cd 0.202    1510Cd -0.297 

b2    137Pb     781Zn  

           

p(X2)    1.10⋅10-22 1.91⋅10-13 0.253   3.97⋅10-5 5.42⋅10-13 0.351 

           

conclusion  High Cd: decreased toxicity 
High Pb: decreased toxicity 

 High Cd: decreased toxicity 
High Zn: decreased toxicity 

 
  Extraction 

  Water-extractable 

  additive S/A DR 3) DL 

Control (njuv)  2020 1980 1960 1980 

      

Slope  Cu  2.33 2.44 3.03 2.44 

 Zn  4.72 3.82 5.88 3.95 

 Cd  1.27 1.16 1.68 1.21 

 Pb  2.63 5.59 22900 5.78 

       

EC50 Cu  134 109 119 110 

(nmol/g) Zn  1120 1000 1100 1010 

 Cd  16.6 17.0 12.0 16.8 

 Pb  35.3 26.5 29.0 26.7 

       

a   209 -325 169 

b1    1710Cd -0.142 

b2      

      

p(X2)    2.81⋅10-11 1.30⋅10-24 0.351 

      

conclusion  High Cd: decreased toxicity 

 
1) significant DR effects were also found for Cu (p = 0.0192), Zn (p = 0.0454) and Cd+Cu (p = 3.21⋅10-13) 
2) significant DR effects were also found for Pb (p = 2.82⋅10-6) and Cd+Cu (p = 5.44⋅10-12) 
3) significant DR effects were also found for Cu (p = 0.00197), Zn (p = 1.31⋅10-4) and Pb (p = 3.32⋅10-4) 
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Figure 5. The results of the forward selection of parameters in the model analyses (Equation 3) of the 
copper-zinc-cadmium-lead mixture effect on the growth (µg fresh weight) of the springtail Folsomia 

candida exposed in spiked natural soil, based on CaCl2-exchangeable concentrations in the soil. The x-
axis depicts the number of additional parameters, relative to the additive model. The y-axis depicts the 
sums of squared errors (SS). The dotted line indicates the significant parameter selection giving the 
most parsimonious fit. The dots are labelled to show which combination of parameters results in the 
indicated SS. The effect of copper on the deviation function is quantified by b1, the effect of zinc by b2, 
the effect of cadmium by b3, and the effect of lead by b4. The open square (labelled with bdl) indicates 
the SS for the dose level-dependent deviation from the additive model. 
 
quantifying the effects on the deviation pattern associated with cadmium (SS = 13⋅105, p = 
1.44⋅10-12). Addition of a second parameter allowing for dose ratio-dependent deviation 
yielded the lowest value for the SS when, besides b3, b2 was incorporated in the model, 
quantifying the effects on the deviation pattern associated with zinc (SS = 12.9⋅105, p = 
8.42⋅10-14). Adding an extra parameter when b3 and b2 were already in the model did not 
improve the data description significantly. 

For growth, adding one additional deviation parameter in Equation 3 to describe 
antagonism or synergism resulted in a significant improvement in data description 
irrespective of the metal pool used (Table 4). In each case, the estimated value of a was 
positive, indicating antagonism. For the total and water-extractable metal pool, addition of a 
second deviation parameter allowing for dose level-dependent deviation improved the 
description of the growth data significantly. The additional parameters in the DL model (a = 
208, 130 and b = 0.196, 0.240) indicated antagonism at low effect levels and synergism at 
high effect levels (see Table 2). From the value of parameter b it can be calculated that 
switching from antagonism to synergism occurred at concentration levels of 1/b = 1/0.196 = 
4.17 ⋅ EC50 isobole. For the CaCl2-exchangeable metal pool, no significant dose level-
dependent deviations were found. Adding an extra parameter allowing for dose ratio-
dependent deviation improved the description of the data significantly for each metal pool, 
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and the parameter estimates for the most parsimonious dose ratio-dependent deviation model 
are given in Table 4 for each metal pool. Cadmium appears to be the metal explaining most of 
these effects. Overall, the relative concentration of cadmium was found to be the most 
influential, with decreased toxicity at higher contribution of cadmium to the mixture (see 
Table 4). The negative value for a found for the DR model can be interpreted as synergistic 
effects at relatively low cadmium-ratios in the mixture and the positive b-value indicates that 
the toxicity decreased at higher cadmium-ratios and, to a lesser extent, at higher zinc-ratios in 
the mixture, respectively. From the analyses with the S/A model, indicating overall 
antagonism, it can be concluded that the overall effect is still mostly antagonistic. 

For reproduction, adding one additional deviation parameter in Equation 3 to describe 
antagonism or synergism also resulted in a significant improvement in data description 
irrespective of the metal pool used (Table 5). In each case, the estimated value of a was 
positive, indicating antagonism. For each metal pool, addition of a second parameter allowing 
for dose level-dependent deviation also significantly improved the description of the 
reproduction data. The parameter estimates for the most parsimonious dose ratio-dependent 
deviation model are given in Table 5 for each metal pool. Overall, the relative concentration 
of cadmium was found to be the most important factor, with decreased toxicity at higher 
contribution of cadmium to the mixture (see Table 5). The negative value for a found for the 
DR model can be interpreted as synergistic effects at relatively low cadmium-ratios in the 
mixture and the positive b-values indicate that the toxicity decreased at higher cadmium-ratios 
and, to a lesser extent, at higher lead- or zinc-ratios in the mixture, respectively. From the 
analyses with the S/A model, indicating overall antagonism, it can be concluded that the 
overall effect is still mostly antagonistic. Adding an extra parameter allowing for dose level-
dependent deviation did not improve the description of the data significantly for any of the 
metal pools. 
 
 

DISCUSSION 
 
Soil solution distribution 

Percolation of the spiked soil was successful in reducing the chloride concentration in the 
soil solution without high losses of the spiked metals (on average over all test concentrations 
78% reduction in chloride concentration versus 1-14% reduction of the metal concentrations). 
The percolation treatment resulted in a higher relative loss of chloride as measured in the 
water extracts compared to the 57% reduction found in the lead experiment described by 
Bongers et al. (2) (Chapter 2). Since these experiments were performed in the same soil type 
and with the same metal salt, the higher percolation efficiency can be explained by the metal 
concentration range, which was 30% lower in the present experiment. The wetting/drying 
cycles used in the lead experiment could have resulted in the precipitation of lead-chloride 
salts, especially at high dosages, further explaining the diminished susceptibility of chloride to 
removal from the soil by percolation. Losses of total lead were also lower in the lead 
experiment compared to the present experiment (8.5% compared to 14%). This suggests that 
precipitation of lead-chloride salts in the lead experiment, resulting in a lower susceptibility of 
both chloride and lead ions to percolation, offers indeed a likely explanation. From Figure 1 it 
can be seen that at higher chloride doses, the percolation efficiency decreases (compare the 
imaginary slope of a line through the open squares with the 1 : 1 line through the diamonds). 
It is likely that also at the concentrations used in the present experiment, precipitates of lead-
chloride and possibly other metal-chloride salts were present. When soil was extracted with 
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water, 5 g of dry soil was shaken with 25 ml of water. This was sufficient to dissolve the 
precipitated (lead-)chloride salts, thus showing 100% availability of chloride. For the 
percolation however, only two pore-volumes of water were added to the soil. It can be 
calculated from the moisture content of the soil (25% (w/w)) that the volume of water present 
in 5 g of moist soil was (5*1.25)-5) = 1.25 ml. While percolating, twice as much water was 
added to the moist soil, resulting in a total of 3*1.25 = 3.75 ml of water interacting with 5 g of 
dry soil. This, combined with the absence of shaking, leaves possibly present lead-chloride 
precipitates un-dissolved during the percolation process, explaining the lower percolation 
efficiency at high chloride doses. 

The loss of zinc due to percolation of the spiked soil was lower in the present experiment 
compared to the findings of Smit and Van Gestel (18) for a similar range of single zinc 
concentrations (18 versus 62% loss of total Zn). This variation can be explained by the 
difference in soil type used in the experiments (LUFA soil versus Panheel soil) and the lack of 
an equilibration period after spiking and prior to the percolation treatment in the study by 
Smit and Van Gestel. Since no chloride concentrations were reported, percolation efficiency 
for the counterion cannot be compared. From the comparison of the present study with the 
experiments described in Chapter 2 and by Smit and Van Gestel (18), it can be concluded that 
soil type and treatment affect percolation efficiency. 

The binding strength of a metal to the soil is given by the maximum sorption capacity, as 
given by the Langmuir sorption isotherm, which increased in the order Cd<Zn<Cu=Pb. This 
was in agreement with data found in the literature (1). The loss of metals from the highest 
equitoxic mixture concentration increased in the order Cu=Pb<Zn<Cd. The metal loss 
depends on the metals’ soil-solution distribution with the metal binding strongest to the soil 
being least susceptible to being removed by percolation. For the single metal treatments this 
order was not found, with cadmium loss being the lowest of all. This can be explained by the 
low molar concentration of cadmium, being approximately 10% of that of the other metals. 
Overall, the losses of copper, zinc and cadmium were higher in the mixture concentrations, 
but loss of lead was not affected by the presence of other metals or even reduced. This can be 
caused by lead forming a precipitate with chloride resulting in reduced availability for 
leaching. 

The Langmuir sorption parameters found for the present experiment resemble the ones 
from the non-percolated treatments (compare Table 3 from Chapter 4 and Table 3 in the 
present Chapter). Log Csorbed-max is slightly higher for all metals and log KL is lower for 
copper, zinc and lead but higher for cadmium. But, most eye-catching is the larger number of 
significant interaction terms in the percolated treatment. Both for zinc and copper, the most 
parsimonious model included more interaction terms. This indicates that the presence of the 
counterion in high concentrations has an effect on the metals’ chemical interactions, cloaking 
some of the interactions. Since percolation in some form, e.g. rainfall, will take place in the 
field, problems with the translation of the toxicity results obtained in the laboratory tests to 
the field are to be expected. Percolation of the spiked soil prior to the introduction of the test 
animals will make the tests more realistic (11). 

After percolation, the drop in pH related to the metal concentrations was slightly larger 
(compare the result sections of Chapter 4 and present). This is against expectations since the 
total metal concentrations in the soil were diminished due to the percolation treatment. For all 
metals, however, log Csorbed-max was higher after percolation. This confirms our idea that in 
non-percolated soil part of the extractable metal was present as complexes with chloride ions, 
or as precipitates of metal-chloride salts. Percolation of the soil resulted in lower chloride 
concentrations and thus less interaction of the metal-ions with chloride. This resulted in 
relatively more binding of metals to the soil and lower extractable metal concentrations, while 
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despite losses due to the percolation treatment, H+ concentrations in the soil solution remained 
as high or slightly higher compared to the non-percolated soil. 
 
Uptake of copper, zinc, cadmium and lead 

A dose-dependent relationship was apparent for internal copper, cadmium and lead 
concentrations when related to external concentrations (Figure 2). In agreement with Chapter 
4, no regulation of copper was observed. For zinc, regulated levels were in agreement with 
data reported in Chapter 4 for non-percolated soil. Percolation of the spiked soil prior to 
introduction of the test animals did not affect the uptake of the single metals in F. candida 
(Compare Figure 1 Chapter 4 with Figure 2 of this Chapter). When based on total metal 
concentrations, internal zinc and cadmium concentrations from equitoxic mixture exposure 
appeared elevated compared to the single metal exposure. Uptake from single and equitoxic 
mixture exposure concentrations was more in agreement when expressed on water-extractable 
concentrations (Figure 2). From the Langmuir sorption isotherm analyses it is clear that 
water-extractable zinc and cadmium concentrations increase in the presence of other metals. 
Thus, the higher internal metal concentrations in the mixtures may be explained by the higher 
water-extractable metal concentrations due to interactions at the sorption processes to soil. 
The magnitude of this increase in internal concentrations at combined exposure is, however, 
always lower than the magnitude of increase of water-extractable metal concentrations. 
Apparently, water-extractable metal concentrations were not completely bio-available to F. 

candida. 
Uptake of cadmium and lead was not totally explained by changes in water-extractable 

concentrations for these metals at the highest equitoxic concentrations, which is in agreement 
with findings for the mixtures in non-percolated soil described in Chapter 4. At the highest 
equitoxic concentrations, internal lead concentrations increased less than expected from the 
single metal exposure data, and internal cadmium concentrations even fell. From Figure 3 it 
can be seen that this diminished uptake of cadmium and lead is less severe after percolation. 
In the non-percolated soil, a discrepancy in internal cadmium concentrations occurred 
between the third and second highest equitoxic concentration, at water-extractable chloride 
concentrations of 8.15 and 15.7 mM Cl, respectively. In the percolated soil this was the case 
between the second highest and highest equitoxic concentration, at water-extractable chloride 
concentrations of 4.77 and 11.5 mM Cl, respectively. This leads to the conclusion that at 
water-extractable chloride concentrations between 8.15 and 11.5 mM Cl something changes 
the uptake of cadmium, and to a lesser extent of lead, by the animals. From Figures 2 and 4 it 
can be seen that the reduced uptake at high exposure concentrations is not related to the 
toxicity of cadmium itself, since at single cadmium exposure no dip in the uptake is observed, 
while 100% reduction of growth and reproduction was reached as well. Cadmium is known to 
form complexes with chloride that are not available for uptake into organisms (25), which 
could explain the difference between uptake from single and combined cadmium exposure in 
non-percolated soil. For lead, the water-solubility of the chloride-salt is low. From the water-
extractable lead and chloride concentrations the worst-case pore water concentrations were 
estimated for the highest equitoxic concentration without percolation of the soil to be 25.2 
mM Pb and 603 mM Cl. As the maximum water-solubility for PbCl2 is 35.6 mM, this could 
mean that precipitation of lead as PbCl2 salt was possibly occurring, which would explain 
reduced availability of lead. After percolation the estimated pore-water concentrations at the 
highest equitoxic concentration have dropped to 10.6 mM Pb and 229 mM Cl. Though lower, 
these concentrations are still high enough to make solubility problems plausible. Both theories 
of complexation and precipitation, however, cannot explain the dip in the uptake curves. Two 
other explanations can be suggested. First, since the animals grew only very little in four 
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weeks time (see Fig. 4), they could have eaten less and moved less, leaving them less exposed 
to the metals, both in the soil and in the food (originating from pore water absorbed by the dry 
yeast). Though this agrees with observed behavior of the springtails at the highest doses for 
the non-percolated soil (clinging to the walls, little food consumption) (see Chapter 4), no 
such behavior was observed in the percolated treatments. Possibly the avoidance behavior still 
existed, though less extreme, and went therefore unnoticed. Second, problems with low 
weight of springtails for individual metal analyses could result in non-detectable metal 
concentrations in the digests. This was, however, not the case; metal concentrations in the 
small individuals from the highest equitoxic exposure concentrations were well in range for 
correct measurement. 

In the literature, two studies focus on the effect of percolation on the uptake of metals 
from spiked soil. Bongers et al. (2) stated that uptake of lead in the springtail did not change 
by a percolation treatment. This is supported by the present data (see Fig.3). Internal lead 
concentrations reported by Bongers et al. (2) are in the lower range of the present internal 
concentration data. Unfortunately, the limited data hamper a further comparison with the 
present experiment. 
Smit and Van Gestel (18) found that the percolation treatment strongly reduced water-
extractability of zinc, but similar internal zinc levels were reached in the springtails from 
percolated and non-percolated soil. This indicates that the higher total and water-extractable 
concentrations in non-percolated soil were not completely bioavailable. Thus, a percolation 
treatment changes the bioavailability of water-extractable zinc concentrations. In the present 
experiment, the percolation treatment reduced water-extractability of zinc less, and 
accumulation of zinc in F. candida followed the same pattern as that in non-percolated soil 
(see Fig. 3). A percolation treatment thus did not appear to change the bioavailability of 
water-extractable metal concentrations for F. candida in the present experiment, but the 
results from Smit and Van Gestel (18) show that this is no universal rule. 
 

Toxicity tests 

Soil pH was affected negatively by metal addition, but for almost all test concentrations, 
pH was in the optimal range for F. candida of 4.3 – 6.2 (5,7). Only for the highest equitoxic 
mixture concentration, pH dropped below the optimal range. We chose not to exclude this 
data point from analysis, since other concentrations, with pH still in the optimal range, 
already resulted in >95% reduction of growth and reproduction, respectively (see Fig. 2). 
Therefore, pH is not expected to have played an important role in the outcome of the 
experiment. 

At the end of the test, survival of the control animals was 91 ± 14% and the average 
number of juveniles produced per test container was 1913 ± 305. So, the requirements of 
>80% survival and 100 juveniles per test container, as posed in the guideline for the 
Collembola test (8), were met. It is remarkable that the reproduction in the control is this high 
after percolation compared to that in the non-percolated experiment described in Chapter 4 
(1913 versus 1450 juveniles per test container). Growth also was affected positively by the 
percolation treatment with average growth in the control of 340 ± 45 µg in the present 
experiment compared to 265 ± 38 µg in the non-percolated complex mixture experiment (see 
Chapter 4). Though variation in the growth and number of offspring is normal, and was 
observed all through the experiments described in this thesis, the increase in growth and 
number of juveniles due to the percolation treatment is very large. Since the non-percolated 
and percolated mixture experiments were performed within a few weeks of each other, 
adaptation of some sort of the breeding stock is not likely to be the cause. Therefore, it seems 
that LUFA 2.2 soil is not the optimal substrate for F. candida and percolation of the soil prior 
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to introduction of the animals improves their performance. This stimulating effect of 
percolation was, however, not observed in the study on the effect of percolation on the 
toxicity of lead salts described in Chapter 2 (2). 
 
Toxicity of single metals 

Survival was a poor measure of toxicity for copper, zinc and lead. For cadmium however, 
a clear dose-response relationship was found. This is in contrast with the inconsistent 
relationships found for cadmium in the binary and non-percolated complex mixture 
experiments (see Chapter 3 and 4) and the literature (5,23). A straightforward relationship for 
survival was also found in the binary cadmium-zinc mixture experiment (see Chapter 3). The 
LC50 of 435 nmol Cd/g dry soil found in the present experiment is lower than any of the 
LC50s for cadmium reported in the preceding chapters or the literature (3-5,15,23,26). When 
compared with the complex mixture experiment without percolation treatment, the dose-
response relationship for cadmium is far more clear and survival is lower after percolation, 
suggesting that the presence of the chloride protects against the toxicity of cadmium. A 
possible explanation is given by the biotic ligand model, which states that soluble metal can 
be present as complexes unavailable for uptake into organisms (e.g. CdCl2 complexes) and 
only free metal ions are truly available and compete with other cations, such as H+ and Ca2+, 
for binding sites on biological membranes (13,25). By removal of the chloride by percolation, 
the relative amount of free cadmium ions increases and so does the toxicity to the organism. 
This is however, contradicted by the fact that surviving animals did accumulate similar 
cadmium concentrations in both the percolated and the non-percolated experiments. 

For effects on growth, EC50s estimated for copper, zinc and lead were higher than in non-
percolated soil when expressed on the basis of total metal concentration in the soil, but the 
EC50 for cadmium was lower. Based on extractable metal concentrations, however, EC50s of 
all metals were lower after percolation, except for lead, for which toxicity was similar or 
decreased. For effects on reproduction, EC50s estimated were higher after percolation, 
independent of the metal pool, except for cadmium where toxicity was similar or increased 
after percolation. While percolation affects toxicity for growth and reproduction of copper, 
zinc and lead in a similar way when related to total soil concentrations, a distinct difference in 
the effect of percolation on growth and reproduction of F. candida was found when based on 
extractable concentrations; effects on growth became stronger while effects on reproduction 
were reduced. This could be related to the concentration range at which effects occurred. For 
reproduction, effects were found at lower total metal concentrations compared to those where 
effects on growth were reported. For the estimation of EC50s, all data were used, including all 
mixtures. Interactions between metals, affecting their availability, play a larger role at higher 
total metal concentrations and more interactions were identified after percolation (see soil 
solution distribution section). Therefore, the effect of percolation on the EC50s can differ for 
reproduction and growth. 

While EC50s for growth were a factor 1.3 – 2.4 higher than those for reproduction in the 
non-percolated experiment, this difference was only a factor 0.85-1.2 after percolation 
(compare EC50s reported in Chapter 4 and Table 4 and 5). The reduced toxicity for 
reproduction after percolation could be related to osmotic stress to the eggs in non-percolated 
soil, resulting in a lower observed fecundity. Hutson (7) showed that F. candida had a lower 
fecundity at salt levels exceeding 9 g NaCl/L, comparable with 2.6 g Cl/L. Assuming that the 
chloride measured in water extracts is fully derived from the pore water, a worst-case estimate 
of pore-water concentrations can be derived. At a soil moisture content of 25% (w/w), the 
chloride concentration in the pore water of 2.6 g Cl/L compares to 130 mg Cl/L (= 3.67 mM)  
in the extract. For both the higher single and mixture test concentrations containing copper, 
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zinc and/or lead this was reached in the non-percolated experiment (can also be calculated 
from nominal chloride concentrations). After percolation, chloride concentrations exceeding 
130 mg Cl/L in the extract were found for the two highest equitoxic mixture concentrations 
only. Hutson showed that the reduction in fecundity was largely explained by the strongly 
reduced hatching rate of the eggs, which could be due to desiccation of the eggs at high 
salinity. 

In Chapter 2 (2), we studied the effect of percolation on the toxicity of PbCl2 to F. 

candida in the same soil type. In that study, we also found a higher EC50reproduction of lead 
after percolation, though the difference between EC50s in the percolated and non-percolated 
treatment was smaller. Smit and Van Gestel (18) found little effect of percolation on the 
EC50growth for Zn, but EC50reproduction was twice as high after percolation. The larger effect of 
percolation on toxicity for reproduction compared to growth is in agreement with our 
findings. 
 
Mixture effects 

An antagonistic effect of copper, zinc and lead on the toxicity of cadmium for survival of 
F. candida was observed. This is in agreement with data from the binary and non-percolated 
complex mixture experiments (see Chapter 3 and 4). Compared to the binary mixture data 
reported in Chapter 3, survival is higher in the complex mixture treatments, but when 
compared with the non-percolated mixture experiment effects on survival were similar. Since 
most of the chloride was removed by percolation, and internal cadmium concentrations were 
not affected by the percolation treatment, this antagonistic effect must be attributed to the 
other metals. One possible explanation is that the induction of cadmium-binding 
metallothionein is initiated and/or enhanced by copper, zinc and/or lead, resulting in part of 
the cadmium being bound after uptake, leaving it unavailable for binding to receptors, and 
thus inducing less toxic effects. 

Compared to additivity, antagonism was found for both growth and reproduction for all 
metal pools. This is in agreement with findings in the literature for other soil animals (10,20). 
For all metal pools, dose ratio-dependent deviations were detected for effects on growth and 
reproduction. In each case, the relative cadmium concentration was the strongest determinant. 
In the non-percolated complex mixture experiment, dose ratio-dependent effects were not 
found for all combinations of effect parameters and metal pools, but cadmium then also 
proved to be the most influential metal. The general occurrence of dose ratio-dependent 
deviations agrees with the higher number of interactions of the metals on each others sorption 
to the soil. Thus, it seems that the relative contribution of cadmium to the mixtures toxicity 
became more evident after percolation. Dose level-dependent deviations were found less 
frequent after percolation (twice instead of four times), and switches from antagonism to 
synergism were estimated to occur at 5.1 and 4.2 times the EC50. Since only the equitoxic 
mixture was tested at toxic strengths higher than 4 TU, this is not relevant for most of the 
tested mixture concentrations. 
 
General 

Percolation of the spiked soil prior to introduction of the test animals results in adequate 
removal of the counterion. The loss of metals was relatively small and interactions between 
metals in the sorption to the soil became more clear and abundant. It is suggested that in 
untreated spiked soil the chloride and metal ions form insoluble precipitates or complexes, 
which are not bio-available. The relation between total and extractable metal concentrations, 
however, did not change very much. The uptake of metals in F. candida  was similar to that in 
non-percolated soil. The toxicity of the metals was reduced by the percolation treatment, 
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except for the more severe effects on survival by cadmium. This was partly explained by the 
lack of salt stress in the percolated treatment. For all effect parameters and metal pools, the 
model analyses resulted in antagonistic deviations from the additive model. In agreement with 
the more frequent occurrence of interactions between metals in the sorption to soil, toxicant-
ratio dependent effects were found overall. The relative contribution of cadmium to the 
mixture proved to be the most important factor, and the percolation treatment made this more 
clear. We conclude that chloride affects the chemical interactions in the soil, but does not 
interfere with the uptake of the metals tested and adds to the toxicity of the metals to F. 

candida, not by affecting the bio-availability of the metals, but by being toxic itself. Since the 
use of presumably bio-available metal concentrations in soil extracts and/or internal 
concentrations cannot compensate for the inherent toxicity of chloride, we advice to percolate 
spiked soil prior to testing. 
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Chapter 6 
 

 

General Discussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Environmental risk assessment of chemical mixtures in soil is hampered by the 
complexity of the chemical-soil-organism relationship. Interaction can occur at different 
processes; binding to soil constituents, uptake by the organism and at the site of toxic action 
(5). Extrapolation to other mixtures, organisms or exposure conditions is hampered by lack of 
knowledge on the interaction at each process level. This thesis aimed at increasing our insight 
into these interactions by studying the toxicity of mixtures of two or four metals to the 
springtail Folsomia candida. For this purpose, the black box (Figure 2 in Chapter 1) was split 
up in three levels, namely the level of interaction with the soil constituents (sorption), the 
level of physiology (uptake by the springtails) and the level of the springtails (toxic response 
related to internal concentrations) (Chapters 3-5). 

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 are expected, and were identified in a number 
of studies (6,13-15,26,30,31). 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. 

The choice for metals as test compounds leads to an extra interaction factor in the form of 
the counterion that is introduced to the test system by the addition of the metals in the form of 
metal salts. These counterions have shown to act toxic themselves (20,25). A percolation 
treatment was suggested to remove the excess counterions from the test soil (18,27). The 
difference in toxicity of the counterions nitrate and chloride was studied for lead (Chapter 2). 
The contribution of chloride to the toxicity of copper, zinc, cadmium and lead and their 
mixture was estimated by comparing a normal (mixture) toxicity experiment with one in 
which the soil had undergone a percolation treatment to remove the counterion (Chapters 4 
and 5). 
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Interaction split in three; soil, uptake and intoxication 

For the chemical and physiochemical interactions in the soil it was clear throughout the 
experiments that metal availability increased at combined exposure (Chapters 3-5). Metal 
concentrations in the extracts were higher at combined concentrations compared to the single 
metal concentrations. The metal binding strongest to the soil, lead, was least susceptible to 
competition from the other metals. Of the four metals studied, cadmium has the lowest 
binding strength and therefore is 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 (e.g. Table 1 in 
Chapter 5). 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. This 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 exceeds that of the increase in internal concentrations of the 
springtails. From these findings it is concluded that metal uptake by F. candida is closer 
related to total than to water-extractable metal concentrations in soil.  

Not only do internal metal concentrations fail to follow elevated available levels due to 
interactions in the soil, it also appears that the metals do 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 at the 
highest equitoxic dose ratios of the complex metal mixtures result from changes in the 
behaviour of the springtails, actually avoiding contact with the soil, and thereby exposure to 
the metals. 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 toxicity processes the metals act 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 is 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 (2) is the cause of the antagonistic 
results. 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 TU (range 1.76 – 12.9). 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 
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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, which are summarized in Figure 1. Synergistic effects were expected 
from interactions in the binding to the soil, no interaction was seen on accumulation in F. 

candida (curved arrows) and the metals acted antagonistic on survival, growth and 
reproduction of F. candida (straight arrows).  
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Figure 1. Interactions at toxic effects of metal mixtures related to the total and available metal pool in 
the soil and the internal metal pool in Folsomia candida (straight arrows) and expected interactions 
from the binding to soil and uptake by the springtails (curved arrows); = additive effects, > synergistic 
effects and < antagonistic effects. 
 

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. A 
number of questions arise from the observed interaction pattern: 
 
1. ‘Why is there no interaction between metals at the level of accumulation, while such clear 

interactions are found at the level of soil chemistry thought to determine availability?’ 

 
Several explanations can be suggested. The total metal concentration apparently 

represents the bioavailable metal pool for F. candida in a better way than the water-
extractable metal concentration. For the present soil type and spiking method this seems to be 
true. In the literature both exposure pools are supported for F. candida. Van Gestel and 
Hensbergen (31) also reported no interaction between cadmium and zinc uptake in spite of 
increased water-extractable cadmium concentrations at combined exposure. Vijver et al. (33) 
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concluded that internal concentrations of cadmium and lead in the springtails correlated best 
to total concentrations in a number of different soils. Smit et al. (27), however, found that the 
water-extractable zinc concentration was the best descriptor explaining differences in internal 
zinc concentrations in different soil types though not all variation in zinc accumulation could 
be explained. Van Gestel and Koolhaas (32) concluded that F. candida is exposed to 
cadmium through the soil solution. Lock and Janssen (17) further showed that the toxicity of 
zinc to F. candida (reproduction) could be eliminated by addition of a metal immobilizing 
agent to the soil from a zinc smelter site. As a result from the addition of this immobilizer, 
water-extractable and pore water zinc concentrations were reduced to near or even below 
reference soil levels. From the above listed studies, it can be concluded that F. candida in the 
toxicity tests is exposed through the water phase. But it appears that the metal interactions in 
the soil are very complex and sometimes, like in the present study, result in bioavailable 
concentrations related closest to the total metal concentrations. 

The chloride added with the metal salts is known to form complexes with cadmium, but 
also with lead and copper. These complexes are water-extractable but may not be available for 
uptake by the organisms. It is thought that only the free metal ion is able to enter the 
organism. Free ion concentrations can be calculated with speciation models. For these 
models, data on e.g. the concentration of dissolved organic material and the ionic composition 
of the pore water are required and due to time restraints these measurements were not taken. 
The truly available metal fraction for F. candida remains unknown. Measurements of internal 
metal concentrations in individual springtails yielded quite variable concentrations within one 
exposure group. This is typical for metal metabolism in springtails, which excrete part of their 
metal burden with each moult, at which part of the metal is lost via exfoliation of the midgut 
epithelium (8). Though the springtails were synchronized at the start of the tests, slight 
differences in the moulting cycle, and thereby internal metal concentrations, are expected 
after four weeks of exposure. Though demonstrating statistically significant differences would 
be hard due to this variation, a difference, if present, would be seen by the eye. This is not the 
case. For zinc and copper, internal concentrations do not relate to external concentrations for 
part of the concentration range at which these metals are regulated. The concentrations tested 
in the present experiments by far exceed the regulated range for F. candida and even then, no 
effect of elevated availability on metal uptake was seen from internal concentrations. 

Osmotic stress from high chloride concentrations (9), as reached at combined exposure 
concentrations, may disturb uptake patterns (see Figures 1 and 3 in Chapter 5) (23). In 
general, uptake and elimination processes are disturbed when an organism is stressed, 
certainly when stressed to the point of strong reduction in growth and reproduction. Thus it is 
possible that, at the tested dose-range, toxic effects of either metals or counterions 
overshadow interactions during metal accumulation. 
 
2. ‘Is there a relation between the synergism at chemical availability in soil, no interaction on 

uptake and antagonistic effects on F. candida?’ 
 

Since antagonistic deviations from additivity were found for each metal pool, interactions 
at the toxicity process are antagonistic. This antagonism is so strong that it compensates for 
the synergistic effects of metals on each others availability assuming that part of the toxic 
effect of the metals is not related to internal concentrations, but e.g. due to energy costs for 
elimination. If the chemically available metal pool is not really bioavailable and internal 
concentrations are dictated by total metal concentrations in the soil, then the intoxication 
processes interact antagonistically.  
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The induction of and binding to metallothionein (MT) (2) could play a role in the reduced 
toxicity observed in the experiments described in this thesis. Metallothioneins play roles in 
both the routine metabolic handling of essential copper and zinc, but also in the detoxification 
of excess amounts intracellularly of these metals and non-essential cadmium, silver and 
mercury (2,8). In the springtail Orchesella cincta cadmium induced MT has been isolated 
from the gut epithelium. It is believed that cadmium bound to MT can be further detoxified by 
incorporation into type-B (sulphur containing) granules or excreted by the normal processes 
of cellular degeneration and replacement during moulting. Metallothioneins are non-
enzymatic proteins with high cysteine content and are usually not saturated by a single metal, 
but contain several atoms of e.g. copper, zinc or cadmium if present. Non-essential metals 
such as cadmium are able to displace normally MT-associated essential metals and this 
suggests that induction of MT by one metal could result in binding and thereby detoxification 
of other metals. Sterenborg et al. (29), however, showed that zinc could not induce nor bind to 
the cadmium induced type of MT. Whether a similar or other MTs are present in F. candida, 
and whether they can be induced by different metals or are able to bind more then one metal, 
is unknown. 

It is also likely that the springtails changed their behaviour to avoid exposure to the 
metals. Such avoidance behaviour was observed at the highest equitoxic test concentrations in 
the complex mixture, where the springtails were found clinging to the wall instead of hidden 
in the soil. Since chloride concentrations were very high at these metal concentrations, with 
pore water estimates saltier than seawater (21.4 g Cl/L compared to 19.6 g Cl/L in sea water), 
it is likely to be a response to avoid osmotic stress. This explains anyway how survival could 
be close to 100% at these exposure concentrations. At lower concentrations, a milder form of 
this behaviour, like reducing their activity, could also explain some antagonistic effects.  
 
3. ‘What is the importance of dose ratio- and dose level-dependent deviations?’ 

 
Both interaction patterns were found, of which dose ratio-dependent deviations occurred 

most frequent. Addition of a parameter allowing for these deviations did improve data 
description often clearly (see Figure 5 in Chapter 5). For dose level-dependent deviations the 
parameter interpretation was uniform and could be linked to salt stress at higher dose 
combinations. For dose ratio-dependent deviations, however, interpretation of the parameter 
estimates was less obvious. Though the relative contribution of cadmium to the mixture was 
of clear importance, it appeared impossible to clearly link these deviations to processes in the 
soil, uptake by the springtails or intoxication processes. Occasionally, also the relative 
contribution of lead, zinc and copper to the ratio was found to significantly improve data 
description (Chapters 4 and 5). The appearance of these metals in the parameter set seemed 
random and no general interpretation could be given at all. It is possible that variation in the 
dataset resulted accidentally in better data description if a parameter for one of these metals 
was included.  
As opposed to my expectations, the dose ratio- and dose level-dependent deviations did not 
result in more insight into the interaction processes.  
 
Dose-ratio changes with metal pool 

Due to the interaction with soil constituents and during uptake in the springtail the dose-
ratios may change. For proper modelling the dose-response surface should be covered for 
each metal pool. As can be seen in Figure 2 for the cadmium-zinc mixture, the response plane 
is covered well for the total and available metal pools in the soil. When relating effects to 
internal concentrations in the springtails the surface is not well covered due to the regulation 
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of the internal zinc concentrations. For the cadmium-copper and the cadmium-lead mixture 
the distribution was similar for the soil metal pools. For the internal concentrations the 
distribution over the surface was more even for these mixtures since internal copper 
concentrations were less well, and internal lead concentrations not at all regulated. Of the 
metal pools in the soil, the water-extractable concentrations give the most even distribution of 
test concentrations over the two metals. From the distribution of total concentrations it can be 
seen that the measured molar quantities of the two metals differ approximately by a factor of 
100, which is caused partly by the natural metal levels in the soil that are higher for zinc, 
copper and lead compared to cadmium. In the extracts the differences in molar concentrations 
are smaller. 
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Figure 2. The distribution of the dose combinations over the test surface for the binary toxicity 
experiment with cadmium and zinc with Folsomia candida for the total (upper left), 0.01 M CaCl2-
exchangeable (upper right), and water-extractable (lower left) metal pool in the soil and internal 
(lower right) metal pool in the springtail. All data shown are measured concentrations.  
 
Counterions 

The contribution of the counterion to the toxicity of metal salts is significant. As for other 
animals, the type of counterion chosen co-determines the toxicity of the metal salt. 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 by complexation, 
or directly by causing osmotic stress. Removal of most of the chloride through a percolation 
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treatment showed that chloride in the standard toxicity tests had resulted in avoidance 
behaviour, reduced reproductive success (via desiccation of the eggs (9)) and to a lesser 
extent, reduced growth of the springtails and as of opposing order: reduced toxicity of 
cadmium (complexing 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 mixture toxicity experiments 
was so similar (compare Chapters 4 and 5). 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 from 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. 
 
Mixture toxicity in relation to choice of endpoint 

Van Gestel and Hensbergen (31) observed different interaction patterns for the endpoints 
growth and reproduction of F. candida for a cadmium and zinc mixture. In the studies 
presented in this thesis, overall interaction patterns were similar for growth and reproduction. 
The dose-response curves for growth and reproduction did not differ very much in slope (see 
e.g. Figure 4 in Chapter 5). Furthermore, complete dose-response curves were obtained in all 
mixture experiments, and EC50 for growth was maximally 2.3 times as high as that for 
reproduction. The effects are thus manifested at similar concentration levels. This implicates 
that possible concentration-related interactions, e.g. in binding to soil constituents, affect the 
endpoints in a similar way. It further appears that at the level of intoxication processes, the 
metals affect growth and reproduction via the same mode of action. In support of this 
hypothesis, Jager et al (11) showed that for F. candida exposed to cadmium via food, effects 
on growth and reproduction could be described by assuming that this chemical acts on the 
assimilation of energy from food. 
 
Reproducibility  

Cedergreen et al. (6) showed that reproducibility of binary mixture toxicity studies is not 
so high, especially for more complex test environments like soil. They found that dose-
dependent effects could not be repeated consistently. For the present data set, dose ratio-
dependent deviations that could be related to the relative contribution of cadmium were found 
often in all mixture experiments. Some inconsistency was observed, as cadmium-related dose 
ratio-dependent deviations were not always detected.  In the complex mixture experiments, 
sometimes a significant dose ratio-dependent deviation was found related to other metals than 
cadmium. Their relevance is indeed questionable, as they were not seen consistently in the 
complex mixture experiments (see Chapters 4 and 5). 

The binary mixture of cadmium and zinc was tested both in the present study using LUFA 
soil and by Van Gestel and Hensbergen (31) using artificial soil. The interaction pattern was 
found to be different. Whereas in the present study antagonistic effects were identified for 
both effect parameters, Van Gestel and Hensbergen observed additive and synergistic effects 
alongside with antagonism dependent on the effect parameter and metal pool. Jonker et al 
(15) re-analysed the 6-weeks reproduction data set of Van Gestel and Hensbergen using the 
extended model and concluded that effects were overall additive, but a significant dose ratio-
dependent effect revealed antagonism when the mixture effect was due mostly to cadmium 
and synergism when the mixture effect was caused mainly by zinc. Though synergism was 
not detected in the present study, the effect of the relative contribution of cadmium to the 
mixture was similar. The differences in interaction patterns between the two studies might 
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depend on the soil type used for testing or the range of test concentrations chosen (more ratios 
in the present study). Since the interaction pattern does deviate between the studies, further 
research into variability in the outcome of mixture toxicity studies is desirable. The similar 
result for dose-ratio dependent deviations linked to the relative contribution of cadmium gives 
reason to believe that interaction patterns can be repeated.  

Remarkable was the increased average growth and reproduction in the controls over the 
duration of the total experimental period of 4 years; growth increased from 225 to 353 µg 
fresh body weight, and reproduction increased from 441 in the first experiment to 1964 
juveniles per test container in the final experiment. A reason for this increase in control 
performance over time cannot be given. It is reasonable to assume toxic response to differ 
with control response, and thus to differ between experiments. However, reproducibility of 
single metal toxicity was very high. For example, the five EC50s for cadmium, based on total 
concentration in the soil, ranged from 502 to 696 nmol Cd/g dry soil for growth and from 
402-603 nmol Cd/g dry soil for reproduction. 
 
Limitations 

The interaction patterns of the mixture studies described in this thesis were difficult to 
interpret. At each level, information is lacking that could help to link observed interactions to 
processes. Instead of one black box I have ended up with three black boxes, one for every 
phase in the interaction chain. Translation of the present results to other soils, organisms, 
metals or even more difficult, other compounds is hardly possible. Another issue is that the 
conclusions presented have been based on only one observation in time. As ECx may change 
with exposure duration in a manner that varies with the toxicant, interaction patterns may be 
time-dependent too. 
 
Implications for risk assessment 

In the Netherlands, environmental risk limits include maximum permissible 
concentrations (MPCs) and negligible concentrations (NCs). These environmental risk limits 
are used in environmental policy to set environmental quality standards. In general, the MPC 
is derived from no-observed effect concentrations obtained for a number of test species, while 
the NC is the MPC divided by 100. This factor is applied to account for combination toxicity 
(7). In the risk assessment of metals in soil, mixture toxicity is not taken into account. 
Because of the (natural) background concentrations of metals, the MPCs for metals are based 
on the maximum permissible addition (MPA) (7). That is, the ecotoxicological test results are 
assumed to refer to a concentration that is added to an already existing background in the 
medium. So the MPC is obtained by adding the ecotox-derived threshold to the background 
concentration. This does not change the way mixture toxicity is treated. The metals in the 
tested mixtures acted antagonistic. Thus, for the metals tested in this thesis, the factor 100 is 
likely to protect the environment from mixture effects, and can even be considered over-
conservative. 
 
Recommendations for future research; towards mechanistic interpretation 

The research described in this thesis uses 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 
species-, exposure system-, compound-, and point in time-specific data.  
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Toxicity of metal mixtures in soil is very complex: 
• In mixtures, metals interact and modify each others relative availability in different 

fractions in soil. This interaction is often non-linear: doubling total concentrations 
does not necessarily lead to doubling of available concentrations. 

• Metals are naturally occurring in the soil, and many of them are even essential. 
Organisms have developed mechanisms to deal with metals, to keep them in and/or 
out: to avoid or reduce uptake, to regulate internal concentrations, to detoxify and 
store excess metal in inert form or to increase excretion efficiency. Different metals 
may use the same uptake route and likely interact. As a result, very few free metal ions 
will be found in the organism, but mostly associated with many different fractions, 
e.g. bound to carrier proteins or deposited into granules. Unknown is which metal pool 
inside the organism is linked to toxicity (35). Whole body metal concentrations are not 
necessarily relevant dose metrics for explaining toxicity (24). 

• Metals have multiple mechanisms of action, which are not completely clarified and 
interactions are expected. Gene expression studies suggest effects on many more 
metabolic processes than believed earlier (22). 

 
If the interest is in mechanisms of toxicity of metal mixtures, the most promising way is to 

isolate processes. First a number of questions concerning availability and toxicity of single 
metals should be answered before looking into mixture toxicity. For a start, avoid the 
interactions in the soil compartment by using aquatic organisms or a simplified exposure 
system (like silica sand (34)). In this way the exposure concentrations of the organism are 
known better. Then, look at different metal fractions in the organism and determine which 
ones link to toxicity (36). Once exposure and toxicity of single metals is understood, mixtures 
can be tested, first in a simplified exposure system and later in soil. At any time it should be 
realised that metal salts are mixtures in themselves and for the study of metal toxicity the 
counterions should be removed e.g. by a percolation treatment. 

In general, mixture toxicity of organic compounds is easier to study. Many organic 
compounds have simple hydrophobic interactions with the test medium, do not interact during 
uptake, have a known working mechanism and whole-body residues may link well to toxicity 
(e.g. for narcotic compounds). Therefore, they make a better candidate to study mixture 
toxicity principles. Working with organic compounds of course also has its disadvantages, 
e.g. due to evaporation and degradation maintaining constant exposure concentrations is 
difficult. 

All the processes discussed above happen in time. Most often toxicity is assessed at one 
point in time only. For single compounds it is well known that toxic effects may change in 
time (1,12,28). Very few studies on mixture toxicity looked into time-dependent mixture 
interactions (3,13,31), and time-dependent interactions were found. This shows that it is 
important to take time into the mixture toxicity equation, though it requires more 
experimental work to elucidate the role of exposure time. For soil organisms this is even more 
difficult than for e.g. aquatic organisms since soil organisms live hidden in the soil and 
sampling therefore has to be destructive.  

Up till now, each of the proposed research methods described above deals with the effects 
of a limited number of compounds to one test species. The following question arises: “When 
one tries to characterise the health effects of chemical mixtures, how does one deal with the 
infinite number of combinations of chemicals, and other possible stressors?” Yang et al. (37) 
suggest to first focus on the finite (biological processes) rather than the infinite (combination 
of chemical mixtures and multiple stressors). The idea is that once we know (a) normal 
biological process(es), all stimuli and insults from external stressors are merely perturbations 
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of the normal biological process(es). Biology-based methods can give the answer to mixture 
toxicity questions. These methods have been broadly used for single chemicals (including 
metals, e.g. (1,11)), for combination of single chemicals with food limitation (21), and 
included in guidances of ISO (10) and OECD (19). The only mixture toxicity study using 
process-based models was studying the effect of metal mixtures on survival of F. candida (3).  

In process-based models, the questions can be approached from the perspective of energy 
balance; offspring are produced from food, so one possibility is that ingestion has declined as 
a result of toxic stress. Alternatively, feeding may be unaltered, but there may be an additional 
energy drain for metabolic repair, leaving less energy for the production of eggs. The theory 
of dynamic energy budgets (DEB; see Kooijman (16)) provides a framework for addressing 
this question: the DEB theory describes how individuals acquire and use energy based on a 
set of simple rules for metabolizing organization. Within this theory, organisms are treated as 
dynamic systems with explicit mass and energy balances. Based on this theory, DEBtox was 
developed some 10 years ago to analyze toxicity data, as an alternative for descriptive 
statistics (4). DEBtox incorporates exposure time and biology of the organisms, including the 
natural links between the processes of feeding, maintenance, growth, development and 
reproduction. Once inside the organism a chemical might increase the maintenance costs, 
decrease the assimilation of energy from food, increase the energetic costs for growing new 
body tissue, increase the energetic costs for producing offspring, or pose a direct hazard to the 
developing embryo. 

Process-based modelling facilitates extrapolation between species because many model 
parameters vary with body size in a predictable way. They also aid in extrapolating between 
chemicals, because the model parameters often have simple relationships with chemical 
properties. Because processes are modelled explicitly in time, the results of short-term tests 
can be extrapolated to chronic time scales, and vice-versa. 
A few experiments would give insight in the majority of mixture toxicity questions. As a start 
a mixture toxicity test should be done with two chemicals with a simple well-known working 
mechanism, e.g. narcosis, in a simplified exposure system. By doing such an experiment it is 
possible to establish the standard parameter settings for the used test organism. Then, by 
testing binary mixtures of chemicals known to work via different modes of action widely 
applicable interaction models can be developed. 
At a later stage, more difficult chemicals, e.g. acting via more than one mode of action, and 
more complex exposure situations could be studied and analysed building on the knowledge 
obtained from the simpler mixtures. 
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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. 
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Samenvatting 

 
 

Mengseltoxiciteit van metalen voor Folsomia candida in relatie tot de (biologische) 

beschikbaarheid in de bodem 

 
De laatste eeuw was er een enorme toename in de productie en het gebruik van chemische 

stoffen, inclusief bestrijdingsmiddelen. Dit ging vergezeld van een afname in aantallen van 
vele diersoorten, zoals roofvogels, vissen en amfibieën. Bezorgdheid om de milieuvervuiling 
en het gebruik van bestrijdingsmiddelen leidde tot de ontwikkeling van ecotoxicologie als 
wetenschappelijke discipline, die bijdroeg aan beoordeling van milieurisico’s van vervuilende 
stoffen. In het begin richtte de ecotoxicologie zich vooral op het vinden van kwantitatieve 
dosis-effect relaties. Voor dit doel werden gestandaardiseerde toxiciteitstoetsen ontwikkeld. 
De risicobeoordeling richt zich op één stof tegelijkertijd alhoewel algemeen erkend wordt dat 
stoffen in veel blootstellingssituaties als mengsels voorkomen. Risicobeoordeling van 
complexe mengsels is echter vooralsnog niet ver genoeg ontwikkeld. Als gevolg hiervan is er 
een grote vraag naar kennis op het gebied van mengseltoxiciteit. 

Voor het beoordelen van gegevens over mengseltoxiciteit wordt normaliter het model van 
concentratieadditie of dat van onafhankelijke werking (responsadditie) als referentiemodel 
gebruikt. De interpretatie van de gevonden interacties beperkt zich tot de algemene uitspraak 
dat de stoffen elkaars werking versterken (synergisme) of verzwakken (antagonisme). De 
interactie tussen de stoffen in een mengsel kan echter ook afhangen van de verghouding 
(ratio) van de concentraties waarin de componenten in het mengsel aanwezig zijn en van het 
effectniveau (kijk je naar 10% of naar 50% afname in groei). Dergelijke verschillen in 
mengselwerking zijn in verschillende onderzoeken in de literatuur beschreven. Ik heb in mijn 
experimenten de metalen in verschillende verhoudingen toegevoegd, en zowel lage als hoge 
concentraties getest. Zo zijn de omstandigheden optimaal om het optreden van dit soort ratio- 
of effectniveau-afhankelijk effecten op de mengselwerking te vinden, als ze er inderdaad zijn. 

Milieukundige risicoanalyse van stoffen in de bodem wordt ook nog belemmerd door de 
complexiteit van de relatie tussen de stof, de bodem en het organisme. Stoffen kunnen bij 
verschillende processen met elkaar interacteren: bij de binding aan bestanddelen van de 
bodem, tijdens de opname in het organisme en op de toxische effecten. Hierdoor is het 
moeilijk om een direct verband te leggen tussen totale (toegevoegde) concentraties van de 
stoffen en de effecten op het organisme dat in de bodem leeft. Doordat we niet weten of en 
hoe stoffen op deze verschillende processen interacteren is het moeilijk om de bevindingen 
van een specifiek mengsel voor een specifiek organisme te vertalen naar verwachtte effecten 
van een ander mengsel van stoffen of voor een ander soort organisme of voor een ander 
bodemtype. Willen we meer algemene uitspraken over mengselwerking van stoffen voor 
bodemorganismen kunnen doen, dan moeten we de interacties tijdens de verschillende 
processen te weten komen. 

Tijdens mijn onderzoek heb ik mengseltoxiciteitstesten uitgevoerd in een natuurlijke, 
maar wel gestandaardiseerde, grond (LUFA 2.2). Als proefdier heb ik springstaarten van de 
soort Folsomia candida gebruikt. Deze soort wordt zo’n 3 mm lang en is wit (zie de foto’s op 
de omslag). Springstaarten zijn zeer algemeen voorkomende bodemarthropoden, nauw 
verwant aan insecten, en ze spelen een belangrijke rol in de afbraak van dood organisch 
materiaal. Springstaarten hebben hun naam te danken aan de zogenaamde springvork die ze 
onder hun achterlijf meedragen.  Door de springvork uit te klappen kan het dier wegspringen 
om zo aan vijanden te ontkomen. Als teststoffen heb ik de metalen cadmium, koper, lood en 
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zink gebruikt. Metalen hebben al een lange geschiedenis waar het milieuvervuiling betreft. 
Daarom is er veel informatie over de giftigheid van metalen beschikbaar als uitgangs-
materiaal. Ik heb de metalen in de vorm van metaalzouten aan de grond toegevoegd. 
Aangezien een metaalzout is samengesteld uit het metaal (als kation) en een anion, 
bijvoorbeeld chloride of nitraat, werd tegelijk met de metalen een vergelijkbare hoeveelheid 
anionen aan de grond toegevoegd. Uit eerder onderzoek is bekend dat deze anionen zelf ook 
giftig kunnen zijn, en dus ook meespelen in de waargenomen (metaal)toxiciteit in mijn testen. 
Door de grond na toevoeging van de metaalzouten door te spoelen met water kan de overmaat 
aan anionen worden verwijderd. 

Mijn onderzoek was er op gericht de metaalinteractie voor de verschillende processen te 
specificeren en een relatie tussen de processen te leggen. Verder heb ik de rol van het anion in 
de metaaltoxiciteit bepaald. Chemische en fysisch-chemische interacties in de bodem bepalen 
welk deel van het toegevoegd metaal gebonden wordt en welk deel er vrij beschikbaar is voor 
een organisme. Er zijn verschillende extractiemethoden in gebruik als maat voor de 
beschikbaarheid van metalen. Hierbij is de extractie met sterke zuren (destructie) een maat 
voor de totale hoeveelheid metaal in de grond. Een extractie met water is een maat voor 
beschikbare metaal concentraties zoals die in het poriewater gevonden kunnen worden. Een 
extractie met een 0.01 M CaCl2-oplossing zit daartussenin; behalve vrij in de bodemoplossing 
aanwezige metalen worden hierbij ook de niet al te stevig gebonden metalen meebepaald (ook 
wel aangeduid als uitwisselbare fractie). Ook tijdens de opname van metalen door de 
springstaart kunnen interacties tussen de metalen voorkomen. Omdat onduidelijk is welk deel 
van het metaal in de bodem beschikbaar is voor springstaarten, heb ik de metaalgehalten in de 
dieren gerelateerd aan elk van de drie metaalfracties van de bodem. Zo kon ik bepalen of er 
sprake was van interactie tijdens de opname en tevens aangeven welke metaalfractie in de 
grond een goede maat is voor de biologische beschikbaarheid voor de springstaart. 

Algemeen wordt aangenomen dat gehalten van stoffen in het dier bepalend zijn voor hun 
giftige werking. Wanneer tijdens de modelanalyses de toxische effecten gerelateerd worden 
aan interne metaalconcentraties in de springstaarten zouden de gevonden interacties de beste 
maat moeten zijn voor wat er tijdens de toxiciteitsprocessen in het dier plaats vindt. Door de 
gevonden effecten op de springstaarten te relateren aan elk van de verschillende 
metaalfracties in de grond en de interne concentraties in de springstaarten kan ik uiteindelijk 
aangeven wat elk proces bijdraagt aan de uiteindelijke interacties op het niveau van toxische 
effecten. 

De volgende experimenten zijn uitgevoerd: 
• Toxiciteitstesten met loodchloride en loodnitraat, met en zonder doorspoelbehandeling 

van de grond (hoofdstuk 2); 
• Toxiciteitstesten met mengels van twee metalen: cadmium/lood, cadmium/koper en 

cadmium/zink (hoofdstuk 3); 
• Toxiciteitstesten met mengsels van vier metalen (cadmium, lood, koper en zink), met 

en zonder doorspoelbehandeling van de grond (hoofdstuk  4 en 5). 
De resultaten van deze testen werden geanalyseerd op mengselinteracties op elk van de 
verschillende niveaus. 

In elk experiment nam de beschikbaarheid van de metalen in de mengsels toe (hoofdstuk 
3-5). De metaalconcentraties in de grondextracten waren hoger in de mengsels in vergelijking 
met metalen apart. Het metaal dat het sterkst aan grond gebonden werd (lood) werd het minst 
beïnvloed door de aanwezigheid van andere metalen in een mengsel. Cadmium daarentegen 
bond het zwakst en werd in een gecombineerde blootstelling het gemakkelijkste door de 
andere metalen van bindingsplaatsen aan de bodem verdreven, wat tot hogere concentraties in 
extracten leidde. Cadmium was ook het meest giftig van de geteste metalen. Een afname van 
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de reproductie met 50% werd al bij een factor 10 lagere concentratie bereikt dan voor de 
andere metalen. Dat betekende automatisch dat de toegevoegde concentraties aan koper, lood 
en zink ook 10 keer zo hoog waren als die voor cadmium, wat tot gevolg had dat cadmium 
nog meer competitie ondervond om bindingsplaatsen aan de grond. Omdat de meeste 
bodemdieren via de bodemoplossing worden blootgesteld, is het dus aannemelijk dat de 
springstaarten in de mengsels aan hogere metaalconcentraties werden blootgesteld. Als de 
metalen in de mengsels elkaars beschikbaarheid in de grond vergroten, dan is de verwachting 
dat ze ook een groter effect op F. candida zullen hebben dan verwacht (synergisme). 

De metaalgehalten in de springstaarten werden gerelateerd aan de totale, CaCl2-
uitwisselbare en water-extraheerbare metaalfracties. Om interacties tijdens de opname van de 
metalen in de springstaarten aan te tonen, werden interne gehalten in springstaarten die waren 
blootgesteld aan een enkel metaal vergeleken met die blootgesteld aan mengsels. De opname 
van de metalen verschilde niet tussen metalen apart en in mengsels (hoofdstuk 3-5). In het 
mengsel van vier metalen was er weliswaar een kleine verhoging van de interne 
metaalgehalten te zien, maar dat stond niet in verhouding tot de toename in beschikbaarheid 
in de bodem zoals gemeten in de waterextracten. Het lijkt erop dat het totale metaalgehalte 
een betere maat is voor de beschikbaarheid van metalen voor F. candida dan de water-
extraheerbare fractie. Behalve dat verhoogde beschikbaarheid van metalen in de bodem niet 
leidde tot verhoogde opname is het ook duidelijk dat het ene metaal de opname van het andere 
ook niet beïnvloedde. Het enige effect op metaalopname werd waargenomen voor de hoogste 
concentraties van het vier-metalen mengsel. Daar werd de metaalopname lager, maar dit kon 
worden teruggevoerd op zichtbare gedragsverandering van de springstaarten: ze meden het 
contact met de grond wat ertoe leidde dat ze ook minder blootgesteld werden. Omdat we geen 
gegevens hebben over de kinetiek van opname en eliminatie van de metalen in springstaarten, 
kan het zijn dat tegengestelde interacties wel aanwezig waren maar niet zijn opgemerkt. Op 
basis van mijn gegevens concludeer ik dat de metalen niet interacteren tijdens de opname 
door F. candida. 

De metalen werkten antagonistisch op het niveau van toxische effecten (hoofdstuk 3-5). 
Dit werd in alle gevallen gevonden, ongeacht de samenstelling van het mengsel of de 
metaalfractie gebruikt in de analyses. Het relatieve aandeel cadmium in het mengsel bleek een 
belangrijke factor bij de verklaring van ratio-afhankelijke interacties. In de meeste gevallen 
nam de toxiciteit van het mengsel af als het aandeel cadmium in het mengsel toenam. 
Cadmium kwam in elk mengsel voor en het is zeer waarschijnlijk dat de complexering met 
chloride en mogelijk ook de inductie van het metaalbindende eiwit metallothioneïne de 
oorzaak is van deze antagonistische effecten. Verschil in de vorm van de interactie 
(synergisme of antagonisme) afhankelijk van het effect niveau (b.v. 10% versus 50% effect) 
werd minder vaak gevonden. Als er een dergelijke afhankelijkheid gevonden werd, 
veranderde de interactie steeds pas bij hoge concentraties: hoger dan 1,7 Toxische Eenheden 
(TE), waarbij 1 TE de metaal concentratie is die 50% effect geeft. Alleen de mengsels met 
een equitoxische ratio werden bij concentraties hoger dan 2 TE getest; de andere ratios bleven 
daaronder. Bij de mengsels met hoge concentraties metalen speelt osmotische stress door de 
hoge zoutgehalten een grotere rol dan bij lagere concentraties. Aldus zou een effectniveau-
afhankelijk interactie een weerspiegeling kunnen zijn van een overgang van voornamelijk 
metaaltoxiciteit bij lage concentraties naar voornamelijk zoutstress of toxiciteit van het anion 
chloride bij hoge concentraties. 

Het opsplitsen van het toxische proces in drie niveaus heeft inzicht verschaft in de 
interacties op verschillende onderliggende processen. Op het niveau van bodemchemische 
processen vond ik synergisme, in de metaalopname door F. candida vond ik geen interactie 
en op het toxische effect op groei, reproductie en overleving van F. candida vond ik 
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antagonistische werking van de metalen. Er kon geen verband worden gelegd tussen de 
gevonden interactie op het niveau van toxische effecten en de interacties die optraden in de 
bodemchemische processen en tijdens de opname van de metalen door de springstaarten. 

De bijdrage van het anion aan de toxiciteit van de metaalzouten was significant. In de 
experimenten met loodzouten bleek chloride minder giftig te zijn dan nitraat (hoofdstuk 2) en 
daarom werd in de rest van de experimenten met chloridezouten gewerkt. Maar chloride had 
toch effect op de (mengsel)toxiciteit in alle experimenten, hetzij indirect door veranderingen 
in metaalbeschikbaarheid, hetzij direct door osmotische stress. Vergelijking van het vier 
metaalmengsel met en zonder doorspoelbehandeling liet zien dat in de standaard test chloride 
zorgde voor gedragsveranderingen, verminderde reproductie (door uitdrogen van de eieren) 
en in mindere mate geremde groei van de springstaarten. En, van tegenovergesteld effect: 
verminderde toxiciteit van cadmium door de vorming van niet-beschikbare cadmium-
chloridecomplexen. Gezien alle negatieve effecten van chloride is het opvallend dat de 
interactie tussen de metalen in de mengselexperimenten met en zonder doorspoelbehandeling 
zulke vergelijkbare resultaten opleverde. Het verwijderen van het chloride leidde niet tot 
veranderingen in het interactiepatroon van de metalen in de grond, tijdens opname en op de 
toxische processen van het mengsel van vier metalen. Waarschijnlijk waren er wel 
veranderingen, maar heffen ze elkaar op. Het is zeer aannemelijk dat de overeenkomst in de 
interacties in aanwezigheid en afwezigheid van chloride zoals hier werd gevonden een 
speciaal geval is en dat de patronen waarschijnlijk wel zullen veranderen voor bijvoorbeeld 
andere metaalcombinaties, typen grond of organismen. 

Het onderzoek dat in dit proefschrift wordt beschreven, maakte gebruik van beschrijvende 
modellen om interactiepatronen te ontdekken voor de verschillende niveaus en heeft duidelijk 
gemaakt hoe complex interacties in mengseltoxiciteit voor bodemdieren zijn. Ondanks dat het 
grond-dier systeem nu in meerdere niveaus opgesplitst is, blijft elk niveau een zwarte doos. 
De algemene interactiepatronen kunnen nog steeds niet geïnterpreteerd worden in 
mechanistische termen en de vertaalslag naar ander mengsels en diersoorten kan daardoor niet 
worden gemaakt. Om de risico-analyse voor mengsels van stoffen mogelijk te maken, zou het 
het efficiëntst zijn om algemeen geldende gegevens te verkrijgen in plaats van soorts-, stof-, 
testsysteem- en tijdstipspecifieke gegevens. Het gebruik van toxiciteitsmodellen die gebaseerd 
zijn op algemene biologische processen is voor dit doel veelbelovend. 
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Dankwoord 
 
 
Het werk is volbracht. Na jaren van volharding kan ik hier mijn dank uiten aan al diegene die 
mij geholpen en gesteund hebben. Mijn werk aan dit proefschrift is opgedeeld in twee fasen; 
voor en na de ziekte en het overlijden van mijn broer. De jaren voor werden gekenmerkt door 
bloed, zweet en tranen in het lab, en de jaren na door het stugge reken- en schrijfwerk. Het 
plezier in onderzoek doen en de passie voor de biologie is gebleven. Vele mensen hebben op 
vele manieren geholpen bij de totstandkoming  van dit proefschrift, maar een aantal wil er 
even speciaal uitlichten. 
 
Allereerst mijn dank aan Nico van Straalen voor de gelegenheid om bij de dieroecologie-
groep te werken. Ik heb mooie jaren doorgemaakt op de dierleukologie afdeling (in de 
bewoordingen van Martijn, collega-aio). Je hebt veel geduld moeten uitoefenen, maar alles is 
goed gekomen. 
 
Kees van Gestel, je begeleiding was zeer uitgebreid. Door de gezamenlijke treinreizen bleef ik 
nooit met een probleem zitten. Welke aio heeft de luxe om elke dag bijna 3 uur met zijn 
begeleider te kunnen spreken… Via jou kwam ik aan een groentetuin. Het deed me altijd 
bijzonder veel goed om met mijn handen in de grond te wroeten na een dag labwerk. Ik ben je 
ook zeer dankbaar voor je steun in de tijd dat ik het moeilijk had en de rust die je voor mij 
creëerde om alles te kunnen afronden. Dank! 
 
Josée en Ingrid, met z’n drieën konden we de hele wereld aan! Ik heb met jullie zo veel lol 
gehad, ik kan me geen leukere paranimfen bedenken! Nog een laatste keer als kwik, kwek en 
kwak samen op de VU; dat kan alleen maar een heerlijke dag worden. Door jullie hand-en-
span diensten was het experimentele werk dragelijk. Gelukkig kon ik jullie ook helpen bij 
jullie werkzaamheden. Samen werken, kletsen en filosoferen over werk en leven, dat waren 
gouden tijden. 
 
Rudo en Kees Verhoef, bedankt voor al die werkoverleg- / koffiemomenten om 8 uur ’s 
ochtends! Menig probleem met planning of apparaten werd daar opgelost of voorkomen. 
Jullie bijdrage is zeer waardevol geweest voor het welslagen van mijn werk. Maar jullie staan 
vooral in mijn geheugen als zeer fijne collega’s die mijn VU-jaren tot een goede tijd maakten. 
Ik denk dan b.v. aan het wittebrood met gerookte sprot als ik om 7 uur ’s ochtends de AAS 
alweer aan het draaien had…. onbetaalbaar! 
 
Ik had het geluk dat 4 studenten hun stage bij mij gedaan hebben. Daar de omvang van de 
experimenten, inherent aan mengselonderzoek, was ik afhankelijk van studenten voor het 
uitvoeren van elk experiment. Met 1 paar handen kun je bijna niets doen, zelfs al laat je ze 
nog zo hard wapperen. Bedankt voor jullie inzet! 
Ben, jij was de eerste en alle begin was moeilijk, ook voor mij, maar het onderzoek heeft 
mooie resultaten opgeleverd, toch? 
Miranda, de bergen werk die jij en ik verzet hebben waren enorm. De hoeveelheid gegevens 
heeft me de nodige hoofdbrekens gegeven: wat relateer je waaraan en welke figuren laat je 
zien en wat niet, enz. Maar dat is een luxe-probleem!  
Tanja, die Forschung an Mischungen von Fungiziden und Metallen war  nicht einfach, aber 
die harte Arbeit hat dich nicht abgeschreckt; du  bist sogar für deine Diplomarbeit 
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zurückgekommen. Leider können die  Fungizide Springschwänze nur töten, wenn man ein 
Kilo davon auf ihren  Kopf fallen lässt. Trotzdem war es eine schöne Zeit! 
Katja, eine Mischung aus vier Metallen war bereits viel Arbeit, aber  zusammen haben wir es 
sogar geschafft, dasselbe nach dem Durchspülen des Bodens zu wiederholen. Wahnsinniges 
Experiment, an den Ergebnissen habe ich immer noch viel Spaß. Das macht uns keiner nach! 
Vielen vielen Dank! 
 
Voor alle worstelingen met de wiskundige en modelmatige kant van de mengseltox wil ik 
Martijs Jonker en Jacques Bedaux bedanken. Jullie konden wonderbaarlijk goed overweg met 
mijn gebrabbel over modellen, want ik was die taal echt niet meester, maar in de loop van de 
tijd ben ik me er een beetje in thuis gaan voelen. Dat ik nog eens iets zinnigs uit Matlab kon 
krijgen is mede aan jullie te danken. 
 
De hele afdeling dier(o)ecologie wil ik hier roemen om de goede werksfeer. Tijdens de laatste 
mengselexperimenten heb ik zowat de hele afdeling ingeschakeld om alle potjes uitgehaald te 
krijgen, waarvoor wederom dank! Ik ben in mijn VU-jaren heel wat meer bioloog geworden 
dankzij de enorme kennis van allerlei grote en vooral kleine beestjes binnen de groep. De 
Nederlandse natuur bestaat nog als je maar naar kleine beestjes kijkt! 
Ik heb zo’n lange tijd doorgebracht aan de afdeling dat ik velen heb zien komen en gaan. Ik 
weet zeker dat ik namen vergeet als ik ze hier zou opsommen, vandaar dus: allen bedankt! 
 
Verder gaat mijn dank uit naar de mannen van de fotoafdeling waar ik altijd terecht kon als ik 
vreesde dat de film in de camera niet doorliep tijdens het uithalen van een experiment. Na die 
ene keer dat het onverwacht mis ging (de film zat niet goed, dus 36 replica’s verloren), ben ik 
menigmaal gerustgesteld door jullie snelle check in de donkere kamer. De werkplaats heeft 
me voorzien van gasflessen, bakjes en potjes. Ik heb veel steun gehad aan de bedrijfsarts en 
psycholoog tijdens de moeilijke tijd. Erg fijn dat ik bij jullie terecht kon! 
Ook de afdeling theoretische biologie wil ik danken voor goed gezelschap en lekkere koffie. 
 
Nooit had ik gedacht met scholieren te kunnen werken en nu zit ik er toch middenin. Sinds 
ruim 3 jaar werk ik als toa biologie en ik geniet van de energie van de leerlingen en de echte 
biologie kennis die ik kan overdragen. Dit praktische werk met bloemetjes, bijtjes en 
hartsnijpractica was een geweldige combi met het schrijfwerk. En weer heb ik het getroffen 
met geweldige collega’s; ons toa-team is er gezellig en men is er voor elkaar, erg fijn! Ook de 
biologie- en scheikunde docenten zijn een bron van inspiratie en als toa krijg je toch een 
bijzonder kijkje in de keuken van het docentschap. Bonifanten: bedankt voor alle steun! (en 
voor het oud papier waarop ik schuldgevoelvrij menige versie van dit proefschrift heb 
afgedrukt). 
 
Vrienden en familie die bleven vragen hoe het stond met mijn proefschrift wil ik bedanken 
voor hun steun. De komende tijd ga ik de schade van jaren inhalen en weer eens afspreken en 
langs komen.  
 
Pap en mam, bedankt voor alles! Voor het overdragen van jullie kennis over beestjes en 
plantjes in tuin en veld, het stimuleren van mijn onderzoeksdrang maar vooral voor het volle 
vertrouwen dat jullie hadden in de voltooiing van dit proefschrift. Dit waren heftige jaren, 
maar als familie zijn we alleen maar hechter geworden en dat voelt goed.  
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Op de paardenrug en ernaast heb ik me de laatste 5 jaren gelukkig goed kunnen ontspannen. 
Zeker nu we ons eigen paard, Loky, hebben en we dagelijks in het bos komen krijgt spanning 
niet meer de kans om te hoog op te lopen; mijn redding in deze laatste maanden. Dank aan 
alle paardjes die me de laatste jaren op de been hielden!  
 
Tjalling, bedankt voor al die keren dat je me nuchter naar de zaak hebt helpen kijken. Je was 
mijn rots in de branding; voor alle problemen met Matlab, formuleringen en computerzaken 
had je een oplossing. Je hebt me opgeraapt als ik viel en me overeind gehouden toen ik 
wankelde: bedankt dat jij er bent! 
 
Bedankt, Marina 
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