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The release of metals into the environment has been greatly accelerated by human 
activities. These activities have increased, in numerous cases, the metal 
concentrations of soils above natural levels. In many places, for instance, close to 
emission sources, concentrations have reached levels that cause concern about 
human health and the environment. Risk assessment of such contaminated sites is 
necessary to estimate the likelihood of ecological damage and adverse effects on 
human health. Such risk assessments are based on a comparison between 
toxicological endpoints and the bioavailable concentrations in soil. This PhD thesis 
deals with one aspect of the risk assessment: a scientific underpinning of the 
assessment of bioavailability of soil-bound metals to ecological targets, specifically 
soil organisms. 
The porewater hypothesis assumes that metals are available to soil organisms 
through the aqueous phase of the soil (Van Gestel, 1997). The main exposure 
route for soil organisms such as collembolans is through the ventral tube and the 
cuticle (Fountain and Hopkin, 2005). After being taken up via the pore water, 
metals are accumulated on biotic ligands (BL), which are binding sites of metals in 
the organisms. 
Free metal ions are the most bioavailable fraction, with free metal ion activity being 
the best indicator of metal bioavailability (Lanno et al., 2004). However, in soil two 
factors affect free metal ion activities: 1) The presence of other cations (e.g., Ca2+, 
Mg2+, and protons (pH)) competing with the free metal ions to bind to the BL sites, 
and 2) Complexation of the free metal ions with organic and inorganic ligands in 
the soil solution such as dissolved organic carbon (DOC), other metal species, and 
the presence of anions (e.g., Campbell, 1995). Soil is a more complex system than 
water, with the soil solid phase dominating the metal speciation in the soil solution.  
Bioavailability has shown to be specific to the metal and the organism. Organisms 
may represent different kinetics patterns when exposed to essential or non-
essential metals (Rainbow, 2002). In this thesis, copper and cadmium were 
selected to study the difference between essential and non-essential metals when 
assessing bioavailability to a soil invertebrate.  
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Collembolans are one of the most abundant soil organisms and they are known as 
ecologically relevant species (Van Gestel, 2012), which are widely used in toxicity 
tests and soil bioassays. In this thesis, the springtail Folsomia candida 
(Collembola, Isotomidae) was used as a collembolan species which has been 
selected for soil toxicity tests for more than 40 years (Fountain and Hopkin, 2005). 
The main aim of this PhD thesis was to assess factors affecting metal 
bioavailability to F. candida. Bioavailability is a key issue in the risk assessment of 
metals in contaminated areas. It has different aspects, including route of exposure, 
metal speciation, and biotic ligand modeling (BLM) on one hand and 
kinetics/dynamics of metal accumulation and development of toxicity with time on 
the other hand. For that reason, this PhD thesis contains two parts; one on biotic 
ligand modeling (Chapters 2-5), and one on toxicokinetics modeling (Chapter 6-
10). In Chapter 10, toxicokinetics modeling was linked to the BLM to provide an 
integrated approach to study metal bioavailability (see Figure 2 in Chapter 1).  
Following the main research aim, several sub-questions (topics) were addressed in 
the different chapters. Here, these questions will be answered in each section. 
 
1. Test medium 
Artificial and natural soils are generally used to conduct toxicity tests with soil 
organisms. However, a large variation in results of these tests was found even 
using a standard artificial test soil (Bielská et al., 2012). The findings of Bielská et 
al. (2012) showed that more attention is needed for the preparation of artificial soils 
and that the properties of these soils should be specified in international guidelines. 
This leads to a need for a uniform test guideline (Van Gestel, 2012) when 
comparing metal bioavailability among different studies. It has been shown that the 
role of pore water as the main exposure route of the collembolans can be 
simulated by using a solution-only exposure medium containing a cation 
composition that resembles natural soil porewater characteristics. This type of 
solutions is a simplified mimic of pore water ruling out the complexity of soil 
matrices and processes such as sorption and desorption. Another advantage of 
using solution-only media is that experimental conditions can be controlled. This 
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means that the effects of e.g., cation concentrations, pH, and dissolved organic 
carbon on metal toxicity can be assessed by changing each parameter univariately.  
However, there are also limitations associated with using solution-only media. 
Solution-only exposure may be too artificial and therefore animals may behave 
differently from real soil. Also, the animals may have lower ability to move through 
the matrix compared to soil which may lower the change of the cuticle layer in 
arthropods (molting) or the mucus layer in earthworms. In addition, in solution-only 
exposure, the test organisms may suffer from lack of food. These factors may add 
extra stress for the animals (Steenbergen et al., 2005). Another disadvantage of 
using this type of exposure is that the interaction between physical-chemical 
parameters, such as between pH and CEC or cation composition of the soil 
solution, or the effect of dissolved organic matter on metal speciation, often found 
in the natural environment is ignored. In natural soils, these interactions may 
interfere with the bioavailability of metals. Nevertheless, because of the 
advantages listed above, aqueous exposure solutions were used in this thesis 
employing single cation or multi-cation solution media (Chapters 3, 4, 5, and 7).  
In brief, 0.2 mM calcium and multi-cation stock solutions were used to prepare a 
dilution series of copper concentrations (Chapter 5). Different calcium 
concentrations were then used to prepare cadmium and copper solutions and 
record toxicity and bioaccumulation of both cadmium and copper at different pH 
levels (Chapters 3 and 4). A multi-cation solution embedded in inert quartz sand 
was also used to study cadmium toxicokinetics-toxicodynamics (TK-TD) in F. 
candida (Chapter 8).  
 
In pilot tests, survival of the animals was further monitored over a range of 
concentrations of different cations (Ardestani, unpublished). This was done to 
determine the best solution composition with the highest control survival of the 
animals. Survival of F. candida remained > 80% for up to 11 days in control 
solutions of a test in which 0.2 mM calcium-only solution was compared with a 
multi-cation solution (Chapter 5). This meets the requirement of ISO guideline 
11267 (ISO, 1999), stating that survival of the test animals should be > 80% for the 
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test to be valid. A previous study showed that F. candida can survive for 14 days in 
control aqueous media and walk over the solution surface (Houx et al., 1996). In 
the tests with different pH and calcium levels, however, survival of the animals in 
control solutions decreased with time till up to 35-40% after 7 days (Chapters 3 and 
4). Survival was > 80% for the first 3-4 days of the tests. High control mortality 
generally is not a problem as long as it is possible to obtain proper dose-response 
relationships, which was always the case. Applying the GUTS modeling approach 
(Ashauer et al., 2011; Jager et al., 2011; Chapter 5), control mortality was in fact 
one of the model parameters. Nevertheless, also in the latter case, longer 
exposure durations were omitted from the data analysis.  
Better survival was observed in a sand-solution medium (Chapter 8). This test 
medium seemed less stressful for the animals with control survival remaining 100% 
till the end of the 21-day test. These results show that both solution-only exposure 
and sand-solution media may be suitable for performing ecotoxicity tests with F. 
candida, and they both allow control of chemical exposure. 
 
2. The effects of calcium and pH  
Calcium and pH are two main factors affecting metal bioavailability, which was 
confirmed in cadmium and copper toxicity tests with F. candida (Chapters 3, 4, and 
5) and copper bioaccumulation tests in a toxicokinetics approach (Chapter 7), both 
using solution-only exposures.  
 
For copper, 7-day LC50 values of 2.3-20 µM were calculated for F. candida exposed 
in solution-only exposures at different calcium concentrations and pH levels 
(Chapter 4). Slightly higher LC50 values were estimated when the animals were 
exposed in 0.2 mM Ca or multi-cation solutions at pH 6.0 (Chapter 5). EC50 values 
of 173-264 µM based on 0.01 M CaCl2 extractable concentrations were reported 
for F. fimetaria exposed for 21 days to copper in field soil (Bruus Pedersen and van 
Gestel, 2001). No other LC50 values for copper based on porewater concentrations 
were found for comparison. 
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Van Gestel and Koolhaas (2004) estimated LC50s ranging between 0.6 and 30 mM 
in pore water for F. candida exposed for 28 days to cadmium in artificial and 
natural field soils. Crommentuijn et al. (1997) calculated LC50 values of 78-548 
mg/kg dry soil (corresponding with 0.7-4.9 mmol/kg) based on water-extractable 
cadmium concentrations for F. candida exposed for 35 days at different pH levels 
and organic matter contents in artificial soils. The latter values correspond with 
LC50 values of approximately 0.07-0.49 mM. Considering the factor of 
approximately 20 difference between porewater and water-extractable 
concentrations in artificial soils found by Van Gestel and Koolhaas (2004), this 
corresponds with approximately 1.4-9.8 mM in pore water. These values are in 
agreement with the values of up to 3.8 mM reported in Chapters 3 and 5 for F. 
candida after 7 days of exposure to cadmium in solution media.   
 
Internal copper concentrations steadily increased with increasing exposure 
concentrations in all tests (Chapters 4 and 5). This is in agreement with Bruus 
Pedersen et al. (2000) who showed a non-linear increase in copper concentrations 
in F. candida after 4 days of exposure with increasing 0.01 M CaCl2 extractable 
copper concentrations in field soils. The level of copper in the body was 
approximately 200-300 µmol/g dry body weight after 7 days exposure to copper in 
0.2 mM Ca and multi-cation solutions (Chapter 5) as well as exposure for 7 days to 
copper at different calcium concentrations and pH levels in simulated soil solutions 
(Chapter 4).  
When F. candida was exposed to sub-lethal copper concentrations at two calcium 
concentrations and two pH levels in solutions and at three different pH levels in 
soil, internal concentrations were 3.1-4.7 µmol/g dry body weight and remained 
constant throughout exposure (Chapter 7). These values are in agreement with 
Vijver et al. (2001) who measured similar copper levels, but slightly higher than the 
internal copper levels of approximately 1.6 µmol/g dry body weight reported by 
Bruus Pedersen et al. (2000) for F. candida exposed in field soils.  
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Internal cadmium concentrations of approximately 200-300 µmol/g dry body weight 
were measured after 7 days exposure of the animals in 0.2 mM Ca solutions as 
well as a multi-cation solution in sand-solution medium (Chapters 3 and 8).  
From this overview of toxicity and bioaccumulation data, it can be concluded that 
LC50 values and accumulation levels were quite similar in different tests on F. 
candida, confirming the assumption that the main uptake route is through pore 
water. The results also show a good relationship between internal metal 
concentrations and metal concentrations in the test media and between survival 
and metal accumulation in F. candida exposed for a fixed exposure time to copper 
and cadmium using solution-only exposures (see Chapters 3 and 4). 
 
3. The effects of cations on metal toxicity and BLM-derived parameters  
Applicability of the BLM-based modeling was confirmed for F. candida exposed to 
cadmium and copper in simulated soil solutions (Chapters 3 and 4). Derived BLM 
conditional binding constants for these two metals were compared with the 
literature in Chapter 2. 
According to the BLM principles, cations may compete with the free metal ion for 
binding to the BL sites of the organism, thereby reducing metal toxicity (Di Toro et 
al., 2001; Santore et al., 2001). In the BLM-based models applied to predict copper 
toxicity to F. candida, both calcium and protons showed non-significant interactions 
with the free copper ions. These interactions led to lower copper toxicity at higher 
calcium levels and at pH 5.0 and 7.0. This supports the competing effects of 
calcium and to a lesser extent of protons on copper toxicity. However, a hormetic 
effect was observed at sub-lethal copper exposure concentrations (approximately < 
0.1 µM Cu, Chapter 4) which prevented us from drawing a strong conclusion about 
the protective effect of calcium and protons in most cases. Thakali et al. (2006b) 
reported protons as the main factor influencing copper toxicity to F. candida 
exposed for 28 days in field soils. Competing effects of other cations (Ca2+, Mg2+, 
and Na+) were insignificant compared to that of protons for binding to the BL sites 
of the organism.   
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The conditional binding constant of 5.19 (log K, L/mol) calculated for copper 
(Chapter 4) was in agreement with Thakali et al. (2006b) who reported a log K 
value of 4.62 for F. candida. This suggests the same affinity of copper ions to bind 
to the BL sites for the animals exposed in simulated soil solution and in soil. This 
confirms the suitability of the solution-only exposure system for exposing F. 
candida to copper when applying a fixed exposure time.  
The high log KH-BL value of 5.04 indicates that protons have a high potency to 
compete with the free copper ions to bind to the BL sites in the solution-only tests 
(Chapter 4). The log K values for protons were higher than the value of 2.97 
reported by Thakali et al. (2006b), suggesting other parameters may influence the 
binding affinity of protons to the binding sites of F. candida in the soil solution. Also 
for calcium, the estimated log KCa-BL value of 2.12 indicates a lower tendency to 
compete with the free copper ions compared to protons (Chapter 4). 
For cadmium, interactions of calcium and protons with the free cadmium ions for 
binding to the BL sites on F. candida had less impact compared to copper (Chapter 
3). Calcium did not significantly affect cadmium toxicity while toxicity was only 
slightly lower at higher pH levels, suggesting that also the presence of protons did 
not influence cadmium toxicity (Chapter 3). Crommentuijn et al. (1997) showed that 
cadmium toxicity to springtail growth decreased with decreasing pH when 
expressed on the basis of water-extractable concentrations in soil. Such an effects 
was not found when looking at reproduction; there it seemed that the increasing 
cadmium availability with decreasing pH was cancelled out by a lower toxicity at 
lower pH due to competition of protons. The latter finding is in agreement with the 
results of the kinetics study on cadmium reported in Chapter 10 (see below).  
For cadmium, conditional binding constants of 1.62-2.31 (log K, L/mol) were 
calculated from different exposures of F. candida in simplified soil solutions 
(Chapter 3). These log K values were however, 3-4 log units lower than the value 
of 6.44 reported for the test animals exposed to cadmium in natural LUFA 2.2 soil 
at different pH levels (Chapter 10). This suggests that experimental conditions 
(solution vs. soil) may affect the results of the tests. The derived binding constants 
for calcium and protons were quite similar in both studies. For protons, a slightly 
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higher log K value was found for F. candida after soil exposure (5.88; Chapter 10) 
than for solution exposure (4.97; Chapter 3) to cadmium; this could be explained by 
the role of protons competing with the free cadmium ions in the soil pore water. 
The lower binding constant (log K, L/mol) of 2.87 for calcium in solution-only 
exposures was similar to that of Thakali et al. (2006b). It indicates a lower tendency 
of free calcium ions to compete with cadmium ions for binding to the BL sites of the 
organism. The similarity of log K values for cadmium and calcium upon exposure of 
F. candida to simplified soil solutions may be related to the similarity in uptake 
pathways. Cd2+ ions were shown to affect Ca2+ ion channels because of the 
similarity in ionic charge and atomic radius (Verbost et al., 1988). 
In general, it is interesting to note that log K values for protons, calcium, cadmium, 
and copper are consistent across different studies. This reinforces the applicability 
of the BLM-based modeling for F. candida exposed to metals in solution 
exposures.  
 
4. Mechanistic approaches to assess metal bioavailability  
Mechanistic approaches such as toxicokinetics and toxicodynamics were applied to 
gain more insight into metal bioavailability (Chapters 5, 7, 8, 9, and 10). The effect 
of pH on copper and cadmium toxicokinetics was further studied (Chapters 9 and 
10). Moreover, a review of the literature to metal toxicokinetics in soil organisms 
was presented in Chapter 6. 
 
In different chapters of this thesis, the factor time was considered when assessing 
metal bioaccumulation in F. candida using different exposure media. Using simple 
and controlled porewater compositions, metal bioavailability to soil organisms may 
be better described when a mechanistic approach is used. For copper, as an 
essential element, a simulated soil solution was used to assess toxicokinetics in F. 
candida at different pH and calcium levels (Chapter 7). Calcium and pH showed 
small but non-significant effects on copper bioaccumulation, and internal copper 
concentrations remained fairly constant for 15 days, which was shown to be 
intrinsic to soil organisms (e.g., Spurgeon et al., 2012). This suggests that internal 
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mechanisms in the animals mainly govern the level of copper bioaccumulation 
independent of exposure conditions (Chapter 7), indicating regulation of copper 
concentrations in F. candida (see below). 
When F. candida was exposed for 14 days to copper at sub-lethal exposure levels 
in pH-amended LUFA 2.2 soils (standard natural soil; Speyer, Germany), internal 
concentrations slightly increased with time (Chapter 9). These results indicate slow 
uptake of copper in the collembolans with uptake rate constants not significantly 
differing from each other among three pH levels. So, the effect of pH was not 
strong enough to affect copper bioaccumulation (Chapter 9).  
F. candida was able to regulate copper at approximately 3.1-4.7 µmol/g dry body 
weight when exposed either in simulated soil solution (Chapter 7) or in natural 
LUFA 2.2 soil (Chapter 9). This was in line with findings of Vijver et al. (2001) who 
showed regulation of copper in F. candida exposed for 28 days in different field 
soils at similar exposure levels compared to the previous studies. These findings 
suggest the presence of a strong homeostatic mechanism in the springtails for 
essential metals. 
Cadmium bioavailability was studied by performing uptake and uptake-elimination 
kinetics tests in a sand-solution medium (Chapter 8). Cadmium concentrations in 
the animals increased slightly till the end of the uptake phase with uptake rate 
constants of 0.23 to 1.89 L kganimal-1 d-1 at different exposure concentrations. When 
a combined uptake-elimination kinetics model was applied, enabling derivation of 
kinetics values based on more complete datasets, more accurate estimates for the 
uptake and elimination rate constants were obtained than when using data only 
from an uptake phase. Overall uptake and elimination rate constants of 0.18 L 
kganimal-1 d-1 and 0.02 d-1, respectively, were estimated for cadmium. These results 
are in agreement with Vijver et al. (2001) who reported slow uptake of cadmium in 
F. candida exposed for 28 days in field soils.  
As a more relevant exposure medium compared to solution-only and sand-solution 
media, LUFA 2.2 soil was used in a toxicokinetics test to study cadmium 
bioavailability to F. candida at three soil pH levels (Chapter 10). The animals were 
exposed for 21 days to cadmium during the uptake phase followed by a 21-day 
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elimination phase in clean soil. Soil pH did not affect kinetics in F. candida and no 
difference in cadmium bioaccumulation was found based on total soil 
concentrations. When relating cadmium bioaccumulation kinetics to porewater 
concentrations, cadmium uptake rate constant significantly increased with 
increasing pH, from 0.005 to 0.581 L ganimal-1 d-1. This finding agrees with the biotic 
ligand modeling principles, with the higher uptake at high pH being explained from 
the lower amount of protons available in the soil pore water (Chapter 10).  
Upon soil exposure, higher elimination rate constants (0.13-0.46 d-1) led internal 
cadmium concentrations in F. candida to reach steady state after 10-14 days of 
exposure (Chapter 10). When a sand-solution medium was used, internal cadmium 
concentrations gradually increased till the end of the 21-day test (Chapter 8). In the 
latter study, estimated elimination rate constants were a factor of 10 to 20 lower 
compared to exposure in soil (Chapter 10). This difference may be attributed to the 
difference in exposure media composition. One important factor may be the ability 
of the animals to molt: soil exposures allow the animals to molt, while springtails 
will generally not molt on a water surface. Molting may facilitate removal of 
cadmium from the body (Posthuma et al., 1992; Van Straalen et al., 1987) and 
therefore a higher cadmium elimination upon soil exposure was expected.  
Few toxicokinetics studies are available for Collembola exposed to cadmium 
through food (Chapter 6). However, dietary exposure of collembolans is not 
comparable with exposure in spiked soils. 
  
The effect of time as an important factor on copper and cadmium toxicity to F. 
candida was assessed using a toxicodynamics approach and exposure in solution-
only and sand-solution media (Chapters 5 and 8). Upon exposure to copper, 
survival of F. candida in a 0.2 mM Ca solution and a multi-cation solution 
decreased with time with LC50 values decreasing from approximately 400 µM at 
day 3 to 50 µM at day 7. Copper was slightly more toxic in multi-cation solutions 
than in 0.2 mM Ca solution (Chapter 5).  
The relationship between survival and time was further investigated for F. candida 
exposed for 7 days to cadmium and copper in solutions at different calcium 
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concentrations and pH levels (Chapters 3 and 4). LC50 values for copper 
decreased from 84 µM at day 4 to 3.8 µM at day 7 of exposure for the calcium 
series and from 133 µM at day 3 to 2.3 µM at day 7 of exposure for the pH series. 
No such clear trend in LC50s was observed at lower calcium concentrations (0.2 
mM Ca) and at an intermediate pH level (pH  6.0). This was due to the occurrence 
of hormesis (see Chapter 4). For cadmium, LC50s decreased with time from 74 to 
0.6 mM for the calcium series and from 48 to 1.1 mM for the pH series (Chapter 3).  
Ultimate LC50 values of 0.2 to 20 µM could be calculated for F. candida exposed to 
copper in 0.2 mM Ca and multi-cation solutions (Chapter 5). When the animals 
were exposed to copper at different calcium concentrations and pH levels, ultimate 
LC50s of 0.014-0.035 µM were found (Chapter 5). This difference may be attributed 
to the difference in solution composition. Elimination rate constants based on LC50-
time relationships for copper were up to 0.03 d-1, showing the low ability of the 
animals to eliminate copper from the body (Chapters 4 and 5).  
For cadmium, ultimate LC50 values of 0.010-0.088 mM were estimated for F. 
candida exposed at different calcium and pH levels. Elimination rate constants 
(based on survival data) were almost zero, confirming linear accumulation of 
cadmium by F. candida upon solution-only exposures (Chapters 3 and 5). This 
suggests the build-up of damage in the animals as a consequence of exposure to 
cadmium but may also indicate very efficient storage in the animals. 
After exposing F. candida to cadmium in sand-solution media, survival dose-related 
decreased (Chapter 8). Also a good relationship was found between survival and 
time of exposure. LC50 values calculated using the trimmed Spearman-Karber 
method (Hamilton et al., 1977) based on measured cadmium concentrations 
decreased from 10.8 mM at day 2 to 0.71 mM after 21 days of exposure. From the 
LC50-time relationship, an ultimate LC50 value of 0.51 mM and an elimination rate 
constant of 0.025 d-1 based on survival data could be estimated. This elimination 
rate constant for cadmium was higher than the values obtained from solution-only 
exposures (Chapter 5). Crommentuijn et al. (1994) reported an elimination rate 
constant of 0.048 d-1 for cadmium in the collembolan species Orchesella cincta. 
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The results of exposing F. candida to copper and cadmium in solution-only and 
sand-solution media confirmed the importance of time when studying metal 
bioavailability. Elimination rate constants derived from survival data may provide 
more information about the way the animals deal with metals. For cadmium, it may, 
for instance, confirm the capacity of the animals to detoxify cadmium by storage.  
 
5. Link between accumulation and effects under general concept of BLM  
The use of combined approaches such as toxicokinetics and BLM was investigated 
to comprehensively study metal bioavailability (Chapters 2, 6, and 10). To obtain 
more insight into the mechanism of the effects of metals on F. candida, toxicity was 
related to body concentrations. Generally, survival decreased with increasing metal 
concentrations in the animals until body concentrations reached a level (the lethal 
body concentration) above which no survival was observed. For example, LC50 
values of 35.2 and 135 µmol/g dry body weight were estimated for F. candida 
exposed for 7 days to copper in multi-cation and 0.2 mM Ca solutions, respectively 
(Chapter 5). In another study, LC50 values of 2.36-376 and of 4-25 µmol/g dry body 
weight were calculated for F. candida exposed for 7 days to cadmium and copper, 
respectively at different calcium concentrations and pH levels using solution-only 
exposure (Chapters 3 and 4). Moreover, internal LC50s for copper and cadmium 
were higher at higher calcium concentration in the media. This does not agree with 
the BLM concept in which an increase in calcium levels is expected to result in 
lower metal accumulation. No clear trend was observed among internal LC50s for 
both metals at different pH levels.  
LC50 values of 3.6-9.9 µmol/g dry body weight with an overall LC50 of 7.9 µmol/g 
dry body weight were estimated for F. candida exposed for 21 days to cadmium in 
sand-solution media (Chapter 8). These values were only a factor of 2 higher than 
lethal body concentration of 4.6 µmol/g dry body weight. Since LC50 values based 
on internal cadmium concentrations did not differ from the lethal body 
concentration derived from toxicokinetics data, a good relationship between 
toxicokinetics and toxicodynamics was achieved. This relationship was also 
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confirmed by the similar elimination rate constants obtained when considering 
toxicokinetics and survival data.  
Following the main assumption of the BLM approach, only a fraction of the metal 
bound to the biotic ligand sites of the organism is associated with adverse effects. 
Therefore, the fraction of occupied biotic ligand sites (f) in the organism, which is 
the net result of metal accumulation independent of the effect of porewater 
composition, is a better indicator of the relationship between toxicity and 
accumulation (e.g., Thakali et al., 2006a, b). The f50 value calculated in BLM-based 
models explains effects associated with metal accumulation. The f50 values for 
copper and cadmium obtained in Chapters 3 and 4 were always in agreement with 
literature data for other organisms.  
To validate the developed BLM modeling, all conditional binding constants for a 
metal were used to predict its effects. For instance, the toxicity of copper and 
cadmium to F. candida was predicted using the BLM parameters calculated from 
bioaccumulation data (Chapters 3 and 4). A good correlation between predicted 
and observed effects was found suggesting the applicability of BLM-based models 
to predict the toxicity of cadmium and copper to F. candida. The applicability of 
these models was also confirmed by comparing the log K values estimated for 
copper and cadmium and other cations (Ca, protons) present in the medium 
competing with the free metal ions (see above).  
 
General conclusions and recommendations 
The results of the experiments performed in this thesis showed that porewater 
composition has a great influence on metal bioavailability to the soil-dwelling 
arthropod F. candida. Even similar experimental setups for investigating metal 
toxicity to the same test species, but under different water chemistries such as 
different pH or calcium levels, may lead to different results. Therefore, 
environmental conditions should be taken into account in ecotoxicological tests. 
Exposure characteristics must be known for comparative studies to assess metal 
bioavailability. The biotic ligand modeling approach, combined with toxicokinetics 
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analysis, may provide a good framework for taking exposure conditions into 
account and reveal the underlying mechanisms. 
Solution-only exposure is a suitable approach for mechanistic studies on metal 
bioavailability to F. candida. Good survival of the animals is possible both in a 
sand-solution system as well as in solution-only media. Solution-only exposure is 
able to produce consistent LC50 values which also agree with values based on 
porewater concentrations reported in the literature. Similarly, regulation of internal 
copper concentrations in F. candida is consistent across test media. 
Since bioavailability is a dynamic process, time should be taken into account when 
performing toxicity and bioaccumulation tests. More mechanistic approaches, such 
as toxicokinetics and toxicodynamics, are useful for assessing metal bioavailability. 
Applying these approaches confirmed the metal-specific differences in 
bioavailability, with copper being regulated and cadmium accumulation being 
dependent on media properties.  
BLM-based modeling is applicable for F. candida in solution-only exposures, with 
the estimated conditional binding constants being in agreement with the values 
reported in the literature. In general metal toxicity increases with increasing log K 
value, and this trend is consistent across different metals. Copper binding 
constants are higher for aquatic organisms compared to soil organisms, while 
cadmium binding constants are similar. pH significantly affects the relationship 
between toxicity and conditional binding constants.  
BLM and toxicokinetics models may be useful for risk assessment. Mechanistic 
knowledge, however, still is weakly developed and for BLM-based modeling for soil 
organisms more information is needed on soil chemistry and on the biology of the 
test organism. The latter information will help improving the theoretical basis for the 
biological component of bioavailability. In addition, test duration and exposure 
characteristics are important for estimating BLM parameters and for accurately 
predicting metal toxicity or bioaccumulation.  
A BLM-based approach in fact is based on equilibrium partitioning theory, 
assuming equilibrium of metal distribution between the soil solid phase, soil 
solution, and the organism, and also of metal distribution over different species 
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(ion, complexed, and bound metal forms). In nature, however, equilibrium is 
exception rather than rule. Future research therefore should focus on the dynamics 
of metal bioavailability, taking into account temporal variation in metal speciation 
and exposure. In addition, the dynamics of the organism and the way it responds to 
metal exposure should be taken into account. This will require employing 
integrated approaches such as a combination of toxicokinetics with toxicodynamics 
or toxicokinetics with BLM-based modeling to obtain more insight into the 
relationship between metal bioaccumulation and effects. 
 


