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1.1 Introduction 

The objectives of this thesis were to improve toxic impact modeling in life cycle 
assessment by developing methods to predict missing data and by including 
potentially relevant impact pathways that are commonly neglected at present. 
An introduction to the cause-effect pathway of toxic emissions is given in 
paragraph 1.2. Paragraph 1.3 describes missing data, whereas paragraph 1.4 
outlines missing impact pathways. This chapter ends with explaining the 
objectives (paragraph 1.5) and the outline (paragraph 1.6) of this thesis. 

 

1.2 Cause-effect pathway 

Numerous chemicals are used in the manufacturing of products. Their emissions 
are distributed through the environment, followed by exposure of ecosystems 
and humans. The resulting impact on ecosystems and humans is determined by 
the combination of the exposure level and the toxicity of the chemicals. A 
cause-effect pathway shows the causal relationship between the environmental 
intervention (in this case the chemical emission) and the potential effects. For a 
proper assessment of the toxic impacts that emissions of chemicals may have, a 
systematic modeling procedure through the fate, exposure and effects is 
required [1].  

The environmental fate of a chemical describes the proportion of chemical that 
is transferred from the environmental medium where the emission initially 
occurred to a receiving medium, and the residence time in that receiving 
medium. The fate is determined by the transport of the chemical through the 
different environmental media, and by transformation and degradation 
processes. Important physicochemical properties are the chemical’s partitioning 
coefficients between different environmental media, and the degradation rate 
constants. Different uptake routes can underlie exposure to chemical 
concentrations by ecosystems and humans, i.e. inhalation of polluted air; 
absorption from polluted water, sediment or soil; or ingestion of polluted water, 
sediment, soil or food. The environmental fate and exposure of chemicals can 
be modeled with multimedia fate and exposure models [2-6]. These are mass 
balance based multimedia models in which the environment is described by a 
set of homogenous compartments in which the chemical is assumed to be 
evenly distributed.  

The effect of a chemical is, a.o., determined by the concentration or dose to 
which organisms are exposed, and the sensitivity of a species. Potential effects 
can be quantified by an environmental concentration or an internal body 
concentration that is toxic to a certain percentage of the individuals of a certain 
species. 
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Ultimately, the environmental fate, exposure and effects can be combined in 
one quantitative measure. So-called Comparative Toxicity Potentials (CTPs) 
quantify the (eco)toxicological impacts of a chemical per unit of emission (e.g. 1 
kg per day) [7, 8]:  

xxxx EFXFFFCTP      (1.1) 

In equation 1.1, FFx is the fate factor (days), XF is the dimensionless exposure 
factor, EF is the effect factor (m3·kg-1), and x is the example chemical. CTPs can 
be used alone in the chemical hazard rankings of toxic emissions (also known as 
comparative toxic impact assessments), or in combination with emission data in 
the Life Cycle Assessment (LCA) of a product or service [4, 9, 10].  

LCA is a tool to assess the environmental impact of a product or service over its 
entire life cycle, i.e. the impacts related to raw material extraction, 
manufacture, transport, use, maintenance, and disposal or recycling. An 
inventory analysis provides information on all relevant energy and material 
inputs, and on the emission of toxic and non-toxic pollutants. The potential 
impacts of those inputs and emissions are quantified in a Life Cycle Impact 
Assessment (LCIA). CTPs are used here to quantify the potential toxic impacts. 
Note that for the application in LCA, CTPs are also called Characterization 
Factors (CFs). Subsequently, results from the inventory analysis and LCIA are 
combined in an integrated assessment of the overall environmental impact of a 
product: 

 
x

xx )CTPM(Impact     (1.2) 

In equation 1.2, M is the emission of chemical x (kg).  

 

1.3 Missing data 

Comparative toxic impact assessment of chemical emissions requires a large 
number of data, such as empirical data on physicochemical and toxic properties 
of chemicals. In many cases these are not available due to financial and ethical 
constraints. As a consequence, comparative toxic impact assessments may 
suffer from uncertainty, and relevant environmental media may be excluded 
from the assessment. For instance, one of the main current data gaps is 
terrestrial ecotoxicity, which is consequently not taken into account into the 
USEtox™ consensus model [4].  

Different estimation methods may be used to enhance limited experimental 
datasets. Measurement data may be extrapolated for instance between 
chemicals, environmental media, or animal species (see Figure 1.1).  
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Figure 1.1 Different ways of extrapolating limited measurement data: between 
chemicals with similarities in chemical structure (e.g. 1,2,4-triazole and 1,2,3-triazole), 
between environmental media (e.g. fresh water and soil), or between animal species 
(e.g. guinea pig and chicken). 

 

The extrapolation of measured physicochemical or toxic properties between 
different chemicals can be done on the basis of their similarity in chemical 
structure. Quantitative structure-activity relationships (QSARs, also known as 
quantitative structure-property relationships: QSPRs) can be derived from 
datasets of empirical properties and structural characteristics of a chemical, and 
subsequently be used to predict a substance’s properties. However, due to 
predictive error, uncertainty is included in the QSAR prediction. Validation of 
the QSARs’ ability to make reliable prediction, and quantification of this 
uncertainty are recommended [11, 12]. The influence of this uncertainty in 
substance property predictions on the comparative toxic impact assessment of 
chemicals has not been assessed yet. 

Toxicity data may also be extrapolated between different environmental media, 
for instance between water and soil. In the so-called equilibrium partitioning 
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(EP) method, a chemical’s concentration in water and sediment can be modeled 
on the basis of its sorption equilibrium [13, 14]. Since aquatic toxicity data are 
much more abundant than soil toxicity data, application of the EP-method 
allows an estimation of terrestrial ecotoxicity in case of absent soil toxicity data 
[13-15]. The underlying assumption is that the sensitivity of aquatic and 
terrestrial species does not differ. In the evaluation of the suitability of this 
method, a distinction between chemical groups based on their toxic mode of 
action has not yet been made. 

Finally, to predict a chemical property in a certain species from the measured 
property in another species, Interspecies Correlation Estimation (ICE) 
regressions can be used. ICE models can be used to predict acute toxicity values 
of a chemical to multiple species, from a single experimental acute toxicity value 
[16]. Extrapolations have been performed for aqueous concentrations toxic to 
cold-blooded species [16] as well as for doses toxic to warm-blooded species 
[16-20]. ICE predictions can be used to enhance the species sample size in a 
toxicity assessment, in order to reduce the uncertainty associated with a small 
sample size. Furthermore, since experimental tests are frequently based on a 
small number of closely related mammalian species (mostly rodents), ICE 
predictions can also be used to generate a more representative sample of 
species. However, the ICE predictions are also uncertain themselves. In terms of 
reliability of the average toxicity, the added value of enhancing sample size with 
ICE predictions has not been quantified up to now. 

 

1.4 Missing impact pathways 

In the methodologies that are currently available for comparative toxic impact 
assessments, potentially relevant impact pathways are neglected due to a lack 
of information or research. Until recently, existing LCIA methodologies poorly 
addressed human health impacts of pesticide residues via ingestion of 
processed food, focusing only on the effects from diffuse emissions in different 
environmental media. However, Fantke and coworkers have addressed direct 
application of pesticides to crops in the last few years [e.g. 21]. They found a.o. 
that for five commonly used pesticides in Europe, 97% of the health impacts 
could be attributed to the fraction reaching the target crop, and 3% to the 
fraction lost to the environment. 

Though, up to now, LCA methodologies do not yet include groundwater 
impacts, such as human toxicity of soil contaminants via groundwater. In a 
review on 12 LCAs of soil and groundwater remediation technologies, Lemming 
et al. [22] found that the vast majority of the studies did not assess the potential 
impact of groundwater contamination, but treated contaminated sites solely as 
a soil contamination problem. Lemming et al. concluded that the inclusion of 
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toxicity via groundwater as an impact pathway in LCA is an issue that requires 
further research. 

However, in this thesis, bioaccumulation in the food chain and indoor exposure 
are addressed. Lipophilic chemicals may accumulate in organisms, and be 
transferred via the food chain to the next trophic level. This way, species from 
higher trophic levels are exposed to higher concentrations of chemicals, with 
the highest exposure levels for predators at the end of a food chain. However, in 
LCA the ecotoxic impact of chemicals is generally estimated from the exposure 
of cold-blooded species, primary producers, and decomposers to aqueous 
concentrations, and uptake of chemicals via food is not accounted for. Mattila 
et al. [23] studied the prioritization of toxic chemicals in different models for risk 
assessment and LCIA. They found that the prioritization differed mainly for 
substances that are bioaccumulative. Therefore, they recommended further 
research on including bioaccumulation in LCIA models for toxicity. 
Bioaccumulation can occur in all food chains: terrestrial or aquatic, cold-blooded 
or warm-blooded species. However research has shown that uptake from food 
is particularly important for warm-blooded predators [24, 25]. Therefore, in this 
thesis, the ecotoxic impact of chemicals on warm-blooded species at the end of 
freshwater food chains is addressed. 

Finally, another potentially relevant impact pathway that is mostly neglected at 
present is the health impact of indoor chemical use in occupational and 
consumer settings. Generally, LCA is primarily focused on the potential impacts 
of chemicals that are emitted into the ambient environment. However, the life 
cycle of goods or services also involves indoor exposure in occupational settings 
or at home [26]. The relevance of occupational impacts for LCA was first 
emphasized by Wenzel et al. [27]. Hellweg et al. [28, 29] provided a generic 
framework for integrating indoor exposure to air pollutants within LCA. 
However, the intake of air pollutants may be time-dependent, particularly when 
people are exposed for only a short duration of time. Furthermore, specific 
operational conditions or risk management measures (e.g. local exhaust 
ventilation) strongly affect the exposure and intake of air pollutants. In thesis, a 
scenario-specific approach is proposed to take into account toxic health impacts 
from chemical use in indoor settings in LCA. 

 

1.5 Objectives of this thesis 

This thesis has two objectives. The first aim is to determine the applicability of 
several methods to predict missing data relevant for comparative toxic impact 
assessments. Methods that are assessed include the use of QSARs, the EP 
method, and ICE regressions. Various sources of uncertainty in the assessment 
are quantified and compared, e.g. the small size of a dataset, predictive 
uncertainty related to regression models, and uncertainty in input data. 
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Moreover, the use of estimation methods to supplement experimental datasets 
is discussed in the context of the accompanying uncertainty. The second 
objective of this thesis is to quantify potentially relevant impact pathways for 
toxic emissions that are commonly neglected at present. A method to assess 
bioaccumulation and toxic impacts of chemicals on warm-blooded predators is 
presented. Moreover, a new method to take into account human health impacts 
from chemical use in indoor settings is presented.  

 

1.6 Outline of this thesis 

In Figure 1.2 a schematic overview is given of the cause-effect pathways that 
were addressed in this thesis. 

Chapter 2 quantifies the influence of predictive uncertainty in QSARs on the 
uncertainty in the environmental fate of chemicals. The method is 
demonstrated in the calculations of the overall persistence (Pov) and long-range 
transport potential (LRTP) of five polybrominated diphenyl ethers (PBDEs). The 
most important sources of uncertainty were identified in a sensitivity analysis. 

Chapter 3 shows the influence of predictive uncertainty in a comparative toxic 
impact assessment of triazoles and related chemicals in cold-blooded species. 
Predictive uncertainty in several physicochemical and toxic properties was 
assessed, as well as uncertainty related to the species’ sample size. 
Furthermore, the most important sources of uncertainty were identified.  

Next, chapter 4 analyzes the statistical uncertainty in estimates of average 
toxicity for terrestrial ecosystems derived from aquatic toxicity data via the 
equilibrium partitioning method. The equilibrium partitioning method is 
separately applied for chemical groups with a different toxic mode of action. 

In chapter 5, the possible gain in reliability of the prediction of average toxicity 
for warm-blooded wildlife species after enlargement of the number of species 
with ICE model predictions is quantified. It is tested whether either the use of 
small experimental data sets, or large data sets based on estimated data results 
in the most reliable assessment of toxic impact. The chapter describes potential 
systematic deviations in the average toxicity, as a consequence of an 
unrepresentative sample of species, but also statistical uncertainty in the 
average toxicity, as a consequence of a small sample size of species.  

Chapter 6 provides a method to assess impacts of chemicals on warm-blooded 
predators in freshwater ecosystems. Bioaccumulation in the food chain via 
three uptake routes was accounted for, i.e. absorption from freshwater, 
assimilation from food, and inhalation of air. A comparison was made between 
the new CTPs for warm-blooded predators and CTPs for cold-blooded species, 
primary producers, and decomposers currently applied in LCIA.  
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A method to quantify the intake fraction of chemical emissions during chemical 
use in occupational and consumer settings is described in chapter 7. The 
method presented here is time-dependent and specific for the operational 
conditions and risk management measures affecting inhalation exposure. The 
method is demonstrated in a case study on metal degreasing at industrial sites, 
by workers outside of industrial settings, and by consumers. 

Finally, chapter 8 provides a general discussion of this thesis, in which the 
different findings are integrated and evaluated. The thesis ends with 
conclusions and recommendations. 

 

 

Figure 1.2 Schematic overview of the cause-effect pathways that were fully or partially 
addressed in this thesis.  
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2.1 Introduction 

Legislative directives for chemical safety assessment in Europe and 
environmental risk assessment in the U.S. allow chemical-specific properties for 
which experimentally tested data are lacking to be estimated in silico using 
validated non-testing strategies [30]. Non-testing information can be provided 
by quantitative structure-property relationships (QSPRs, also known as QSARs) 
[31-33]. These models predict endpoints, e.g., physicochemical properties and 
toxicity parameters, based on analogy – i.e., that similar compounds should 
have similar properties, where similarity is judged based on theoretical 
descriptors calculated from chemical structures. QSPR predictions are often 
given as point estimates, which could mean that important sources of 
uncertainty are missing from a chemical risk assessment point of view. In fact, a 
QSPR prediction such as a linear regression can be characterized by a probability 
distribution that widens as the compounds to be predicted move further from 
the center of the applicability domain of the model [34, 35].  

Integration of QSPRs in chemical risk assessment requires transparent and 
evaluated methods to make predictions and assess their associated uncertainty. 
Sensitivity analysis, aiming to identify the most important sources of uncertainty 
in a risk assessment, can be a useful tool to guide further testing of endpoints 
where experimental values have been replaced by QSPR predictions. Case 
studies of uncertainty and sensitivity analyses using QSPRs may stimulate an 
increase in the number of QSPR-integrated applications. 

The goals of the present study were to integrate QSPRs in an environmental fate 
assessment, and to evaluate the uncertainty resulting from uncertainty in 
individual QSPR predictions of physicochemical properties and degradation 
rates. The output of fate assessments was summarized as two indicators, overall 
persistence (Pov) and long-range transport potential (LRTP), which are used in 
the classification of chemicals such as persistent organic pollutants (POPs) [36-
39].   

As a case study, uncertainty and sensitivity analyses for Pov and LRTP assessment 
were performed on five chemicals, representing different homologue groups of 
polybrominated diphenyl ethers (PBDEs). Pov and LRTP can be evaluated with 
multimedia fate models [40]; here we used the widely applied multimedia fate 
model SimpleBox [41]. PBDEs were chosen as they are POPs, comprising 
brominated flame retardants [42]: because of their ability to delay ignition and 
inhibit the spread of fire, several of the 209 possible congeners or combined 
formulations have been and still are widely used in textiles, flexible 
polyurethane foams, electronic and electrical components, plastics, and a wide 
array of consumer products [43]. The concentrations of certain congeners of 
PBDEs are increasing in the environment [43], with potentially adverse 
consequences for wildlife and sensitive human populations such as children, 
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indigenous peoples, and fish consumers [44]. Although the environmental fate 
of various PBDEs has been assessed in several studies [45, 46], an assessment of 
Pov and LRTP for congeners of high concern is still lacking. The QSPR-integrated 
fate assessment suggested here can serve as a platform for environmental fate 
assessment of PBDEs in the absence of experimentally tested substance 
properties. 

 

2.2 Material and methods 

2.2.1 Modeling of persistence and long-range transport potential 

Persistence and long-range transport potential can be calculated in several 
ways. A commonly used metric described for Pov is the overall residence time of 
a chemical in the environment (d), which can be calculated by [40]:  

E

M
P tot

ov       (2.1) 

where Mtot refers to the total steady state mass of the chemical in the 
environment (kg) and E to the total emission rate (kg/d). 

LRTP can be defined as the (dimensionless) fraction of a chemical exported 
outside the boundaries of the emitting region to a larger geographical area, 
calculated by: 

tot

R

M

M
1LRTP      (2.2) 

where MR is the total steady state mass of the chemical in the emitting region 
(kg). For chemicals with a high LRTP this fraction is close to one; for chemicals 
with a low LRTP the fraction is close to zero. 

The multimedia fate model SimpleBox was used to calculate the Pov and LRTP 
[41]. In this model, the environment is modeled as a set of well-mixed, 
homogeneous compartments at regional, continental, and Northern 
hemispheric scales. Pov and LRTP were calculated for an emission to air at 
regional scale. 

 

2.2.2 QSPRs for chemical-specific parameters  

 We identified and used available QSPRs to provide predictions of parameters, 
water solubility (S, mg/L) [47], melting point (Tm, °C) [47], vapor pressure (Vp,  
Pa) [47], the organic carbon-water partition coefficient (Koc , L/kg) [48], and 
hydroxyl radical reaction rate (kOH , cm3 s-1/molecule) [49], measured at 25°C, in 
addition to the biodegradation half-life in water (τw , d) [50] and photolytic 
degradation rate in air (kphoto, 1/s)[51]. All the considered QSPRs were (multiple) 
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linear regressions fitted by ordinary least squares (OLS) listed in Table 2.1 with 
their equations and validation parameters (if available). 

The QSPR regressions for water solubility, melting point, and vapor pressure 
were specifically developed for PBDEs. Since no specific QSPRs were available 
for the predictions of the organic carbon-water partition coefficient and 

hydroxyl radical reaction rate, general QSPRs were used [48, 49]. These general 
QSPRs were developed on large and heterogeneous datasets, which included 
chemicals more structurally diverse than PBDEs. These specific and general 
QSPRs fulfill the OECD principles for validation of QSPRs [30], a recommendation 
for their use in REACH [52] . Their predictions are given in Table 2.2; predictive 
reliability was verified by the leverage approach employed in the original papers 
(Table 2.1).  

 

Table 2.1 QSPRs used to provide input parameters for the five PBDEs to the SimpleBox 
model.   

Parameter Unit Model description NTR R2 
(%) 

Q2 

(%) 
Ext. 
val. 

AD Ref. 

Melting point °C Tm = 1968.06 – 
6227.09 X2A 

25 84.4 81.9 Yes in [47] 

Water solubility mol/L log 1/S = 6.09 – 
1.18 Mor23m 

12 91.8 88.5 No in [47] 

Vapor pressure Pa log 1/Vp = 0.115 + 
0.213 T(O…Br) 

34 98.7 98.5 Yes in [47] 

Reaction with 
OH-radicals 

cm3s-1/ 
molecule 

log 1/kOH = 4.07 – 
0.72 HOMO + 0.37 
nX + 0.16nCbH – 
0.34IDE 

460 82.4 81.9 Yes out [49] 

Organic carbon - 
water partition 
coefficient  

L/kg log Koc = – 1.92 + 
2.07 VED1 – 0.31 
nHAcc – 0.31 
MAXDP – 0.39 
CIC0 

643 79.0 79.0 Yes in [48] 

Biodegradation 
in water 

d Biowin3 = 3.1992 
– 0.0022 MW + ∑ 
F 

200 72.0 - Yes n/a EPI 
Suite 

Photolysis 
lifetime 

h log τphoto =   
– 0.4031 nBr + 
2.527 

25 84.0 - No n/a [51] 

NTR = a training set of the chemicals to develop the model; R
2
 = fitting capability of the 

model; Q
2 

= predictive capability of the model; Ext.val. =External validation; AD = 
applicability domain; in = PBDEs are inside the structural AD; out = PBDEs are outside the 
structural AD; n/a = AD is not defined or verified in the original publication.  



QSPR uncertainty in environmental fate modeling 

21 

Table 2.2 Uncertainty quantification as student t-distributions in QSPR predictions for 
physico-chemical properties and hydroxyl degradation rate in air at 25°C based on the 
models in Table 2.1 

 
 

Tm 
a 

(°C)
 

log S
 a 

(mol/L)
 

log Vp
a
 

(Pa) 
log Koc

b 

(L/kg) 
log kOH

c 

(cm
3
s

-1
/  

molecule)
 

Student t-distribution 

n / k 25/1 12/1 34/1 643/4 460/4 

 (PRED, SEP) (PRED, SEP) (PRED, SEP) (PRED, SEP) (PRED, SEP)
 

BDE-28 (68.8, 20.8) (– 6.97, 0.26) (– 2.88, 0.16) (4.10, 0.56) (– 11.9, 0.44) 

BDE-47 (87.5, 20.4) (– 7.35, 0.25) (– 3.52, 0.16) (4.34, 0.56) (– 12.3, 0.45) 

BDE-99 (112 ,20.2) (– 7.99, 0.25) (– 4.37, 0.16) (4.58, 0.56) (– 12.5, 0.45) 

BDE-153 (131, 20.1) (– 8.60, 0.26) (– 5.22, 0.17) (4.82, 0.56) (– 12.8, 0.46) 

BDE-183 (168, 20.5) (– 8.89, 0.27) (– 5.86, 0.17) (5.01, 0.56) (– 13.0, 0.46) 

a 
Papa et al. [47], 

b 
Gramatica et al.[48], 

c 
Roy et al. [49]. 

PBDE = polybrominated diphenyl ether; Tm = melting point; S = water solubility; VP = 
vapor pressure; Koc = organic carbon–water partition coefficient; kOH = reaction with OH-
radicals; n = number of compounds in training data; k = number of descriptors in the 
regression model; PRED = predictive mean; SEP = standard error of predictions. 

 

Apart from the hydroxyl radical reaction rate constants in the gas phase [45, 53], 
it may also be important to take the photolytic degradation rate of PBDEs in the 
atmosphere into account [51, 54]. A QSPR regression of photolysis lifetimes, 
based on the number of bromine substituents of PBDEs, was used to predict 
photolytic reactions [51] without an indication of external validation. The 
predicted photolysis lifetimes in hours were used to calculate the photolytic rate 
in air (kphoto), given in Table 2.3. Photolytic reactions to aerosols were not 
considered in the fate assessment as these were assumed to be negligible for 
PBDEs [51]. 

The biodegradation half-life in water was predicted by a combination of 
Biowin3, included in the EPI Suite  [55], and experimental half-life values for a 
set of chemicals described by Aronson et al. [50]. This was motivated by the fact 
that Biowin3 is a widely used QSPR for half-lives in the aquatic environment [52] 
and the data set of half-lives was used to evaluate the predictive accuracy of  
BIOWIN  models (EPI Suite). Biowin3 was used to predict the average rates of 
biodegradation (from one to five) of each compound, assigned by expert 
judgment, corresponding to different biodegradability categories. On the basis 
of each identified category for each compound (PBDE), experimental half-lives  
suggested by Aronson et al. [50]  were assigned  from the data set whose ratings 
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fell into the same category.  Half-lives in sediment and soils were estimated on 
the basis of half-lives in water, assuming it to be two times higher in soils and 
nine times higher in sediment.  These are the multiplying factors used by the US  
Environmental Protection Agency (EPA) (http://www.epa.gov/pbt/tools/ 
toolbox.htm). 

 

Table 2.3 Uncertainty quantification as a lognormal distribution and an interval in QSPR 
predictions for biodegradation half-life in water and photolytic rate constant in air  
respectively  at 25°C based on the models in Table 2.1  

 τw
a

 (d)  kphoto
b
 (1/s) 

 Biowin3 
category

c 
Lognormal 
distribution 
(M, CV) 

 Interval 
[min, max] 

BDE-28 Months (85.0, 1.96)  [0, 1.34 × 10
-5

] 

BDE-47 Recalcitrant
 

(88.0, 1.91)  [0, 3.38 × 10
-5

] 

BDE-99 Recalcitrant
 

(281, 3.21)  [0, 8.55 × 10
-5

] 

BDE-153 Recalcitrant
 

(281, 3.21)  [0, 2.16 × 10
-5

] 

BDE-183 Recalcitrant
 

(281, 3.21)  [0, 5.47 × 10
-5

] 

a
Aronson et al.

 
[50], 

b
 Raff and Hites [51], 

c 
Classification of half-lives and division of 

recalcitrant category with respect to Biowin3 output suggested by Aronson et al. [50]. 

τw = biodegradation half-life in water; kphoto = photolytic rate constant; M = median; CV = 
coefficient of variance. 

 

2.2.3 Uncertainty in input parameters  

The uncertainty in a QSPR prediction (Yp) from a linear regression fitted by OLS, 
assuming identical, independent, and normally distributed model errors, was 
defined as the predictive distribution by the predictive mean (Ŷp) and standard 
error of predictions [SEP(Ŷp)] as: 

)Y(SEPtY~Y p1knpp      (2.3) 

where the suffix “p” stands for prediction, tn−k−1  stands for the t-distribution 
with m = n – k –1 degrees of freedom, n is the number of data points in the 
training set, and k is the number of descriptors in the model matrix X of the 
linear regression. The predictive error (or standard error of prediction) 
estimated for chemicals with unknown experimental values is assessed as: 

  )X)XX(X1(s)Y(SEP p
1TT

p
22

p
    (2.4) 

where s2 is the estimated variance in model errors, Xp is a vector of descriptors 
of a compound to be predicted, and (XTX)-1 is the information matrix [56].  
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Predictive means, errors, and degrees of freedom were sufficient to define t-
distributions for the five physicochemical parameters used as input for the 
probabilistic fate assessment of each PBDE (Table 2.2). 

Since no experimental data are available corresponding to field conditions, we 
assumed a photolytic degradation rate (kphoto) for two different scenarios, i.e., 
without and with photolysis. These two scenarios could also be regarded as an 
interval bounded by zero (without photolysis) and an extreme value (with 
photolysis) containing the most likely  conservative value with no specifications 
of one value being more likely than another (Table 2.3).  

According to the predictions of biodegradation from Biowin3 (in EPI Suite), the 
five PBDEs belong to the half-life category “months and longer (recalcitrant).” 
The uncertainty in half-life for biodegradation was judged to follow a lognormal 
distribution (Table 2.3), based on analysis of experimental data by Aronson et al. 
[50]. Uncertainty regarding half-lives in soil and sediment was specified by 
assuming a perfect correlation to half-life in water. 

 

2.2.4 Propagation of uncertainty 

Uncertainty in QSPR-predicted input parameters was propagated by Monte 
Carlo simulations, with 10,000 simulation runs performed in MS Excel for 
SimpleBox using the simulation software Crystal Ball 2000, v5.2.2, 
(Decisioneering Inc.). Two separate simulations were performed with two 
different scenarios, resulting in a pair of cumulative probability distributions 
(CDFs) as assessment outcomes that produce a probability box (p-box) (Fig. 2.1). 
This p-box bounds the uncertainty regarding resulting distributions in Pov and 
LRTP, if the effect of photolysis is monotonic between the two extremes of 
conservative photolytic rates.  

 

2.2.5 Sensitivity analysis 

 The contribution of a QSPR-integrated uncertain input parameter to the 
uncertainty in Pov and LRTP was evaluated by sensitivity analysis. The relative 
sensitivity was measured as the relative change in the difference between the 
97.5th and 2.5th percentiles, i.e., the width of a 95% confidence interval, when 
reducing the uncertainty in an uncertain input parameter to a point estimate, 
keeping the uncertainty in all other parameters [57]. This relative change in 
interpercentile range Si (%) was calculated as: 











)R(unc

)P(unc
1100S i

i    (2.5) 
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where unc(Pi) is the 97.5th- 2.5th range in Pov or LRTP when all parameters are 
uncertain except for input parameter i, which has been assigned a point 
estimate, and unc(R) is the 97.5th- 2.5th range when all parameters are 
uncertain. Uncertainty in QSPR predictions was set at a predictive mean, while 
biodegradability was set at the median of the lognormal distribution. Input 
parameters, which when pinched resulted in a change of the interpercentile 
width of greater than 10%, were regarded as having a high influence on the 
uncertainty, given the uncertainty in all other input parameters.  

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

Figure 2.1 Cumulative distribution functions (CDFs) for uncertainty in Pov and LRTP 
arising from uncertainty in chemical-specific input parameters for BDE-99, for fate 
assessments without (lower bound) and with (upper bound) direct photolysis in 
consideration.  

 

2.2.6 Selection of polybrominated diphenyl ethers 

Fate assessments were carried out on five compounds representing different 
homologue groups of PBDEs: BDE-28 (2,4,4'-TriBDE), BDE-47 (2,2',4,4'-
TetraBDE), BDE-99 (2,2',4,4',5-PentaBDE), BDE-153 (2,2',4,4',5,5'-HexaBDE), and 
BDE-183 (2,2',3,4,4',5',6-HeptaBDE). All are components of commonly used 
commercial products, and are commonly found in human and environmental 
biota when evaluating exposure to PBDEs [44].  
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Figure 2.2 Box plots with whiskers of Pov without and with photolysis for five PBDEs. The 
boxes represent the 25

th
 and 75

th
 percentiles including median and the whiskers 

represent 95
th

 confidence interval. 

 

 

Figure 2.3 Box plots with whiskers of LRTP without and with photolysis for five PBDEs. 
The boxes represent the 25

th
 and 75

th
 percentiles including median and the whiskers 

represent 95
th

 confidence interval. 

 

2.3 Results 

2.3.1 Overall persistence and long-range transport potential  

In the absence of photolysis, the heavier PBDEs were assessed to be more 
persistent with a lower potential for long-range transport than lighter PBDEs. 
The median Pov of BDE-28 was assessed as 135 d, with an uncertainty range of 
2.1 orders of magnitude, while the median Pov of BDE-183 was assessed as 1700 
d, with an uncertainty range of 2.5 orders of magnitude (Fig. 2.2a). For BDE-28 
to BDE-183, the median LRTP decreased from 0.90 to 0.65 within an uncertainty 
range of up to 0.2 orders of magnitude (Fig. 2.3a). 
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(b) 

Figure 2.4 Influence of uncertain parameter using relative change in inter-percentile 
ranges without and with photolysis for Pov of five PBDEs. 

 

With direct photolysis in the air, the Pov and LRTP of all chemicals substantially 
decreased compared to no photolysis. For Pov, the medians varied from 9 (BDE-
47) to 44 d (BDE-153) with uncertainty ranges of 1.6 to 2.5 orders of magnitude 
(Fig. 2.2b). The median and uncertainty range of BDE-183 decreased slightly 
compared to BDE-153. For BDE-28 to BDE-183, the median LRTP decreased from 
0.49 to 0.04 with an uncertainty range of up to 0.6 orders of magnitude (Fig. 
2.3b).   

 

2.3.2 Sensitivity analysis of Pov and LRTP 

Uncertainty in overall persistence was found to be most sensitive to the 
degradation half-life in water. The contribution of uncertainty regarding 
degradation  half-life  in water ranged  from 64% to 96%, both with and  without  
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(b) 

Figure 2.5 Influence of uncertain parameter using relative change in inter-percentile 
ranges without and with photolysis for LRTP of five PBDEs. 

 

consideration of direct photolysis (Fig. 2.4). All the other QSPR-predicted input 
parameters had a negligible or low effect (less than 10%) across all five PBDEs. 
An exception was the hydroxyl radical reaction rate for BDE-28 when photolysis 
was excluded (Fig. 2.4a). Further, in the presence of photolysis, uncertainty in 
predictions of Koc, Vp, and Tm contributed more than 10% of the uncertainty in 
overall persistence in at least three out of five PBDEs (Fig. 2.4b).   

Unlike the uncertainty in overall persistence, uncertainty in LRTP did not show a 
clear tendency regarding the contribution of uncertain parameters across the 
five selected PBDEs (Fig. 2.5). Uncertainty in predictions of the hydroxyl radical 
reaction rate mainly contributed to LRTP uncertainty for BDE-28 and BDE-47 
without photolysis. In the presence of photolysis, uncertainty in LRTP became 
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more sensitive to uncertainty in Tm, Vp, and Koc, but not to the uncertainty in 
degradation half-lives in water. 

The effect of photolysis for all PBDEs can be displayed as probability boxes, as 
shown in Figure 2.1, illustrated here for BDE-99. Large differences were 
observed in Pov and LRTP, with and without photolysis, for all PBDEs. The 
difference was greater for heavier PBDEs than for lighter PBDEs. The two 
cumulative probability distributions constitute the bounds of a p-box, 
illustrating the additional uncertainty due to uncertainty in photolysis rates. 
Uncertainty in Pov when going from no photolysis to direct photolysis was 
reduced by up to 0.5 orders of magnitude, whereas the corresponding reduction 
in uncertainty in LRTP was up to 0.18. 

Note that the contribution of uncertainty in QSPR-predicted parameters, such as 
the contribution of kOH to Pov of BDE 99 without photolysis, was negative (Fig. 
2.4), suggesting that setting this input parameter to a point estimate results in a 
wider overall uncertainty. Such counterintuitive effects could result when the 
parameter has a small influence on the uncertainty in the output in combination 
with the input parameter enhancing the contribution of uncertainty from other 
parameters. However, explanations can be found by detailed study of the 
SimpleBox model, which was beyond the scope of the present paper. All 
negative effects were small and less than 10%. 

 

2.4 Discussion 

Several legislative frameworks for chemicals, such as REACH, allow the use of 
alternatives to experimental testing, such as in silico predictions based on 
QSPRs, also known as non-testing information. The use of non-testing 
information aims to replace, refine, and reduce experimental testing for the 
sake of animal welfare and to improve cost-efficiency in regulation. Recently, 
Puzyn [58] showed that the use of valid QSPRs in chemical-specific parameters 
did not significantly alter the performance of multimedia modeling of the 
overall persistence and long-range transport potential of hazardous chemicals. 
QSPR predictions are uncertain; this uncertainty derives from expert judgments, 
the quality of the underlying data, the performance of the statistical method for 
predictive inference, and the extent of extrapolation from the model’s domain 
of applicability. Here, the integration of QSPRs into the fate assessment and the 
subsequent calculation of environmental indicators (Pov and LRTP) was taken 
one step further by considering uncertainty in QSPR predictions. Uncertainty 
analysis employed here for Pov and LRTP is useful to flag up a need for a more 
detailed or realistic assessment (i.e., higher tier assessment), which is directly 
applicable for environmental fate and exposure assessment.  

The present study demonstrates an integration of QSPR predictions and their 
associated uncertainty using a probabilistic representation of uncertainty. 
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Estimation of predictive uncertainty requires access to training or validation 
data sets and a transparent QSPR model. Transparency is called for by OECD 
principles 1, 2, and 4, which state that a QSPR should have a defined endpoint, 
an unambiguous algorithm, and appropriate measures of goodness-of fit, 
robustness, and predictivity [30]. To facilitate the integration of QSPRs in 
probabilistic assessments, the transparency needs to be extended to ask for a 
specification of how to assess associated predictive uncertainty, e.g., the 
estimation of a predictive error, whenever a QSPR is applied to a new 
compound. Further, transparency can also be enhanced by considering the 
dependency among the QSPR predictions in the assessment. However, the 
QSPRs used are developed independently from each other. We should therefore 
not expect the associated predictive uncertainty in the various QSPR predictions 
to be correlated. Therefore, the correlation among the uncertain input 
parameters is not taken into account. 

In addition, the third OECD principle supports the use of QSPRs with a well-
defined domain of applicability, i.e., the region in chemical space for which the 
model is regarded as reliable for prediction [30]. Here, all five PBDEs were 
within the domains of the QSPRs for Tm, Vp, S, and Koc. The QSPRs for Tm, Vp, and 
S were specifically developed for PBDEs [47], whereas the QSPR for Koc was 
based on a large heterogeneous dataset. The predictions of the five PBDEs fell 
outside the applicability domain of the model for kOH [49], which should be 
regarded as extrapolations. Predictions from the QSPR for kOH  including the five 
PBDEs have been verified as consistent with those obtained using the AOPWIN 
model (EPI Suite) [49], which is another model developed to predict kOH for a 
large and heterogeneous dataset. A comparison showed a good correlation 
(91%) among predictions calculated by the two QSPRs [49]. It should be noted 
that a precise estimation of the domain is not possible for AOPWIN, since 
complete training sets for this estimation method are unavailable [59] and the 
available training set does not include PBDEs. Therefore, the absence of other 
available QSPRs with PBDEs in their applicability domain justifies the use here of 
the kOH model [49]. This also highlights the need to expand the experimental 
and structural domain of the existing models for the prediction of kOH for their 
reliable use in the assessment of PBDEs. Further guidance is also needed on 
what to do when a compound falls outside the AD of an existing model. 

The uncertainty analysis in the present paper was limited to uncertainty in 
chemical-specific input parameters. Another important uncertainty stems from 
the use of models. Several models are available to assess the fate of chemicals. 
LRTP, in contrast to Pov, has been shown to be sensitive to the choice of model 
[60-62]. Differences in LRTP may result from differences in calculation methods 
and spatial model resolutions. Thus, the choice of multimedia model may be an 
important source of uncertainty for LRTP calculations. 
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Comparing the influences of QSPR predictions between the five selected PBDEs 
showed a pattern that agrees with current knowledge. Lighter PBDEs had a 
greater potential for long-range transport since they were predicted to be more 
volatile than heavier PBDEs, meaning that they could be more easily released 
into the air from other media. Lighter PBDEs also have a lower partitioning to 
solids, allowing increased transport in water and less potential to remain in 
sediments. Further, being light means the compound remains longer in the air. 
The greater uncertainty in the Pov and LRTP of heavier PBDEs is mainly caused by 
a greater uncertainty in the half-lives for biodegradation (Table 3). 
Biodegradation is a key characteristic for overall persistence [63]. 
Biodegradation half-lives are estimated from EPIWIN (EPI Suite) and are 
recommended for chemical screening only [50, 63]. Here, uncertainty in 
biodegradation half-lives in water was assigned based on predictive categories 
from the Biowin3 QSPR model together with experimental support [50]. 
Further, biodegradation half-lives in water were extrapolated to biodegradation 
half-lives in soil and sediment assuming full correlation between those 
compartments. The use of experimental biodegradation half-lives for PBDEs in 
water, soil, and sediment can further improve the estimations, particularly Pov of 
PBDEs, and should be given priority. 

Direct photolysis was also found to have a large influence on the assessment of 
Pov and LRTP for PBDEs. The influence of photolysis was also consistent with the 
observed results in a study by Schenker et al. [54]. The reduction of uncertainty 
ranges by incorporating additional experimental or estimated data on photolysis 
can further improve the prediction of Pov and LRTP of PBDEs.   

Uncertainty in QSPR predictions influenced the uncertainty in the overall 
persistence and long-range transport potential of PBDEs. Uncertainty in Pov was 
dominated by uncertainty in predictions of direct photolysis and the 
biodegradation half-life in water. The biodegradation half-life in water also 
contributed to a greater or lesser degree to uncertainty in LRTP. These were also 
the input parameters for which QSPR prediction uncertainty had not been 
estimated by a statistical model specifically developed for the endpoint in 
question. Uncertainty in photolysis derived from the use of two scenarios, and 
uncertainty in biodegradation was due to variation in experimental data, not 
specific to PBDEs, of compounds found in the predictive category given by a 
QSPR. The other QSPRs were developed specifically for the physicochemical 
properties and had a relatively minor influence on the predictive uncertainty in 
Pov and LRTP of PBDEs. Our findings suggest that the reliability of the ranking of 
PBDEs based on Pov and LRTP can be substantially improved by developing 
better QSPRs to estimate degradation properties.  

Finally, we suggest a systemic procedure to follow for QSPR-integrated risk 
assessment of a compound, consisting of the following eight steps:  Identify  the 
available QSPRs for the required input parameters; Select models that fulfill the 



QSPR uncertainty in environmental fate modeling 

31 

OECD principles for QSPRs; Collect the descriptor values of chemicals under 
consideration used in the QSPRs; Predict the parameters using the 
corresponding values of the descriptors, i.e., replacement of experimental data; 
Check whether the predictions of chemicals are reliable for the applicability 
domain (AD);  Assess and quantify the uncertainty in the QSPR predictions; If the 
predictions are not reliable, take appropriate measures according to the user’s 
experience and expertise; Perform the probabilistic risk assessment.  

The present study shows an approach to quantify the potential contribution of 
QSPRs and their associated predictive uncertainty in an environmental risk 
assessment, and illustrates that the reliability of the QSPR-predicted input 
parameters represents a considerable challenge. 
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3.1 Introduction 

For a proper assessment of the ecotoxicological relative risks of chemicals, a 
systematic procedure through estimation of fate and effects is required [1]. 
Comparative Toxicity Potentials (CTPs) quantify the ecotoxicological impacts of 
chemicals per unit of emission [7, 8]. They are generally used in the chemical 
hazard ranking or life cycle impact assessment of chemical emissions to assess 
the relative importance of chemical emissions [4, 9, 10].  

When empirical data on physicochemical or toxic properties are lacking, 
estimation methods such as quantitative structure-activity relationships (QSARs) 
can be used to predict these properties, which facilitates a fate and effect 
assessment [64-66]. Hence, the use of QSARs enables the chemical hazard 
ranking of toxic chemicals, provided that the predictions qualify as replacements 
of data from observations or experiments. However, the use of predictive 
models or non-testing information instead of empirical data introduces 
uncertainty. Therefore, it is desired that QSARs are validated for their ability to 
make reliable predictions and that their uncertainty is quantified [11, 12]. If 
predictions are considered reliable and the uncertainty does not prevent a 
decision following the assessment, the use of QSARs can be justified. 

Uncertainty in chemicals’ environmental fate has been assessed in various ways 
[67-72]. For instance, by MacLeod et al. [69], who described an analytical 
approach for conducting a simple and preliminary analysis of uncertainty in 
chemical fate models. In their study, a linear relationship between uncertainty 
in input and output parameters yielded results that are consistent with a Monte 
Carlo analysis with similar input assumptions. Matthies et al. [70], used Monte 
Carlo simulations to analyze uncertainty in substance and environmental 
parameters of a regional multimedia model. Furthermore, predictive 
uncertainty related to the use of QSARs was integrated in the environmental 
fate modeling of polybrominated diphenyl ethers (PBDEs) by Iqbal et al. [67]. 
Besides uncertainty in the environmental fate, uncertainty in the effect is 
important for the quantification of the ecotoxicological impact of a chemical. A 
dominant factor in the uncertainty distribution of the chemicals’ hazardous 
concentration is the number of species tested per chemical [73-80].  

In this paper we focus on the uncertainty in the ecotoxicological impact per unit 
of emission of triazoles. Their application to plants and crops for fungi control 
can lead to contamination of surface waters. The importance of triazoles for 
pest management has increased, among other reasons because of their broad 
spectrum of activity [81]. Triazoles act specifically on the biosynthesis of 
ergosterol in target fungi [82], but they can also display different modes of 
action in non-target organisms. Hassold and Backhaus [83] emphasized the risk 
for aquatic invertebrates due to the high toxicity, ubiquitous use and resulting 
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occurrence in the aquatic environment. However, chemical monitoring data and 
toxicity measurement data are available to a limited extent only.  

The goal of this study was to assess the influence of the predictive uncertainty in 
the predictions of substance properties on the CTPs of triazoles. We assessed 
the overall predictive uncertainty in the CTP resulting from three types of 
uncertainty: (I) Uncertainty in the QSAR predictions of several physicochemical 
and toxic properties; (II) Uncertainty in environmental degradation half-lives 
based on a probability distribution representing experimental half-lives of a set 
of triazoles; (III) Uncertainty related to the species’ sample size that is present in 
the prediction of the hazardous aquatic concentration. The multimedia fate 
model SimpleBox [6] was used to estimate the environmental fate and exposure 
of the studied chemicals. All parameter uncertainties were treated as 
probability distributions, and propagated by Monte Carlo simulations. For all 
uncertain input parameters, we also calculated their relative contribution to the 
overall uncertainty in the CTP. 

 

3.2 Materials and methods 

In this section the modeling framework of this study is explained by giving 
details about the metrics used to assess the relative risk of triazoles, the 
prediction of chemical properties, the multimedia model employed, the 
uncertainty analysis, and the selection of the studied chemicals. 

 

3.2.1 Comparative toxicity potential 

CTPs are used to quantify the impact of a change in emission. Therefore, they 
are based on the partial derivatives of the sequential steps from emission to 
effect via fate and exposure. Since triazoles are applied to plants and crops for 
fungi control, and because their risk for aquatic invertebrates has been 
emphasized [83], we studied the CTP in freshwater ecosystems (w) for a unit 
emission of 1 kg per day of a chemical (x) to agricultural soil (s). CTPx,s


w values 

(day·m3·kg-1) were calculated by multiplying the fate factor (FFx,s


w in days), the 
dimensionless exposure factor (XFx,w), and the effect factor (EFx in m3·kg-1) of a 
chemical [4, 9]. 

xxws,xws,x EFXFFFCTP  
    (3.1) 

 

3.2.2 Fate factor 

The fate factor describes the fraction of chemical x transferred from agricultural 
soil to fresh water, and its subsequent residence time in the fresh water. It was 
calculated as [4, 9, 84]:  
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s,xwt,w,xws,x E/)VC(FF 
   (3.2) 

where ΔCx,w,t is the incremental change in the total steady-state concentration in 
the water (kg·m-3), i.e. dissolved in the water phase and sorbed to suspended 
matter; Vw is the volume of the freshwater compartment (m3); and ΔEx,s is the 
incremental change in the emission of chemical x to soil (kg·day-1). Since FFx,s


w 

is based on a group of linear model equations [6], it is a constant value, 
independent of the absolute emission. 

 

3.2.3 Exposure factor 

We assumed that the toxicity potential depends on the concentration that is 
dissolved and bioavailable for aquatic species. Therefore, the exposure factor 
was calculated as the fraction of chemical x dissolved in the water phase [4, 9]: 

t,w,xd,w,xx C/CXF      (3.3) 

where ΔCx,w,d represents the incremental change in the concentration of 
chemical x dissolved in the freshwater compartment (kg·m-3). XFx is a constant 
value, independent of the emission. 

 

3.2.4 Effect factor 

The effect factor expresses the effect of a chemical on aquatic species per unit 
of exposure. Consequently, it increases with greater toxicity (i.e. with a lower 
hazardous concentration). Similar to Gandhi et al. [9] and Rosenbaum et al. [4], 
we applied the linear approach of Pennington et al. [85] to calculate the effect 
factor of chemical x (EFx in m3·kg-1): 

xd,w,x

x
50HC

5.0

C

PAF
EF 




     (3.4) 

In this equation, ΔPAF is the dimensionless change in the potentially affected 
fraction (PAF) of species, and HC50x is the hazardous concentration of chemical 
x in the water in which 50 percent of the species is affected (kg·m-3) [85, 86]. 
The main reason underlying the choice of linearity is that we do not know where 
on the concentration-effect curve an increase in the environmental 
concentration takes place. Pennington et al. [85] recommended this approach 
to be used in life cycle impact assessment.  

 

3.2.5 Substance properties 

We preferably selected QSAR models that were specifically developed for 
triazoles and related chemicals [87-89], and that that fulfilled the fundamental 
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principles laid down by the OECD [90]. Alternatively, we used general QSAR 
models for organic chemicals [48, 49] that fulfilled the fundamental principles 
laid down by the OECD [90]. The availability of the underlying data was an 
important requirement for the assessment of the predictive uncertainty. In case 
no QSAR fulfilled these criteria, we used probability distributions based on 
available experimental data for triazoles and related chemicals.   

All QSAR models were multiple linear regression models based on molecular 
descriptors. The residual errors of the QSARs models were verified to be 
normally distributed. Soil sorption partition coefficients (Koc) were predicted 
with the regression model developed for a set of heterogeneous organic 
chemicals by Gramatica et al. [48]. Aqueous solubility, melting point, and vapor 
pressure were predicted with the regression models for (benzo-)triazoles and 
related chemicals of Bhhatarai et al. [87]. The rate constants for hydroxyl radical 
reaction in air were predicted with the regression model for organic chemicals 
of Roy et al. [49]. Toxicity QSARs were available for three aquatic species, 
namely for the LC50 (96 h) of Onchorynchus mykiss [88], for the EC50 (48 h) of 
Daphnia magna [88], and for the EC50 (72 h) of Pseudokirchneriella subcapitata 
[89]. All toxicity QSARs were based on training sets (i.e. the set of chemicals 
used to develop the QSAR) of (benzo-)triazoles and related chemicals. Table 3.1 
shows all QSAR models used in this study.  

The prediction of degradation half-lives in the aquatic environment was based 
on an experimental dataset of 58 triazoles and related chemicals [91] (see 
Appendix Table A2). We included typical half-lives, which are often a mean of all 
studies (both field and laboratory) and generally used in modeling studies [91]. 
The geometric mean and probability distribution of this experimental dataset 
were used to predict the aquatic degradation half-life for triazoles in the 
absence of experimental degradation half-lives. As a result of our approach, the 
prediction was not specific for each studied chemical, but for triazoles as a 
chemical class. Degradation half-lives in aerobic soil were predicted in a similar 
way, based on an experimental dataset of 84 triazoles and related chemicals 
[91] (see Appendix Table A2). Sediment generally consists of a thin oxic topic 
layer (approximately 10% of the total sediment [92]) and anoxic deeper layers. 
Following the current guidance [92], degradation in the aerobic fraction of the 
sediment was assumed to be as fast as degradation in aerobic soil. We assumed 
no degradation occurred in the anaerobic fraction of the sediment 
compartment [92]. As a result, the total degradation half-lives for sediment 
were a factor of 10 higher than the half-lives for soil. 
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3.2.6 Multimedia modeling 

The substance property predictions were implemented in the SimpleBox model 
[6], after which the steady state fate factors and exposure factors were modeled 
for default landscape settings. SimpleBox is a fugacity based multimedia model 
in which the environment is modeled as a set of homogenous compartments; 
one compartment for each environmental medium in which the chemical is 
assumed to be evenly distributed. Results from SimpleBox are commonly used 
in EU risk assessments for new and existing chemicals [93]. We focused on the 
fate and exposure of chemicals emitted to agricultural soil and entering the 
freshwater compartment on the regional scale. 

 

3.2.7 Predictive uncertainty 

The experimental data underlying the multiple linear regressions and the 
descriptor domain of the training set were used to quantify the statistical 
uncertainty in the QSAR predictions. The uncertainty in a prediction Yp from a 
QSAR being a multiple linear regression model fitted by the ordinary least 
squares method was assigned a Student-t distribution [94, 95]. The predictive 

Student-t distribution was defined by the predictive mean ( pY ), the predictive 

error ( )YY(SE pp  ), the number of chemicals in the training set (n), and the 

number of descriptors in the linear regression model (k), written as:  

)YY(SEtY~Y pp1knpp       (3.5) 

where tn−k−1 stands for the t-distribution with n–k–1 degrees of freedom.  

Given that a QSAR was based on a matrix of explanatory variables called the 
design matrix X, and Yp was to be evaluated for descriptor values Xp, the 
predictive error was estimated as: 

  )X)XX(X1(s)YY(SE p
1TT

p

2

r

2

pp


   (3.6) 

The predictive error depended on the QSAR´s residual error (sr), and the 

chemical-specific leverage value ( p
1TT

p X)XX(X 
) [94, 96, 97], where TX  is the 

transpose of the design matrix X, and 
T
pX  is the transpose of the descriptor 

values Xp. For chemicals in a QSAR’s training set, the leverage value can be used 
to measure the chemicals’ influence on the QSAR model. However, leverage 
values can also be calculated for new substances, to indicate how far within or 
outside the applicability domain of the QSAR model a substance falls (see also 
Discussion).  
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Degradation half-lives were predicted from empirical data, and treated 
differently with regard to uncertainty. We used variability in degradation half-
life as a proxy for the uncertainty in the prediction of the degradation half-life. 
In accordance with the literature [98, 99], we assigned a log-normal distribution 
to the degradation half-live in fresh water and soil of triazoles. The experimental 
datasets used in this study [91] confirmed the log-normal distribution with a 
high goodness-of-fit, i.e. R2 =  0.93 for degradation half-lives in soil as well as in 
water (K-S test p=0.06 for soil and =0.25 for water, see also Table A2 in the 
appendix). The geometric mean and geometric standard deviation were derived 
from the experimental datasets. Degradation half-lives for sediment were 
derived from half-lives in soil (see par. Substance Properties). 

The effect factor was calculated from the hazardous concentration (see eq. 3.4). 
We assessed the uncertainty in the HC50x coming from two sources. As the 
unknown log L(E)C50x values of chemical x per species were predicted with 
QSARs (predictions ξi with i = 1,…,n), the first source of uncertainty was the 
statistical uncertainty in the QSAR predictions. Note that the predicted L(E)C50x 
values were assumed to be independent, since they were developed 
independently from each other and based on different structural descriptors 
(see Table 3.1). We took into account the possibility that for a particular 
chemical the average of the QSAR´s residual errors for the three species is not 
zero, by using the predictive errors [97] (see equation 3.6). The second source of 
uncertainty in the HC50x was the small number of aquatic species for which 
toxicity QSARs are available for triazoles. To determine the uncertainty in the 
HC50x, we adopted the assumption that Onchorynchus mykiss, Daphnia magna, 
Pseudokirchneriella subcapitata constitute a random sample of species from a 
log-normal species sensitivity distribution. A log-normal species sensitivity 
distribution is the most commonly used distribution in comparative toxic impact 
assessments [100]. For the derivation of a linear effect factor, differences 
between log-normal, log-logistic, and log-triangular species sensitivity 
distributions are very small [85]. The hazardous concentration was predicted in 
two steps. First, the variance of the predicted log L(E)C50x values (i.e. Var(ξ)), 
which is composed of variance in the true log L(E)C50x values and the additional 
QSAR model uncertainty, was simulated by the rule: 

2

2S)1n(
~)(Var




     (3.7) 

with 
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1
S       (3.8) 

 i
n

1
     (3.9) 



Predictive uncertainty in comparative toxicity potentials 

41 

In these equations, S2 and   are the observed sampling variance and the 

average of the predictions ξi with i = 1,…,n, respectively, and χ2 is the value of 
the Chi-square distribution with 2 (i.e. n–1) degrees of freedom.  

Second, we simulated a normal distribution of the log HC50x with mean  , 

according to: 

,(N~)50HClog( x  ))(Var     (3.10) 

with 

n

)(Var
)(Var


     (3.11) 

In short, we derived a probability distribution for the log HC50x value by 
sampling one log HC50x value from each triplet of QSAR predictions for the 
L(E)C50x values of O. mykiss, D. magna, and P. subcapitata.  

Table A3 (appendix) shows the predictions of the input parameters with their 
predictive errors (or geometric mean and standard deviation for the half-lives) 
for the chemicals under consideration in this study, and the assigned 
distributions. 

 

3.2.8 Monte Carlo simulation 

The uncertainties in the CTPs were determined with Monte Carlo simulations 
using the spreadsheet-based application Crystal Ball (Oracle©, Release 
11.1.2.0.00) in MS Excel with 10,000 iterations per run. In these simulations, the 
properties affecting the fate and exposure were independent from the 
properties affecting the effects. Summarizing, we simulated scenarios with 
combinations of values for substance properties, leading to a probability 
distribution of a substance’s CTP. We reported the median value and the 90% 
confidence interval (90% CI) of the generated distribution. 

Furthermore, the relative contribution from each uncertain input parameter to 
the uncertainty in CTP was derived with Spearman’s rank correlation 
coefficients between each input parameter and the outcome variable using 
Crystal Ball [similar to e.g. 68, 72]. The input side included the distributions for 
soil sorption partition coefficient, aqueous solubility, melting point, vapor 
pressure, hydroxyl radical reaction, degradation half-life in water, degradation 
half-life in soil, LC50 O. mykiss, EC50 D. magna, EC50 P. subcapitata, and the χ2 
and standard normal distribution used for simulating the HC50. The outcome 
variable was the CTP. Squared rank correlation coefficients, normalized to 100 
percent, were used as a measure of the relative contribution of each input 
parameter to the variance of the CTP. 



Chapter 3 

42 

3.2.9 Substance selection 

The CTP was calculated for a selection of eight chemicals: Diclobutrazol (CAS 
075736-33-3), Diniconazole (CAS 083657-24-3), Flupoxam (CAS 119126-15-7), 
Ipconazole (CAS 125225-28-7), Ssf-109 (CAS 129586-32-9), Sulfentrazone (CAS 
122836-35-5), Triadimenol diastereoisomer A (CAS 089482-17-7), and 
Uniconazole-P (CAS 083657-17-4). Seven of these chemicals are triazoles; 
Sulfentrazone is a related chemical. A priority list of triazoles and related 
chemicals was provided by Gramatica [101] (for details see appendix A par. 
Prioritization of triazoles and related chemicals). The input for the QSARs, i.e. 
the descriptor values, was calculated with DRAGON version 5.5 [102], except for 
the QSAR for LC50 of Onchorynchus mykiss which was based on descriptors by 
PaDEL-Descriptor version 2.13 [103]. In the remainder of this thesis the term 
‘triazoles’ is used to refer to our selection of substances. 

 

3.3 Results 

3.3.1 Uncertainty in impact metrics 

Figure 3.1a shows that the typical (i.e. median) fate factors were between 0.1 
and 2.4 days, with a 90% CI between 2 to 3 orders of magnitude. Figure 3.1b 
also shows that the fraction dissolved was close to 1 for all triazoles assessed in 
this study with a maximum 90% CI between 0.94 and 1 for Diniconazole. 

The aquatic effect factors of the chemicals under study were calculated from 
the predicted L(E)C50x values for three species. Typical effect factor values 
ranged from 9.5·101 to 1.1·103 m3·kg-1, with a 90% CI of around two orders of 
magnitude, except for Sulfentrazone which had a 90% CI of around four orders 
of magnitude (see Figure 3.1c). 

Typical CTP values ranged from 2.1·101 to 4.2·102 days·m3·kg-1. The 90% CIs of 
the chemicals’ CTPs spanned typically nearly four orders of magnitude, except 
for Sulfentrazone which had a 90% CI of five orders of magnitude (see Figure 
3.1d). 

 

3.3.2 Relative contribution to the variance  

Table 3.2 shows that the uncertainty in the CTPs of the selected triazoles 
emitted to soil was mainly determined by uncertainty in the soil sorption 
partition coefficient, the degradation rate in soil, and the small number of 
toxicity QSARs used to calculate the hazardous concentration. Table 3.2 also 
indicates that the eight chemicals assessed in this study showed differences in 
the importance of the parameters. For each chemical, the relative contribution 
per  input  parameter indicated the percentage  of  the overall uncertainty in the 
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(a) (b) 

(c) (d) 
Figure 3.1 Box plots of (a) the fate factor in days, (b) the dimensionless exposure factor, 
(c) the effect factor in m

3
·kg

-1
, and (d) the comparative toxicity potential in days·m

3
·kg

-1
. 

The center of each box equals the median, the edges of each box represent the 25
th

 and 
75

th
 percentile, and the whiskers the 5

th
 and 95

th
 percentiles.  

 

CTP that could be explained by the uncertainty associated to that particular 
input parameter. If we look at Uniconazole-P for instance, the uncertainty in 
degradation in soil explained about four times as much of the overall 
uncertainty  in  the CTP compared to the uncertainty in the degradation in water  
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(28.1 and 6.9 percent, respectively). Comparing the eight chemicals, the relative 
contributions to the variance of the CTP ranged from 12.8 to 34.9 percent for 
the soil sorption partition coefficient, from 5.1 to 7.5 percent for the 
degradation rate in water, from 13.0 to 28.1 percent for the degradation rate in 
soil, and from 22.7 to 64.7 percent for the small number of species sampled in 
the hazardous concentration. The other parameters that were assessed 
contributed less than 5 percent to the variance of the CTPs. The rank correlation 
coefficients can be found in the supporting information (Table A4). 

 

3.4 Discussion 

In this study we proposed a modeling framework to determine the influence of 
the predictive uncertainty in substance property predictions on the comparative 
toxicity potentials of triazoles. Here we discuss the limitations and practical 
implications of our study.  

 

3.4.1 Limitations 

A QSAR’s reliability is related to its applicability domain (AD). There are various 
methods to determine the AD, and there is little agreement on which method is 
the best for a given application [104]. In this study, we determined the AD by 
the warning or critical leverage value. The number of chemicals in the training 
set and the number of model variables determine the height of the critical 
leverage value. If the leverage value of a chemical (see equation 3.6) is lower 
than the critical leverage value, predicted data are interpolated within the 
structural space of the model and considered to be reliable [105]. To enhance 
the coverage of the structural space of triazoles, we preferred QSAR models 
that were specifically developed for these chemicals over general QSAR models 
for organic chemicals (see par. Substance Properties). Table A5 (appendix) 
shows that almost all QSAR predictions for the chemicals selected in this study 
were within the AD, which ensures the reliability. However, four exceptions 
could be observed. As there are no evident rules on how to treat QSAR 
predictions falling outside the AD, we evaluate the implications among other 
things with use of the relative contribution to the variance of the CTP. 

Roy et al. [49] showed the applicability domain of the QSAR model for hydroxyl 
radical reaction in air includes many triazoles and related chemicals, but 
predictions were outside the AD for Flupoxam and Sulfentrazone. Since hydroxyl 
radical reaction in air was not a key property according to the assessment of the 
relative contribution to the variance (see Table 3.2), we believe the modeled 
CTPs are not largely influenced by this limitation. The prediction of the soil 
sorption partition coefficient of Flupoxam fell outside the AD. Sorption to soil 
organic matter is an important property in our study, as it determines the 
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movement and leaching from the soil [106]. It is not surprising that the 
predicted Koc for this large, penta-fluorinated chemical fell outside the AD, 
considering that the QSAR that we used for the Koc prediction was a ‘general’ 
QSAR which covered the structural space of triazoles only to a limited extent. 
Triazoles represented less than 2% of the training set chemicals, and as a result 
little structural and experimental information was originally included in the Koc 
model. Additionally, this QSAR model had a wide range of experimental values (-
0.31 – 6.33) compared to the narrow range predicted for the chemicals in this 
study (2.49 – 3.72). This is relevant considering that general models, which are 
known to be very useful for virtual screening and ranking purposes, are less 
sensitive to small local variations of predicted responses than specific models 
[107, 108]. Consequently, this general QSAR may be less accurate for the 
prediction of Koc of the chemicals studied here. As shown in Table A3 (appendix) 
and Table 3.2, Flupoxam’s Koc prediction and the relative contribution to the 
overall uncertainty in the CTP were similar to the predictions for the other 
chemicals in this study. In the EU Technical Guidance Document (TGD) [93] a 
triazoles-specific QSAR is suggested for Koc estimation on the basis of Kow. This 
QSAR is not externally validated because all available data were used to 
generate the model. Therefore, it does not fulfill the OECD criterion concerning 
appropriate measures of predictivity. In contrast, the external predictivity of the 

general QSAR used in this study to predict Koc is good (
2

ExtQ  = 0.78-0.79). 

Obviously, a QSAR’s predictivity for the chemicals studied is more relevant than 
its general predictivity for all chemicals, and in our study we have found that it 
pays off to investigate better ways of predicting Koc for triazoles. The use of 
specific QSARs rather than general ones can be a way to reduce uncertainty. 
Returning to the discussion on the applicability domain, lastly, the EC50 of 
Pseudokirchneriella subcapitata of Flupoxam fell outside the AD. This prediction 
fell within the same range as other toxicity predictions (Table A3, appendix). 
Predictions outside the AD should be used with caution. Sahlin et al [109] 
suggested to base judgment on sensitivity analysis performed before and after 
adding more uncertainty to QSAR predictions outside the AD. However, as 
stated by Nikolova and Jaworska [110], it is a warning for model applicability, 
but not a final decision on prediction quality.  

Since the focus of this study was on freshwater impacts resulting from emissions 
to agricultural soil, degradation rates in water and particularly in soil were of 
critical importance. In contrast, degradation rates in sediment were relatively 
unimportant. Because a large fraction of the chemical (i.e. close to 1) was 
dissolved in the water phase, only a small fraction of chemical entered the 
sediment. Degradation half-lives were predicted using probability distributions 
based on experimental data [91] (Table A2, appendix). This approach resulted in 
a prediction that was not specific for each studied chemical, but for triazoles as 
a chemical class. In accordance with current guidance [92], the experimental 
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data for triazoles showed that degradation in soil lasts generally about twice as 
long as in water (geometric means of 51 days vs. 28 days, respectively). 

Photolysis in water was not included in the CTP predictions, as the water layer 
where photolytic degradation is relevant is very small compared to the whole 
water compartment. However, it is not clear to what extent direct photolysis 
(i.e. by UV irradiation) and indirect photolysis (i.e. by reactions with 
photosensitizers, e.g. dissolved organic matter or nitrate) contribute to the 
environmental degradation of the studied chemicals. According to some authors 
[111, 112], photolytic degradation in water involves both direct and indirect 
photolysis. For instance, Vialaton et al. [111] measured a half life of 60 hours for 
the combined effect of indirect and direct photolysis of Propiconazole in natural 
water. For comparison: the typical degradation half-life of Propiconazole in 
water is typically 6 days (Table A2, appendix). In contrast, other studies showed 
that direct photolysis is not important for triazoles [113-115]. Abramovitch et al. 
[113] and Da Silva et al. [114] explained that direct photolysis in water is not 
expected because triazoles do not absorb radiation with a wavelength of λ > 200 
nm. Although it is not clear to what extent photolysis of triazoles is relevant, it is 
plausible that the CTPs presented in this study are overestimated due to 
excluding possible photolytic degradation in the calculations.  

The effect factor was based on QSAR predictions for acute toxicity. The 
availability of QSAR models for chronic toxicity endpoints is limited, because the 
majority of the available experimental toxicity data are short-term tests. Chronic 
toxicity data are probably closer resembling real life scenarios in the field, and 
doses with sublethal chronic effects – such as inhibition of reproduction and 
migration – may give more insights in possible damage at population level than 
lethal doses. These effects occur mostly at doses that are a median factor of 2.5 
lower than lethal doses [116]. Consequently, the effect factor and the CTP of the 
chemicals assessed in this study are probably higher for chronic toxicity.  

We derived the effect factor with the recommended linear approach of 
Pennington et al. [85], because it is unknown where on the concentration-effect 
curve an increase in the environmental concentration takes place. However, 
effect factors are increasingly based on Species Sensitivity Distributions (SSDs) 
[117], which show the nonlinear relationship between the PAF and the chemical 
concentration [77, 78, 118, 119]. In that case, the working point and the shape 
of the curve are important. Depending on the environmental concentration, and 
the accompanying working point and the shape of the curve, differences 
between the effect factors of chemicals can vary. The derivation of nonlinear 
effect factors requires a lot of information on the concentration-effect curve, 
whereas the availability of data is limited. 

The goal of this study was to assess the influence of the predictive uncertainty in 
the predictions of substance properties on the CTPs of triazoles. Spatial 
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variability in environmental characteristics was not taken into account, even 
though differences in e.g. the fraction of organic carbon in the soil cause 
differences in the environmental fate and exposure of substances. 
Consequently, our results are only valid for the generic environmental 
characteristics of the SimpleBox model [6]. Hollander et al. [120] compared the 
relative influence of environmental characteristics and substance properties on 
the variation of substances’ fate in the environment. They found that for many 
regulatory purposes the use of non-spatial multimedia box models does include 
the most important sources of variation, because variation mainly depends on 
substance properties rather than on environmental characteristics. Therefore, 
we do not expect variability in environmental characteristics to cause changes in 
the chemical hazard ranking of the chemicals in this study. Though, the 
influence of environmental characteristics can be relevant for regional fate 
assessments of single substances [70, 120].  

 

3.4.2 Practical implications 

Since chemical monitoring data and toxicity measurement data of triazoles are 
available to a limited extent only, we assessed predictive uncertainty in the CTP. 
In order to evaluate the practical implications of this predictive uncertainty, we 
had a separate look at fate and effect factors. 

The uncertainty in our fate factors (typically between two and three orders of 
magnitude) was compared with the uncertainty in the freshwater fate factor 
from a study by Van Zelm et al. [119]. They used experimental data to derive 
freshwater fate factors for 15 pesticides and Perchloroethylene for an emission 
to agricultural soil. Their 90% CIs ranged typically 1.7 orders of magnitude (0.4 
to 2.6 orders of magnitude). Since Van Zelm et al. used experimental data, a 
comparison with their 90% CIs is particularly illustrative for the relevance of the 
predictive uncertainty in the environmental half-lives and soil sorption 
partitioning coefficients of this study.  

Our aquatic effect factors showed a 90% CI of about two orders of magnitude, 
except for Sulfentrazone which had a 90% CI of more than four orders of 
magnitude. For Sulfentrazone, the variance of the predicted L(E)C50x values was 
higher than for the other chemicals (see appendix Table A3). The relative 
contribution of the uncertainty in the species-specific toxicity predictions to the 
variance in the CTP was low (< 5 percent). Instead, the uncertainty in the EF was 
dominated by the small number of species sampled. This implies that the 
uncertainty in an EF based on experimental toxicity data will be close to the 
uncertainty in an EF based on QSAR estimates, if both EFs are based on an equal 
low number of species and the predicted interspecies variation is approximately 
the same. 
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We conclude that the main sources of uncertainty in the CTPs of the selected 
triazoles were: (I) the uncertainty in the QSAR predictions for soil sorption 
partitioning, in this study based on a ‘general’ QSAR limitedly representative for 
triazoles; (II) the uncertainty in the degradation rates in soil, in this study based 
on a generic probability distribution representing experimental half-lives of a set 
of triazoles; and (III) the small number of toxicity QSARs used to predict the 
hazardous concentration. In contrast, uncertainty in species-specific toxicity 
predictions contributed relatively little. Focusing on the QSARs used to predict 
physicochemical properties, only the QSAR for soil sorption partitioning was a 
major determinant (typically >30 percent) of the overall uncertainty in the CTP 
of the studied chemicals. The QSAR predictions for aqueous solubility, melting 
point, vapor pressure, and hydroxyl radical reaction contributed little to the 
overall uncertainty in the CTP. It should be noted that this does not mean that 
these properties are less relevant environmental parameters. It also does not 
diminish the utility of global QSAR models, which may be the only solution in 
some cases to retrieve information in the absence of experimental data. 
However, it illustrates the reliability of these QSAR predictions for the here 
studied chemicals.  

In order to improve the predictions of the potential ecotoxicological impacts of 
triazoles, we recommend to include chemical-specific experimental data for 
sorption to soil and degradation in soil, or to develop specific QSARs for these 
properties, and to develop toxicity QSARs for more species. This way, the overall 
uncertainty in the CTP predictions can be reduced. In addition, in order to use 
the method demonstrated in this paper also for other chemical groups, 
chemical hazard rankings and life cycle impact assessments may benefit from a 
comparison between the uncertainty in predictions from ‘specific’ and ‘general’ 
QSARs.  

 

Appendix 

The appendix provides a short explanation of the substance selection and the 
QSAR descriptors; the experimental dataset of water and soil degradation data; 
the predictions of the chemical properties with their predictive error, and the 
assigned distribution; and the rank correlation coefficients indicative for the 
relative contribution to the variance. Furthermore, it compares the QSAR 
predictions with their applicability domain.  
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4.1 Introduction  

To protect terrestrial ecosystems against unacceptable risk from chemical 
exposure, several countries have established soil quality standards [121]. Yet, 
the risk assessment of contaminated soil is complex and terrestrial toxicity data 
are available to a limited extent only. Soil quality standards are derived from 
metrics describing the toxicity of chemicals. An important metric to describe the 
toxicity of chemical exposure and uptake is the environmental concentration of 
a chemical that is toxic to 50 percent of all species [7, 122]. This so-called 
hazardous concentration (HC50) is the average of all species-specific L(E)C50 
values (i.e. the concentration with (lethal) effects in 50 percent of the 
individuals of a species). The HC50 is applied in life cycle impact assessment to 
express the toxic potency of a chemical [4, 7]. Furthermore, the HC50 can be 
applied in the Sediment Quality Triad concept, i.e. in the integrated use of site-
specific chemical information (concerning contamination), bioassays 
(concerning several toxicological endpoints), and ecological information 
(concerning e.g. alterations in benthic community structure) [122, 123].  

Ecotoxic effects of organic chemicals depend for most soil species on the 
concentration that is bioavailable via dissolution in pore water. Pavlou and 
Weston [124] and Adams et al. [125] suggested that pore water is the primary 
route of exposure for soil dwelling organisms, as later confirmed in several 
other studies [126-130]. Hence, exposure is controlled by both substance 
specific and soil specific properties, such as aqueous solubility, acid dissociation 
constant, pH, and organic matter content [131]. It should be noted that dermal 
contact with soil or ingestion of soil may also be important for assessments of 
soil toxicity of lipophilic substances [130]. Porewater concentrations have been 
proven to be relevant determinants of the toxicity of polycyclic aromatic 
hydrocarbons [132], heavy metals [133, 134], polychlorinated biphenyls [124], 
and pesticides [135-138].  

In the so-called equilibrium partitioning (EP) method [13, 14], a chemical’s 
concentration in water and sediment can be modeled on the basis of its 
sorption equilibrium. The EP-method allows estimation of terrestrial ecotoxicity 
from measured aquatic toxicity data [13-15]. Since aquatic toxicity data are 
much more abundant than soil toxicity data, application of the EP-method 
facilitates the terrestrial ecotoxicity assessment in case of absent soil toxicity 
data. Terrestrial HC50s were more often extrapolated from aquatic HC50 for 
application in life cycle impact assessment [see e.g. 139, 140, 141]. 

The applicability of the EP-method is dependent on the availability of soil-water 
partitioning coefficients and on the validity of the sorption equilibrium model 
[15]. Large uncertainties are inherent in soil-water partitioning coefficients, and 
as a result, terrestrial HC50s that are estimated with aquatic ecotoxicity data 
can also be uncertain. Haye et al. [139] found that the EP-method should not be 



Estimating terrestrial toxicity from aquatic toxicity tests 

53 

used for metals, because the partition coefficient is highly variable due to soil 
pH, organic matter content, or cation exchange capacity. With regard to the 
validity of the sorption equilibrium model, it is important to note that possible 
changes over time in the bioavailability of chemicals are not taken into account 
[142]. 

When applying the EP-method to aquatic toxicity data in order to estimate 
terrestrial toxicity, it is assumed that the sensitivity of the aquatic and terrestrial 
species is similar. Van Beelen et al. [143] tested aquatic to terrestrial 
extrapolation for ten organic substances and eight metals and found that using 
the EP-method indeed led to an equal chance of underestimation or 
overestimation of terrestrial toxic concentrations. Occasionally, the toxicity of 
chemicals to different terrestrial and aquatic species has been determined 
within the same study [for instance, 144]. However, rigorous comparisons of 
terrestrial and aquatic toxicity for large sets of chemicals and species are 
lacking. Furthermore, to the best of our knowledge, an uncertainty assessment 
of the EP-method with a distinction between different chemical classes has not 
been performed up to now.  

The goals of the present study were to analyze the statistical uncertainty in 
estimates of terrestrial HC50 values derived by the equilibrium partitioning 
method, and to make a comparison to the statistical uncertainty in freshwater 
HC50 values. Thereby, we aimed to answer the question whether there is a 
statistical difference between porewater HC50 values derived from terrestrial 
ecotoxicity tests by the EP-method, and freshwater HC50 values derived from 
standard aquatic tests. Statistical uncertainty in HC50 values due to limited 
species sample size, and in organic carbon-water partitioning coefficients due to 
predictive error, was treated with probability distributions propagated by 
Monte Carlo simulations. In our results we distinguished narcotic chemicals 
(nonpolar and polar), reactive chemicals, neurotoxic chemicals 
(acetylcholinesterase (AChE) agents and cyclodiene type), and herbicides-
fungicides.  

 

4.2 Materials and methods 

4.2.1 Equilibrium partitioning method 

The relationship between concentrations in water and solids is described by a 
partition coefficient (Kp in L water/kg solids). In case of equilibrium, Kp values for 
organic chemicals can be derived from chemical properties and soil 
characteristics [15]. Specifically, the equilibrium partitioning between organic 
carbon and pore water is an important descriptor of terrestrial toxicity for 
organic chemicals [145]. Therefore, the partition coefficient is often normalized 
to the organic matter content in solids, called Koc (L water/kg organic carbon), 
according to:  
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ococp KfK       (4.1) 

where foc is the mass fraction of organic carbon in the soil (kg organic carbon/kg 
soil).   

Kp values can be used in the EP- method, as described by Van Beelen et al. [143], 
to derive terrestrial L(E)C50 values. We used the method the other way around 
to estimate toxic porewater concentrations from terrestrial L(E)C50 values:  

psoil,expw,ep Klog50C)E(Llog50C)E(Llog    (4.2) 

The L(E)C50 value of a chemical is the environmental concentrations expected 
to cause an effect, e.g. mortality, in at least 50 percent of the individuals in a 
given population. In this equation L(E)C50ep,pw is the toxic concentration in pore 
water derived by the EP-method (mg/L), and L(E)C50ex,soil is the toxic 
concentration in soil derived from experimental data (mg per kg of soil dry 
weight; mg·kgdw

-1).  

Subsequently, the hazardous porewater concentration (HC50ep,pw in mg·L-1) was 
estimated by the geometric mean of all available species-specific log-normally 
distributed L(E)C50 values. Hence, log HC50 equals the arithmetic mean of the 
log-transformed L(E)C50 values:  





n

1i
i,pw,eppw,ep 50C)E(Llog

n

1
50HClog    (4.3) 

where n is the number of species i for which toxicity tests have been performed 
for chemical x. Similar to Equation 4.3, a hazardous freshwater concentration 
(HC50ex,fw in mg·L-1) was derived from all available experimental freshwater 
L(E)C50 values.  

 

4.2.2 Statistical Uncertainty 

Several sources of uncertainty influence estimates of the HC50s for soil pore 
water and freshwater. Here, we focused on statistical uncertainties related to 
the chemical’s properties. The uncertainty distributions of the HC50s depended 
on the number of species for which L(E)C50 values were available. We assigned 
a student t-distribution with n-1 degrees of freedom to the log HC50s [86], with 
a standard error calculated directly from the individual L(E)C50 data. The Koc 
values were predicted with a quantitative structure-activity relationship (QSAR) 
for organic compounds by Gramatica et al. [48]. We assigned a student t-
distribution to the predicted log Koc values [94]. The predictive errors in the 
QSAR predictions were calculated from the QSAR´s residual error and the 
chemical-specific leverage value. For details, we refer to appendix B. The 
uncertainties in the predictive modeling output were propagated with Monte 
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Carlo simulations using the spreadsheet-based application Crystal Ball (Oracle©, 
Release 11.1.2.0.00) in MS Excel with 10,000 iterations per run.  

The uncertainty in the HC50 was quantified by the 90% confidence interval (90% 

CI). The distribution of the log HC50 was defined by the predictive mean ( 50HC
); the value of the t-distribution for the log HC50 value (t90), depending on the 
degrees of freedom; and the standard error of the log HC50 value (SEMlog(HC50)), 
which was based on the sample standard deviation (s) and the number of 
species tested (n) [79, 146], written as: 

)50HClog(90 SEMt50HClog~50HClog   with 
n

s
SEM )50HClog(   (4.4) 

We assessed the validity of the HC50 values derived by the EP-method by 
comparing HC50ep,pw values and HC50ex,fw values. This way, we tested the 
assumption underlying the EP-method that the average toxicities of chemicals 
to terrestrial and aquatic species are not statistically different from each other. 
The ratio of HC50ep,pw and HC50ex,fw functioned as an indicator of the similarity:  

fw,ex

pw,ep

aq/ter
50HC

50HC
Ratio      (4.5) 

In order to use standard aquatic ecotoxicity tests for the derivation of hazardous 
concentrations in soil, a value of 1 should be within the confidence interval of 
the Ratioter/aq. 

 

4.2.3 Data collection and processing 

Terrestrial toxicological data for organic chemicals were collected from the U.S. 
Environmental Protection Agency TERRETOX Database [147], and from the 
Dutch National Institute for Public Health and the Environment [148, 149]. We 
collected experimental L(E)C50 values per unit of soil dry weight from studies 
that reported the chemical name or CAS number, the species tested, toxic 
endpoint (i.e. LC50 or EC50), and the fraction of organic matter or carbon in the 
soil sample. For chemicals with more than one measurement for the same 
species, the geometric mean was used. For chemicals whose toxic concentration 
was expressed by a range, the midpoint value was used. If experimental studies 
reported the total fraction of organic matter rather than the fraction of organic 
carbon, we assumed that the fraction of organic carbon was a factor of 1.7 
lower than the total fraction of organic matter [150].  

Aquatic toxicity data for freshwater were obtained from the Dutch National 
Institute for Public Health and the Environment [151]. Since Van Zelm et al. [77] 
demonstrated that uncertainty in the HC50 drastically decreases when data on 
three instead of two test species are available, we used HC50 values based on 
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toxicity data for at least three test species for porewater as well as for 
freshwater.  

The input for the QSAR that was used to predict Koc, i.e. the descriptor values, 
was taken from the supporting information of Gramatica et al. [48] or, if not 
available, calculated with DRAGON software version 5.5 [102]. For the Log Koc 
values and more details on the QSAR, we refer to Appendix B. 

For the assessment of the validity and uncertainty of HC50ep,pw values, we 
distinguished different chemical classes. Chemicals were classified according to 
their toxic mode of action (TMoA) based on De Zwart [152]. Because of lacking 
information on TMoA, other literature was consulted for Tetrapropylene 
benzenesulphonic acid [153], Chlordane [154], Trichloroacetic-acid [155, 156], 
and 2,4,5-T [155]. Subsequently, we grouped the narcotic (nonpolar and polar), 
reactive, and specifically acting chemicals. Narcotic chemicals induce a non-
specific reversible state of arrested activity of protoplastic structures called 
‘narcosis’ [157]. Reactive chemicals react unselectively with certain chemical 
structures and can thereby have all kinds of different modes of action [158]. 
Specifically acting chemicals exhibit toxicity via specific interactions with certain 
receptor molecules [158]. The latter group was divided into neurotoxic 
chemicals (acetylcholinesterase (AChE) agents and cyclodiene type), and 
herbicides-fungicides. There was one chemical, Pentachlorophenol, whose 
TMoA was classified as uncoupling of oxidative phosphorylation. For details, we 
refer to Table B1 (Appendix B).  

We used the Data Analysis Toolpak of Microsoft Excel to perform a regression 
analysis on the log-transformed HC50s of the different chemical classes and the 
complete dataset. This way we assessed the relationship between the log-
transformed HC50ep,pw values and HC50ex,fw values. A significant positive value 
for the slope implies a positive relationship between the HC50ep,pw values and 
HC50ex,fw values. A significant positive value for the intercept means that, for a 
slope of 1, there is a systematic difference between HC50ep,pw values and 
HC50ex,fw values. The linear fit of the data was expressed by the R2 value. The 
root mean square error (RMSE) expressed the spread of the HC50ep,pw values 
around the regression line. 

 

4.3 Results 

Porewater HC50s were estimated with the EP-method from soil toxicity tests for 
47 organic chemicals, and compared to freshwater HC50s derived from aquatic 
toxicity tests. Median HC50ep,pw values ranged between 1.8·10-3 and 2.9·104 
mg·L-1, and median HC50ex,fw values between 8.1·10-3 and 7.3·103 mg·L-1 (see 
Figures B1 and B2 in the appendix). There was a positive correlation between 
the HC50ep,pw values and HC50ex,fw values (R2 of 0.70), demonstrating that 
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chemicals that were among the most toxic for aquatic species were also among 
the most toxic for terrestrial species (see Figure 4.1).  

The regression lines between HC50ep,pw HC50ex,fw differed between the chemical 
classes (see Figure 4.1). The regression lines of the reactive chemicals, the 
neurotoxicants, and the herbicides-fungicides crossed the 1:1 relation, but for 
narcotic chemicals higher HC50ep,pw values were found. Overall, for the 
complete dataset, also higher HC50ep,pw values were found. Significant p-values 
(i.e. <0.1) were found for the slopes of narcotic chemicals (for all narcotics, and 
also for nonpolar and polar narcotics separately), for all neurotoxicants grouped 
together, and for the regression for all data. No significant relationship between 
hazardous porewater and freshwater concentrations was found for reactive 
chemicals, for the separate groups of neurotoxicants (AChE agents and 
cyclodiene type), and for herbicides-fungicides. Furthermore, we found a 
significant p-value for the intercept of all narcotic chemicals grouped together, 
for polar narcotics separately, for herbicides-fungicides, and for the regression 
for all data. Table B2 (appendix) gives more information about the slope and 
intercept of each chemical class. 

 

 

Figure 4.1 Hazardous porewater concentrations (HC50ep,pw) versus hazardous freshwater 
concentrations (HC50ex,fw), for an oxidative uncoupler (+), nonpolar narcotic chemicals 
(Δ), polar narcotic chemicals (-), reactive chemicals (o), AChE agents (x), cyclodiene type 
neurotoxicants (◊), and herbicides-fungicides (□). The dashed line indicates the 1:1 
relation, the coloured dotted lines show the log-linear fits for narcotics, reactive 
chemicals, neurotoxicants and herbicides-fungicides, and the black line shows the log-
linear fit for all data. 
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(a) (b) 

  
(c)                                                       (d) 

Figure 4.2 Ratio of the hazardous porewater concentrations based on terrestrial 
ecotoxicity tests (HC50ep,pw), and hazardous freshwater concentrations based on aquatic 
toxicity tests (HC50ex,fw), for an oxidative uncoupler and narcotic chemicals (a), reactive 
chemicals (b), neurotoxic chemicals (c), and herbicides-fungicides (d). 
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For the HC50ep,pw values, 90% CIs ranged 1.8 to 5.2 orders of magnitude 
(typically 2.2), whereas for the HC50ex,fw values, 90% CIs ranged 0.2 to 2.1 orders 
of magnitude (typically 0.5). Table B1 (appendix) gives the chemical-specific 
HC50 values for pore water and freshwater, the Ratioter/aq values, and the 
accompanying uncertainty ranges.  

Figure 4.2 shows the uncertainty distribution of the Ratioter/aq value per 
chemical. We found typical Ratioter/aq values of 3.0 for narcotic chemicals (2.8 for 
nonpolar and 3.4 for polar narcotics), 0.8 for reactive chemicals, 2.9 for 
neurotoxic chemicals (4.3 for AChE agents and 0.1 for the cyclodiene type), and 
2.5 for herbicides-fungicides. However, confidence intervals were typically 2.0 
orders of magnitude for narcotic chemicals (2.0 for nonpolar and 2.1 for polar 
narcotics), 2.1 orders for reactive chemicals, 2.4 orders for neurotoxic chemicals 
(2.8 for AChE agents and 2.4 for the cyclodiene type), and 2.5 orders for 
herbicides-fungicides, respectively. For all data, the statistical uncertainty 
associated with the Ratioter/aq was typically 2.3 orders of magnitude. A ratio of 1 
was noted within the 90% CI for 81 percent of the chemicals (38 out of 47).  

 

4.4 Discussion 

In this study, we compared hazardous porewater concentrations, derived by the 
equilibrium partitioning method, with hazardous freshwater concentrations for 
various chemical classes. The reliability of the equilibrium partitioning 
calculations was a.o. dependent on: (I) the importance of chemical uptake by 
species via pore water, (II) the bioavailability of the chemical, and (III) the 
assumption underlying the EP-method that the average toxicities of chemicals 
to aquatic and terrestrial species are not statistically different from each other. 
We will elaborate more on these limitations in the next paragraphs. We will also 
discuss the interpretation of our findings and the practical implications. 

 

4.4.1 Chemical uptake route 

Besides chemical uptake from pore water, uptake of soil particles can be 
important for hydrophobic chemicals which sorb to these particles. Belfroid et 
al. [128] showed that the difference between estimated and measured steady-
state levels of chemicals in earthworms can be up to a factor of two for 
chemicals with a log Kow >5. This may be the case for about 6 out of the 47 of 
the chemicals in this study. As a result, porewater concentrations that are toxic 
to terrestrial species may be lower than estimated here. 
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4.4.2 Bioavailability 

The bioavailability of a chemical in the soil reduces with increasing organic 
matter content. Therefore, we used the organic matter content in the soil 
reported in the terrestrial toxicity test to estimate toxic porewater 
concentrations from terrestrial L(E)C50 values. 

On a longer term, porewater concentrations calculated from chemical content 
measurements in soil and a partition coefficient obtained in short-term 
laboratory experiments may not give a good estimate for sorption or toxic 
effects [142]. This can be explained by the fact that a linear model based on Koc 
may be insufficient to describe the phenomenon of time-related reduced 
bioavailability of pollutants in the soil. Cornelissen et al. [159] explained how 
sorption to organic matter can be described by (I) linear and noncompetitive 
absorption in amorphous organic matter, e.g. partly degraded biopolymers, 
amino acids, and lipids; and (II) nonlinear, extensive and competitive adsorption 
to carbonaceous materials such as black carbon, coal, and kerogen. Therefore, 
when applying the linear EP-method, one should realize that time-related 
reduced bioavailability is not taken into account. Overestimating the 
bioavailability (i.e underestimating the soil sorption), will lead to 
underestimating the hazardous terrestrial concentrations (mg·kgdw

-1). In other 
words, the substance’s toxicity in the field will be overestimated. 

The soil-water partitioning of chemicals is largely determined by their Koc. Due 
to differences in test conditions (e.g. composition of the soil, temperature, 
etcetera), experimental Koc values may differ from estimated Koc values, 
resulting in uncertainty ranges that cannot be compared between chemicals. 
Therefore, we used solely Koc QSAR estimates [48]. The QSAR of Gramatica et al. 
[48] has a smaller mean residual than e.g. the model Koc WIN (EPI Suite). The 
availability of the underlying data of the QSAR made it possible to take into 
account the chemical-specific uncertainty (for details, see appendix par. B1) 

 

4.4.3 Sample uncertainty 

The uncertainty in the HC50 that is related to the sample of species is multi-
causal. To start with, it is a result of the number of test species. Numerous 
studies have shown that the number of species tested per chemical is a 
dominant factor in the uncertainty distributions of the HC50 for cold-blooded 
species [73-78], as well as for warm-blooded species [79, 80]. Because of the 
additional uncertainty that is related to the small sample sizes of the test 
species, Ratioter/aq values should be interpreted cautiously. However, we found 
no relationship between the number of species tested and the typical Ratioter/aq 
values.  
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In addition, it is important to select a representative sample of species to 
determine a chemical’s HC50 value. The chemical’s activity may differ between 
species, and can be targeted at a specific species group, e.g. photosynthesis in 
plants [160]. Therefore, the types of species in the toxicity datasets may be an 
important determinant for the typical value of the Ratioter/aq. In particular for 
specifically acting chemicals, large differences between freshwater and 
hazardous porewater concentrations might be caused by differences in the 
dataset’s species composition. For two neurotoxicants and three herbicides-
fungicides, the target species (i.e. animal species or plant/fungi species, 
respectively) were not present in the terrestrial dataset. For four of these 
specifically acting chemicals a Ratioter/aq of 1 was nevertheless noted within the 
90% CI. However, for Captan, an inhibitor of sporulation, we found a high 
Ratioter/aq value of typically 3.5·101 (90% CI: 4.0·100-3.2·102). Note that a 
Ratioter/aq of 1 was not within the 90% CI for this chemical. The specific mode of 
action of Captan could explain the lower HC50 for the aquatic dataset, since 
plants and fungi were present in the aquatic test set (8 out of 40 species were 
plants or fungi), but not present in the soil test set. 

The variety in species sensitivity may be expressed using species groups. In the 
terrestrial ecotoxicity dataset, the number of species tested ranged from 3 to 9. 
When distinguishing producers (plants); consumers (insects, nematodes); and 
decomposers (earthworms), data were available for two or three species groups 
for over 57 percent of the chemicals (see appendix Table B1). In the aquatic 
toxicity dataset, the number of species ranged from 4 to 224. When we 
dinstinguished single-celled organisms (bacteria, archaea, protista); plants and 
fungi; invertebrates; and cold-blooded vertebrates (a distinction similar to Van 
Zelm et al. [77]), data were available for three or four species groups for almost 
94 percent of the chemicals. For 6 out of the 9 chemicals for which a Ratioter/aq 
of 1 was outside the 90% CI, experimental soil toxicity data for only one species 
group were available. This indicates less representative samples of terrestrial 
species.  

Variation in species sensitivity to specifically acting chemicals can also influence 
the uncertainty in the hazardous concentration, and consequently the 
uncertainty in the Ratioter/aq. Differences in sensitivities between species are 
much larger for specifically acting chemicals compared to narcotic chemicals, 
because the modes of action of specifically acting chemicals are much more 
complex and involve more intermediate steps [160]. In this study, the 
uncertainty in the ratio of HC50ep,pw and HC50ex,fw was relatively small for 
narcotic chemicals (typically 2.0 orders of magnitude). According to Vaal et al. 
[161], narcotic chemicals have the smallest interspecies variation in sensitivity 
of all chemical classes. In addition Vaal et al. [161] reported that variation in 
species sensitivity can be as large as 5 to 6 orders of magnitude for reactive and 
specifically acting chemicals. In this study, confidence intervals for the Ratioter/aq 
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values were typically 2.1 orders of magnitude for reactive chemicals, 2.4 orders 
for neurotoxic chemicals (2.8 for AChE agents and 2.4 for the cyclodiene type), 
and 2.5 orders for herbicides-fungicides, respectively. The number of species 
tested in soil was generally comparable between the different chemical classes 
(3 to 5 species). Also for freshwater, the number of species tested was generally 
comparable over the different chemical classes (18-25 species), except for AChE 
agents and cyclodiene type neurotoxicants which have been tested more 
extensively (typically 69 and 83 species, respectively). The large uncertainty in 
the Ratioter/aq values for AChE agents can therefore not be explained by the 
number of species tested. It can, however, be explained by interspecies 
differences in the sensitivity for acetylcholine esterase (AChE), and in the 
biotransformation capacity for the parent compound [160]. Scheringer et al. 
[162] demonstrated that the species sensitivity distribution of methyl parathion, 
which is an AChE agent, has several maxima representing sensitive subgroups of 
species. A similar observation was done by Solomon et al. [163] for atrazine, a 
photosynthetically active chemical. Furthermore, these interspecies differences 
in the sensitivity for AChE agents may also explain the high typical Ratioter/aq 

value of 4.3. The abovementioned examples illustrate the importance of a 
representative sample of species for the estimation of the HC50 of chemical.  

 

4.4.4 Practical implications 

In this study, we performed an uncertainty assessment of the EP-method with a 
distinction between different chemical classes. Despite the use of extensive 
databases, there were relatively few organic chemicals with terrestrial L(E)C50 
values available for at least three different species. Nevertheless, our study 
gives valuable insights in the uncertainty of the hazardous concentrations 
derived by the EP-method.  

Compared to narcotic chemicals, differences in species sensitivity are larger for 
specifically acting chemicals. So particularly for specifically acting chemicals, it is 
very important to base the HC50 on a representative sample of species, 
composed of both target and non-target species. In the case of lacking 
terrestrial toxicological data, the EP-method may be applied cautiously, for 
instance in the framework of life cycle impact assessment. With the method 
described in this paper, statistical uncertainty can also be taken into account.  

For most chemical groups, HC50ep,pw values were approximately a factor of 3 
higher than HC50ex,fw values. We found that the Ratioter/aq was typically 3.0 for 
narcotic chemicals (2.8 for nonpolar and 3.4 for polar narcotics), 0.8 for reactive 
chemicals, 2.9 for neurotoxic chemicals (4.3 for AChE agents and 0.1 for the 
cyclodiene type), and 2.5 for herbicides-fungicides. However, the statistical 
uncertainty associated with the Ratioter/aq was large (typically 2.3 orders of 
magnitude). For 81 percent of the organic chemicals assessed in this study, 
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there was no statistical difference between the hazardous concentration of 
aquatic and terrestrial species. We conclude that possible systematic deviations 
between the HC50s of aquatic and terrestrial species appear to be less 
prominent than the overall statistical uncertainty. 

 

Appendix 

The appendix provides an explanation of the Koc QSAR predictions, an overview 
of the chemical-specific results, the regressions for the different chemical 
classes and the complete dataset, and box plots of the uncertainty in the 
chemical-specific hazardous porewater and freshwater concentrations. 
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5.1 Introduction 

Several sample statistics are used to describe the toxicity of chemical exposure 
and uptake. One of them is the dose or environmental concentration of a 
chemical toxic to at least 50 percent of the individuals in 50 percent of all 
species. This hazardous dose or concentration (HD50 or HC50, respectively) is 
estimated by the median from all available species-specific LD50 or LC50 values. 
It implies that at least 50 percent of the individuals in 50 percent of all species is 
expected to be protected against the chemical’s toxic effects. In the Sediment 
Quality Triad concept [122], the HC50 is used in the integrated use of site-
specific chemical, toxicological and ecological information. In addition, Kooijman 
[75] and Luttik and Aldenberg [80] suggested that by applying safety factors to 
the HD50 or HC50, a hazardous dose or concentration for sensitive species can 
be derived. In life cycle impact assessment, the HD50 and HC50 are directly 
applicable, because a median estimate for the effect of chemicals is used [7]. 
Van de Meent and Huijbregts [118] explained how life cycle assessment effect 
factors can be calculated from the median toxicity value. Somewhat simpler is 
the linear approach recommended by Pennington et al. [85], which has also 
been used to calculate effect factors for warm-blooded species from the HD50 
[164]. In this study, we focus on warm-blooded species only. Since the HD50 is 
an upcoming and important characteristic in the assessment of toxic chemicals, 
it is of great importance to know not only its absolute value but also its 
uncertainty.  

The size of the uncertainty in the HD50 is directly determined by, among other 
things, the number of species in the HD50 sample [80]. Usually, the sample size 
is small. Larsen and Hauschild [165] and Henning-de Jong et al. [166] 
emphasized the importance of finding an optimal method for making best 
estimates of toxicity based on small datasets. In this paper, we will refer to the 
uncertainty caused by small sample sizes as statistical uncertainty. Furthermore, 
when small datasets contain an unrepresentative sample of species, they can 
cause systematic uncertainty in chemicals’ hazardous doses. For the estimation 
of hazardous doses for warm-blooded species, mammals and birds are grouped 
[resembling 164, 167]. However, experimental tests are frequently based on a 
small number of mammalian species, even though birds are suggested to be 
more sensitive to chemicals [168-170]. 

The sample size can be enhanced by increasing the number of laboratory 
experiments, which is expensive and ethically controversial. Quantitative 
structure-activity relationships between chemicals (QSARs) have also been used 
for effect estimates in chemical risk assessment [e.g. 17]. As an additional 
approach, interspecies correlation estimation (ICE) models have been 
developed to estimate the toxicity of chemicals. These models have been used 
by Asfaw et al [16], Awkerman et al [18, 19], and Raimondo et al [20] to develop 
SSDs for wildlife species for a range of chemicals. With ICE models, acute toxicity 
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values of a chemical to multiple species can be predicted from a single 
experimental acute toxicity value of the chemical to a so-called surrogate 
species [16]. However, the introduction of estimated effect data brings extra 
uncertainty in the HD50 input data. It is unknown whether this extra uncertainty 
outweighs the uncertainty caused by a small experimental sample size.  

The goal of this study is to quantify the possible gain in reliability of the HD50 
values for warm-blooded wildlife species after enlargement of the number of 
species with ICE model predictions. We studied systematic uncertainty and 
statistical uncertainty in HD50 values in relationship with sample size.  

 

5.2 Materials and methods 

5.2.1 Hazardous dose 

The hazardous dose of a chemical x (HD50x) was estimated by the geometric 
mean of the log-normally distributed LD50 values (i.e. the oral doses of chemical 
x that are expected to kill 50 percent of the individuals in a given population). 
Therefore, log HD50x equals the arithmetic mean of the log-transformed LD50 
values (quantified as unit of chemical weight per unit of species wet weight, i.e. 
mg·kgwwt

-1): 





n

1i
x,ix 50LDlog

n

1
50HDlog    (5.1) 

where n is the number of warm-blooded species for which toxicity data are 
available, and LD50i,x is the oral dose of chemical x that is lethal to 50 percent of 
the individuals of species i (mg·kgwwt

-1). A comparison was made between HD50 
values based on experimental data only (HD50Ex), and on a combined dataset of 
experimental values and ICE estimates (HD50Co). For the calculations of HD50Co, 
experimental data were preferred over model predictions (see Figure 5.1).  

 

5.2.2 Experimental data  

Oral LD50 values were obtained from experimental studies reported in the 
Registry of Toxic Effects of Chemical Substances [RTECS, 171], taking into 
account three criteria. First of all, in order to prevent dependency between the 
effect dataset used for derivation of the ICE models [172] and the effect data 
used in this study, we excluded data for chemicals that were present in the ICE 
model dataset. Secondly, toxicity values indicating ranges or > and < values 
were not included. Finally, per chemical, experimental LD50 values should be 
available for at least two species of which at least one could function as a 
surrogate species in the ICE models from Raimondo et al. [172]. In case there 
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were multiple toxicity values available for the same species, we used the 
geometric mean. In the end, our dataset consisted of 1137 chemicals.  

 

 

Figure 5.1 Flow chart of the handling of LD50 values for chemical x in the calculations of 
HD50 values based on a combined dataset of experimental values and ICE predictions. 

 

5.2.3 Interspecies Correlation Estimation 

We used the ICE models available from Raimondo et al. [172], in order to 
enhance the dataset of experimental LD50 values. The ICE statistical models are 
log-linear least square regression models [16]. The slope (b) and intercept (a) for 
each ICE-regression were derived from the equation: 

)50LDlog(ba)50LDlog( x,ix,j     (5.2) 

where LD50j,x refers to the predicted toxicity value of chemical x for species j, 
and LD50i,x refers to the toxicity value of chemical x for surrogate species i. The 
ICE models were applied only within the toxicity range they were derived from 
by Raimondo et al. [172]. As RTECS [171] gives acute toxicity data on a genus 
level and the ICE models from Raimondo et al. [172] require implementation on 
a species level, we used RTECS toxicity values for the most commonly used test 
species. Hence, rat toxicity values were used for surrogate species ‘Rattus 
norvegicus’, pigeon toxicity values for ‘Columba livia’, duck toxicity values for 
‘Anas platyrhynchos’, and quail toxicity values for ‘Coturnix japonica’. For 
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species’ toxicity values that could be predicted from more than one surrogate 
species, we chose the prediction with the lowest standard deviation.  

 

5.2.4 Systematic uncertainty 

We estimated HD50 values based on experimental data only, and on a 
combined dataset of experimental values and ICE predictions, and calculated 
systematic uncertainty as follows: 

x,Cox,Exx,sys 50HD/50HDUF      (5.3) 

in which UFsys,x is the systematic uncertainty factor for the hazardous dose of 
chemical x, HD50Ex,x and HD50Co,x are the hazardous doses for chemical x based 
on the experimental dataset and the combined dataset, respectively. We 
calculated the systematic uncertainty for datasets including all wildlife species 
for which data were available (i.e. mammals and birds), and for datasets with 
only mammalian data. 

 

5.2.5 Statistical uncertainty  

We quantified the statistical uncertainty separately for the HD50 values based 
on experimental toxicity values and on a combination of experimental and 
predicted toxicity data. In both cases, statistical uncertainty in the HD50 values 
was quantified by an Uncertainty Factor, based on the 90% confidence interval 
(CI) of the log HD50 values. To be exact, we described the uncertainty in the log 
HD50 predicted from a sample with normally distributed log LD50 values and 
unknown variance [146].  Subsequently, we calculated a statistical uncertainty 
factor (UFstat,x) according to: 

x90.0 SEMt2
05.095.0x,stat 10P/PUF     (5.4) 

were P0.95 and P0.05 are the 95th- and 5th-percentile of the log HD50x distribution, 
t0.90 is the value of the t-distribution for the log HD50x that corresponds to the 
90% CI depending on the degrees of freedom, and SEMx is the standard error of 
the log HD50x. 

Experimental Dataset – The standard error of the log HD50x based on 
experimental data only (SEMEx,x) was calculated according to: 

n/sSEM 2
x,Exx,Ex 

        

(5.5)
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In these equations, 
2

x,Exs  is the variance of the experimental log LD50 values for 

chemical x; n is the number of experimental LD50x values in the HD50x 
calculation; LD50i,x are the LD50 values for chemical x per experimentally tested 
species i; and HD50Ex,x is the hazardous dose for chemical x in the experimental 
dataset.  

Combined Dataset – For the combination of experimental and predicted toxicity 
data, the standard error of the log HD50 (SEMCo,x) was calculated according to: 

2
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In these equations, 
2

x,Cos is the variance of all log LD50 values available for 

chemical x, both tested and predicted; n is the number of experimental LD50x 
values in the HD50x calculation; m is the number of predicted LD50x values in 

the HD50x calculation; 
2

x,ICEs  is the squared average regression error of the ICE 

models used for predicting the log LD50 of chemical x; LD50Co,x is the 
experimentally tested (i) or predicted (j) toxicity value of chemical x; HD50Co,x is 
the hazardous dose of chemical x for the combined dataset; and sj,x is the 
standard deviation of the predicted log LD50 for chemical x in species j, 
calculated according to Mendenhall and Beaver [97]. For the calculation steps of 
sj,x, we refer to the appendix (par. C2). Equation 5.9 holds for situations in which 
the residual errors in the ICE-predictions are fully correlated (r=1), and is further 
explained in the appendix (par C2). 

 

5.3 Results 

We calculated hazardous doses for a set of 1137 chemicals. HD50 values ranged 
between 1.0·10-1 and 9.5·103 mg·kgwwt

-1 for the experimental data, and between 
1.1·100 and 6.1·103 mg·kgwwt

-1 for the combined dataset. HD50 values from 
experimental datasets exceeded the ones from combined datasets for over 97 
percent of the chemicals, with a systematic uncertainty factor of typically 3.5.  
Figure 5.2a shows that,  in general,  we observed  an increase  in the  systematic  
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(a) 

(b) 

Figure 5.2 Hazardous doses based on a dataset of experimental toxicity data (HD50Ex) 
plotted against hazardous doses based on a combined dataset of experimental and 
predicted toxicity data (HD50Co), for all species (a) and for mammals only (b). N is the 
number of chemicals. The dashed line indicates the 1:1 relation. 

 

uncertainty of chemicals’ hazardous doses as the HD50Ex value increased. For 
the small cloud of data points in the top right, the sample sizes of the HD50Co 
values were all smaller than eight species. Including only LD50 values tested or 
modeled for mammalian species, this trend was generally not observed (see 
Figure 5.2b). However, in Figure 2b two separate clouds of data points can be 
observed. The lower group represents HD50Ex values based on a median sample 
size of  n=3  and  HD50Co values based on a median sample size of  n=10.  For the  
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(a) 

(b) 

Figure 5.3 Relationship between the number of species for which toxicity was 
experimentally tested (n) and the systematic uncertainty factor of the HD50 value (UFsys 
calculated as the ratio of the HD50 value based on experimental data and the HD50 
value based on both experimental data and model predictions), for all species (a) and for 
mammals only (b). The columns represent the 25th and 75th percentile, and the whiskers 
the 5th and 95th percentiles. In the columns, the median UFsys value is marked. N is the 
number of chemicals. 
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upper group the difference in sample size is much smaller, as HD50Ex and 
HD50Co values were based on median sample sizes of n=2 and n=5, respectively. 

Obviously, the sample sizes of the different datasets differed to a large extent. 
The datasets with experimental effect data contained toxicity values per 
chemical for 2 to 11 warm-blooded species (median n=2). Rat and mouse LD50 
values were available for 98 and 91 percent of the chemicals, respectively. For 
less than 6 percent of the chemicals there was at least one LD50 value for birds 
available. With both experimental values and ICE predictions, the datasets 
contained toxicity values per chemical for 3 to 43 species (median n+m=21). 
Less than 0.3 percent of the chemicals had no LD50 values for birds in their 
combined dataset. Figure 5.3a shows that the systematic uncertainty of a 
chemical’s hazardous dose decreased as the number of species for which 
toxicity was tested increased. We did not find a similar trend for systematic 
uncertainty if we included only LD50 values tested or modeled for mammalian 
species (see Figure 5.3b). 

 

 

Figure 5.4 Box plots of the statistical uncertainty factors of the HD50 values (UFstat) per 
number of species for which toxicity was experimentally tested (n), for HD50 values 
based on experimental data (HD50Ex) and on both experimental data and model 
predictions (HD50Co). The columns represent the 25th and 75th percentile, and the 
whiskers the 5th and 95th percentiles. In the columns, the median UFstat value is marked. 
N is the number of chemicals. 
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We compared the statistical uncertainty factors of the hazardous doses from 
experimental and combined datasets.  We observed a large difference in the 
ranges of UFstat values between the experimental and the combined dataset. 
The statistical uncertainty factors ranged between 1.0·100 and 2.5·1022 for the 
experimental dataset, and between 4.8·100 and 1.1·102 for the combined 
dataset (see Appendix Table C3). For experimental datasets, UFstat values 
ranged, for instance, twenty-two orders of magnitude for n=2 and four for n=4 
(see Appendix Table C3). Figure 5.4 illustrates the influence of the number of 
species in the experimental dataset on the uncertainty factor. For both HD50Ex 
and HD50Co values we observed that the statistical uncertainty decreased with 
increasing numbers of species included in the HD50 calculations. For all sample 
sizes, median statistical uncertainty factors were the largest for combined 
datasets. However, combining experimental data with ICE predictions makes it 
possible to reduce the upper limits of the uncertainty factor ranges.  

 

5.4 Discussion 

In this study, we calculated hazardous doses for warm-blooded species based on 
experimental data and on a combined dataset of experimental values and 
model predictions. Here, we discuss the interpretation of our findings, including 
the uncertainties associated with our methodology, and the conclusions. 

For over 97 percent of the chemicals, HD50 values from experimental datasets 
exceeded the ones from the combined dataset. This finding was related to the 
low diversity of species for which toxicity values were available. Laboratory 
experiments are predominantly performed on rodent species, in particular rats 
and mice, because of, among other things, their manageability under laboratory 
conditions. Our experimental dataset also contained mainly rodent data. 
Awkerman et al. [19] showed rodents are most often in the least sensitive 
quartile of species sensitivity distributions. Moreover, several authors suggest 
that birds may be more sensitive than mammals for the effects of chemical 
exposure [168-170]. For example, Van der Wal et al. [169] concluded from a 
principal component analysis of a combined dataset of birds and mammals that 
there is a clear difference in sensitivity between classes. Their analysis showed 
that although within each class the magnitude of the differences in sensitivity is 
similar, as a group mammals are less sensitive than birds. These studies all point 
out that, as a group, birds are the most sensitive wildlife species. In line with 
that, Figures 5.2b and 5.3b show barely systematic uncertainty between HD50Ex 

values and HD50Co values if we only included mammalian toxicity data, 
illustrating the importance of including avian toxicity data in the estimation of a 
HD50 for warm-blooded species. Furthermore, in figure 2b, we observed two 
separate clouds of data points, showing how HD50Co values approach HD50Ex 

values closer if their samples sizes do not deviate too much. This finding 
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suggests that even within the group of mammals, systematic uncertainty can be 
present if the sample size is too small and the diversity of species too low. 

For both experimental and combined datasets, we observed a reduction in 
statistical uncertainty with increasing numbers of species included in the HD50 
calculations. Other authors found as well that the number of species tested per 
chemical is a dominant factor in the uncertainty distributions of median toxicity 
values for both warm-blooded species [80] and cold-blooded species [73, 74, 
76-78]. E.g., Van Zelm et al. [78] studied the ranges in statistical uncertainty 
factors of the median lethal concentrations of high production volume 
chemicals. They found twenty-five orders of magnitude for n=2 reducing to five 
orders of magnitude for n=4. We showed that the combination of experimental 
and predicted data reduces the upper limit of the range for statistical 
uncertainty factors, in cases of limited experimental toxicity data (n ≤ 4).  

As is shown in Figure 5.4, statistical uncertainty does not decrease for all 
chemicals by including interspecies correlation predictions. However, small 
experimental samples frequently consist of relatively closely related rodents, 
and are therefore likely to show a smaller spread in LD50 values than relatively 
large samples with a higher diversity in species. Due to this bias in sample 
composition, small experimental samples may underestimate statistical 
uncertainty. Therefore, enhancement of experimental toxicity datasets with ICE 
predictions may actually result in more prominent reductions of statistical 
uncertainty than what was found in this study. 

 

5.5 Conclusion 

We compared HD50 values based on experimental data only and on a combined 
dataset of experimental values and ICE predictions, and looked at systematic 
and statistical uncertainty of chemicals’ hazardous doses. We found that the 
limited availability of experimental toxicity data, predominantly for mammals, 
resulted in a systematic underestimation of the wildlife toxicity of a chemical. 
This emphasizes the importance of including avian toxicity data in the 
estimation of a HD50 for warm-blooded species. Consequently, we recommend 
including toxicity data of both mammals and birds in risk assessments or life 
cycle impact assessments where HD50 values for warm-blooded wildlife species 
are used. We conclude that, by combining experimental data with ICE model 
predictions, the validity of the HD50 value can be improved and high statistical 
uncertainty can be reduced, particularly in cases of limited toxicity data, i.e. 
data for mammals only or a sample size of n ≤ 4. 
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Appendix 

The appendix provides details about the uncertainty calculations. It also gives 
the complete list of HD50 values based on experimental and combined datasets, 
together with the statistical and systematic uncertainty factors. 
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6.1 Introduction  

A Life Cycle Assessment (LCA) quantifies the resource use and emissions of a 
product or service for its complete life cycle. The impact categories of interest, 
e.g. fossil fuel use, global warming, and ecotoxicity, are determined in a Life 
Cycle Impact Assessment (LCIA) [173]. In current LCIA of freshwater ecotoxicity, 
the focus is on cold-blooded species and lower trophic levels (e.g. algae, 
invertebrates, and fish), excluding the impact of chemicals on warm-blooded 
predators (e.g. mammals and birds). The impact of chemicals on cold-blooded 
species is estimated from direct exposure to concentrations in fresh water, 
whereas uptake of chemicals via food is not accounted for. Although both cold-
blooded and warm-blooded predators in aquatic food chains can be exposed to 
chemical pollutants via water and food, the inclusion of uptake from food is of 
much greater importance for warm-blooded predators than for carnivorous fish 
[24, 25]. Furthermore, the effects per unit of exposure may differ between cold-
blooded and warm-blooded species. Therefore, we developed a method to 
assess impacts of chemicals on warm-blooded predators in freshwater 
ecosystems.  

The impact of a product or service for the different impact categories is 
quantified with Characterization Factors (CFs). CFs for ecotoxicity depend on the 
fate, exposure and effects of each chemical emission in the environment [173]. 
The fate and exposure factors of chemicals are generally modeled with 
multimedia fate and exposure models [2-5]. Effect factors are modeled from 
experimental toxicity data, applying species sensitivity distributions [174].  

In order to develop characterization factors for the ecotoxicological impacts of 
organic chemicals on warm-blooded predators at the end of freshwater food 
chains, we calculated fate and exposure factors for water and air. Subsequently, 
we introduced bioaccumulation factors in the CF-calculations. This way, we 
accounted for bioaccumulation in three uptake routes of the warm-blooded 
predators, i.e. absorption from freshwater, assimilation from food, and 
inhalation of air. Internal effect factors were calculated based on LD50-values 
for mammals and birds. To conclude, we made a comparison between our new 
characterization factors for warm-blooded predators and characterization 
factors for cold-blooded species, primary producers, and decomposers currently 
applied in LCIA. 

 

6.2 Materials and methods 

6.2.1 Ecotoxicity characterization factors 

In this study, the CF for warm-blooded predators in freshwater food chains was 
defined as the change in ecotoxic effects of a chemical x on warm-blooded 
predators,  resulting  from a change  in  emission  of  chemical  x. It  consists  of a  
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Figure 6.1 Scheme of the freshwater food chain applied in the bioaccumulation 
calculations of this study. BFx is the bioaccumulation factor of chemical x in warm-
blooded predators due to uptake from air (a), food (f), and fresh water (w). 

 

multiplication of the Fate Factor (FFx,i,j), Exposure Factor (XFx,j), Bioaccumulation 
Factor (BFx,j), and Effect Factor (EFx) of a chemical: 

x
j

j,xj,xj,i,xi,x EF)BFXFFF(CF     (6.1)  

i,xCB      

where CFx,i is the ecotoxicological characterization factor of a chemical x emitted 
into an environmental compartment of emission (i) (yr·kg-1). The fate factor 
describes the fraction of the chemical x transferred from the emission 
compartment i to a compartment of reception (j), and its subsequent residence 
time in compartment j (yr·m-3). The dimensionless exposure factor is the 
fraction of the chemical x in the receiving compartment j that is bioavailable for 
uptake by organisms. The bioaccumulation factor for substance x represents the 
predators’ uptake potential of the bioavailable concentration in fresh water, 
food and air (quantified as unit of environmental volume per unit of wet weight, 
i.e. m3·kgwwt

-1). For the remainder of this thesis, we will refer to the product of 
FFx,i,j, XFx,j, and BFx,j, summed for uptake from fresh water, food, and air, as the 
chemical’s Concentration Buildup (CBx,i in yr·kgwwt

-1). CBx,i is the change in the 
internal concentration of chemical x in warm-blooded predators, resulting from 
a change in emission of chemical x of 1 kilogram per year. EFx is the effect factor 
of chemical x describing the effects of chemical x on warm-blooded predators 
per unit of internal concentration (kgwwt·kg-1). It is based on the assimilated dose 
that has lethal effects on 50 percent of the species (kg chemical per kg wet 
weight, i.e. kg·kgwwt

-1). 

The freshwater food chain modeled in this study consists of four trophic levels, 
i.e. algae, invertebrates, fish, and warm-blooded predators such as mammals or 
birds (see Figure 6.1). In order to quantify the predators’ internal concentration 
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for each chemical, the exposure and bioaccumulation in trophic level 1 up to 
and including trophic level 3 were taken into account.  

 

6.2.2 Fate and Exposure 

The fate factor is the change in total steady state concentration of substance x 
in receiving compartment j (dCx,j,total in kg·m-3) due to a change in emission of 
substance x to compartment i (dMx,i in kg·yr-1):  

i,x

total,j,x

j,i,x
dM

dC
FF      (6.2) 

The exposure factor for fresh water (XFx,w) is the fraction of chemical x 
dissolved: 

total,w,x

diss,w,x

w,x
dC

dC
XF      (6.3) 

where dCx,w,diss represents the change in concentration of chemical x dissolved in 
the freshwater compartment due to a change in the total concentration of 
chemical x in the freshwater compartment (dCx,w,total both in kg·L-1). For air, the 
exposure factor was set to 1, since both chemical attached to aerosols and 
chemical in the gaseous phase contribute to the exposure. USES-LCA 2.0 was 
used to calculate fate and exposure factors [5]. 

 

6.2.3 Bioaccumulation 

Bioaccumulation is defined as the net process by which the chemical 
concentration in an organism achieves a level exceeding the concentration in 
air, water or organic solids. We distinguished three bioaccumulation factors 
(BFs) for warm-blooded predators, namely for uptake from water, uptake from 
food, and uptake from air. 

The bioaccumulation factor for uptake from water was defined as: 

∑ out,x

in,w,x

diss,w,x

predator,x

w,x
k

k

dC

dC
BF 

   

(6.4) 

where BFx,w is the bioaccumulation factor of chemical x in warm-blooded 
predators due to uptake from fresh water (m3·kgwwt

-1), dCx,predator is the change in 
predators’ internal concentration of chemical x (kg·kgwwt

-1), kx,w,in is the influx 
rate constant for chemical x  via water absorption for warm-blooded predators 
(L·kgwwt

-1·yr-1), and ∑kx,out is the sum of the rate constants for the different 
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elimination routes in warm-blooded predators, i.e. excretion, egestion, 
biotransformation, growth dilution, and exhalation (yr-1).  

For the bioaccumulation factor of uptake from food (BFx,f), the concentration 
change in predators results from a change in the dissolved chemical 
concentration in water, via a concentration change in the predators’ food: 

∑ out,x

3,xin,f,x

diss,w,x

predator,x

f,x
k

BFk

dC

dC
BF


    (6.5) 

where BFx,f is the bioaccumulation factor of chemical x in warm-blooded 
predators attributable to uptake from food (m3·kgwwt

-1), kx,f,in is the predators’ 
influx rate constant for assimilation of chemical x from food (L·kgwwt

-1·yr-1), and 
BFx,3 (m

3·kgwwt
-1) is the bioaccumulation factor of trophic level 3 attributable to 

freshwater uptake which is both direct and indirect (i.e. via food). The equation 
describing BFx,3 can be found in appendix D. 

The concentration of a chemical in predators of trophic level 4 can further 
increase due to uptake from the air via inhalation. The resulting 
bioaccumulation was described by BFx,a (m

3·kgwwt
-1): 

∑ out,x

in,a,x

a,x

predator,x

a,x
k

k

dC

dC
BF          (6.6) 

where dCx,a is the change in concentration of chemical x in the air (kg·L-1), and 
kx,a,in is the predators’ uptake rate constant for inhalation (L·kgwwt

-1·yr-1). 

The bioaccumulation factors were calculated with the bioaccumulation model 
OMEGA (Optimal Modeling for EcotoxicoloGical Applications) of Hendriks et al 
[175, 176]  supplemented by the calculations of Veltman et al [177] to predict 
accumulation of air pollutants in various mammals. OMEGA is based on classical 
fugacity theory for accumulation of organic substances and defines rate 
constants for uptake and elimination as a function of the partitioning and 
biotransformation of a chemical, the fractions of water, proteins, polar and 
neutral lipids in the tissue or blood of the species, and the trophic level of the 
species. The partitioning between the blood or tissue of organisms and the 
exchange compartments water or air was implemented separately in the model 
calculations for polar and nonpolar chemicals [175]. More information about 
the calculations in OMEGA can be found in Appendix D.  

 

6.2.4 Effect 

The effect factor expresses the effect of a chemical on warm-blooded predators 
in freshwater food chains per unit of internal exposure. We applied the linear 
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approach of Pennington et al [85] to calculate the effect factor of chemical x (EFx 
in kgwwt·kg-1):  

xpredator,x

x
50BB

5.0

dC

dPAF
EF      (6.7) 

where dPAF is the dimensionless change in the potentially affected fraction 
(PAF) of species, and BB50x is the median hazardous body burden of chemical x 
lethal to 50 percent of the individuals in 50 percent of the species (kg·kgwwt

-1). 
We calculated the predators’ hazardous body burden for each chemical as the 
fraction of the orally hazardous dose that is assimilated: 

xass,xx 50HDp50BB        (6.8) 

The fraction of the ingested dose that is assimilated by predators (px,ass) was 
obtained by dividing the rate constant for assimilation by the rate constant for 
food ingestion as calculated in OMEGA [176]. The orally hazardous dose of 
chemical x (HD50x in kg·kgwwt

-1) represents the oral dose that is lethal to 50 
percent of the individuals in 50 percent of the species:  


n

xx 50LDlog
n

1
50HDlog    (6.9) 

where n is the number of species tested and LD50x is the dose of chemical x 
lethal to 50 percent of the individuals of a certain species (kg·kgwwt

-1). 

 

6.2.5 Data Collection 

The majority of the 329 organic chemicals modeled in this study were 
pesticides. The Electronic Supporting Information gives the complete list of 
chemicals, and details on how they were classified as nonpolar or polar. For fate 
and exposure modeling, the physicochemical properties of the chemicals were 
taken from USES-LCA 2.0 [5].  

For bioaccumulation modeling, the biotransformation rate constants (kx,m,out) in 
fish of the third trophic level were taken from EPI Suite™ 4.0 [178]. Arnot and 
colleagues defined biotransformation as the change of a chemical to another 
molecule or a conjugated form of that chemical. Experimental biotrans-
formation rates were available for 69 out of the 329 chemicals modeled in this 
study [178]. We used model estimates for the biotransformation rates of the 
remaining chemicals. Biotransformation rates in warm-blooded predators were 
assumed to be five times faster than biotransformation rates in fish of the third 
trophic level on a per body weight basis, based on the work of Arnot and others 
[179]. We did not take elimination via biotransformation in algae and 
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invertebrates into account due to lack of data. For bioaccumulation modeling, 
the chemicals’ Kow-values and Kaw-values were taken from USES-LCA 2.0 [5].  

For all 329 organic chemicals, experimental LD50-values for mammals and birds 
were obtained from literature [80, 180-186, ATSDR 187]. We grouped the effect 
data available for mammals and birds in order to calculate effect factors for 
warm-blooded predators.  

 

6.2.6 Model Comparison 

We compared our characterization factors for warm-blooded predators with 
characterization factors for cold-blooded species, primary producers, and 
decomposers calculated by USES-LCA 2.0  [5].  

 

6.3 Results  

Figure 6.2 shows that the chemicals’ concentration buildup (the product of FFx,i,j, 
XFx,j, and BFx,j, summed for uptake from fresh water, food, and air) ranged 7 
orders of magnitude for an emission to air, and 9 orders of magnitude for an 
emission to fresh water or agricultural soil. For illustrative purposes, Acephate, 
Aldicarb, Lindane, and DDT are highlighted in our figures. More details on their 
physical and chemical properties can be found in Table D2 (appendix).  

Figure 6.2 also shows that chemicals’ CBs were positively correlated with the 
Kow. Of the highlighted chemicals, Acephate had the lowest concentration 
buildup for all three emission scenarios. This can be attributed to a combination 
of a low Kow and a high biotransformation rate. The difference in CB between 
Lindane and DDT was mainly determined by a difference in biotransformation 
rate of one order of magnitude. The contribution of uptake from air to a 
chemical’s CB was positively correlated with the chemical’s Kaw for all emission 
scenarios. These results are shown in the appendix (Figure D2).  

Table 6.1 displays the relative contribution of the three uptake routes to 
chemicals’ CBs for the three emission scenarios. After an emission to fresh 
water, the relative contribution was 1% (90%-CI: 0-2%) for uptake from air, 43% 
(90%-CI: 11-50%) for uptake from water, and 56% (90%-CI: 50-87%) for uptake 
from food. After an emission to agricultural soil, the relative contribution was 
11% (90%-CI: 0-80%) for uptake from air, 39% (90%-CI: 5-50%) for uptake from 
water, and 50% (90%-CI: 11-83%) for uptake from food. Uptake from air was 
mainly relevant for emissions to air (on average 42% with 90%-CI: 5-98%). 
Relative uptake from food increased with increasing Kow, at the expense of 
uptake from water. For chemicals with a high Kow, uptake from food was by far 
the  most  important  uptake route.  After an emission of  DDT to fresh water for  
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 (a) 

 (b) 

 (c) 
Figure 6.2 Correlation plot of the Kow of chemicals and their CB for an emission to air (a, 
R

2
=0.49), fresh water (b, R

2
=0.68), and agricultural soil (c, R

2
=0.28), respectively. 

Acephate (◊), Aldicarb (□), Lindane (Δ), and DDT (O) are highlighted. The dotted line is 
the accompanying linear fit for the data. 
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Table 6.1 Relative contribution of different uptake routes to the Concentration Buildup 
(CB). Numbers shown are average percentages. The values between brackets show the 
90%-confidence interval. 

Chemical Uptake route Emission to air Emission to fresh 
water 

Emission to 
agricultural soil 

Acephate Fresh water 11 50 50 

 Food 11 50 50 

 Air 79 0 0 

Aldicarb Fresh water 48 50 50 

 Food 48 50 50 

 Air 4 0 0 

Lindane Fresh water 35 40 39 

 Food 53 60 59 

 Air 11 0 2 

DDT Fresh water 2 2 2 

 Food 72 98 90 

 Air 26 0 8 

All Fresh water 25 (1-47) 43 (11-50) 39 (5-50) 

 Food 33 (1-60) 56 (50-87) 50 (11-83) 

 Air 42 (5-98) 1 (0-2) 11 (0-80) 

 

example, on average 98% of the DDT uptake by warm-blooded predators was 
from food. 

Figure 6.3 shows that effect factors ranged 7 orders of magnitude, and 
characterization factors 9 orders of magnitude, irrespective of the emission 
compartment. It also shows that the correlation between EFs and CFs was low 
(R2=0.13 for an emission fresh water). The correlation between EFs and CBs was 
also low (R2=0.11 for an emission to fresh water, figure not shown). This low 
correlation was illustrated by, for example, Aldicarb and DDT: the EF of Aldicarb 
was more than two orders of magnitude higher than the EF of DDT, whereas the 
CF of Aldicarb was a little lower due to the fact was that its CB was three orders 
of magnitude lower. Hence, EFs and CBs are equally important to include in CF 
calculations. 

To test the influence of biotransformation on CFs for warm-blooded predators, 
we performed a model scenario in which biotransformation rates in trophic 
level 4 were set to zero. We compared the CFs resulting from this scenario to 
the CFs from the default scenario, in which biotransformation rates in warm-
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blooded predators were assumed to be five times faster than biotransformation 
rates in fish of the third trophic level on a per body weight basis [179] (see 
Methodology – Data Collection). Excluding biotransformation in warm-blooded 
predators typically increased the CF with a factor of 140 (90%-CI: 2.2-8900). 
Figure 6.4 shows that this factor decreased with increasing CF. 

 

 

Figure 6.3 Correlation plot of the EFs and CFs for warm-blooded predators for an 
emission to fresh water (R

2
=0.13). Acephate (◊), Aldicarb (□), Lindane (Δ), and DDT (O) 

are highlighted. The dotted line is the accompanying linear fit for the data. 

 

 

Figure 6.4 Correlation between CFs based on biotransformation in trophic level 3 and 4 
(biotransformation in level 4 being five times higher than biotransformation in level 3) 
compared to CFs based on biotransformation in trophic level 3 only, for an emission fresh 
water. Acephate (◊), Aldicarb (□), Lindane (Δ), and DDT (O) are highlighted. The dashed 
line indicates the 1:1 relation. 
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Figure 6.5 shows the comparison of our characterization factors for warm-
blooded predators and characterization factors for cold-blooded species, 
primary producers, and decomposers currently applied for freshwater 
ecotoxicity in LCIA, for an emission to fresh water. Figure D3 (appendix) shows 
this comparison for an emission to air and agricultural soil. CFs for cold-blooded 
species were median four orders of magnitude higher than the CFs for warm-
blooded species (90%-CI: two to six orders of magnitude for emissions to fresh 
water or agricultural soil, and one to six orders of magnitude for emission to 
air). The chemicals approaching the 1:1 line in Figures 6.5 and D3 have a high 
Kow and a low biotransformation rate, e.g. Mirex, Pentac, and Brodifacoum. The 
correlation between the CFs of both methods was relatively low (R2=0.16 for an 
emission to air, R2=0.18 for an emission to agricultural soil, and R2=0.26 for an 
emission to fresh water, respectively).  

 

 

Figure 6.5 Correlation between our new CFs for warm-blooded predators and CFs for 
cold-blooded species, primary producers, and decomposers calculated according to 
existing methodologies, for an emission to fresh water (R

2
=0.26). Acephate (◊), Aldicarb 

(□), Lindane (Δ), and DDT (O) are highlighted. The dashed line indicates the 1:1 relation, 
whereas the dotted line shows the linear fit for the data. 

 

6.4 Discussion 

In this study, we calculated characterization factors for warm-blooded predators 
at the end of freshwater food chains. Here, we discuss the uncertainties 
associated with our methodology and the practical implications of our 
outcomes.  
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6.4.1 Uncertainty  

To calculate CFs for warm-blooded predators, we estimated the fate of chemical 
emissions, and subsequent exposure, bioaccumulation and resulting potential 
effects. As the bioaccumulation factor was newly introduced in this type of 
modeling and the effect factor was adjusted, this section discusses uncertainties 
in the BF and EF quantification.  

Uncertainty in the estimation of the bioaccumulation factor was mainly caused 
by the exposure routes included and the chemicals’ biotransformation rates. 
Chemical exposure via ingestion of sediment of sediment-dwelling organisms 
was not taken into account in the calculations of the bioaccumulation factor of 
higher predators, but may be relevant for persistent, bioaccumulative, organic 
chemicals [188]. Therefore, for this type of chemicals, excluding exposure via 
ingestion of sediment may have caused an underestimation of CFs.  

The inclusion of biotransformation as an elimination route was highly relevant, 
but an important source of uncertainty at the same time. Biotransformation 
rates in warm-blooded predators were assumed to be five times faster than 
those in fish of the third trophic level on a per body weight basis [179], an 
assumption that is very uncertain. The use of model estimates rather than 
experimental biotransformation rates for trophic level 3, for seventy-nine 
percent of the chemicals modeled in this study, adds uncertainty as well. 
Excluding biotransformation can cause excessive overestimation of critical body 
residues [175]. The importance of biotransformation is further stressed by 
McLachlan et al [189], who state that the role of biotransformation exceeds the 
role of partitioning properties in cases with multimedia perspective. In our 
study, the inclusion of biotransformation in trophic level 4 typically increased 
the CF with a factor of 140 (90%-CI: 2.2-8900). Due to lack of data, elimination 
via biotransformation was not included for algae and invertebrates. Mostly, 
biotransformation rates increase from low to high trophic levels, but there are 
some exceptions. For example, biotransformation of DDT appears to be faster in 
invertebrates in comparison to vertebrates, and small datasets suggest that 
nitrogen biocides are rapidly eliminated by plants and slowly by animals [176]. 
To test the importance of possible biotransformation rates in trophic levels 1 
and 2, we also performed a model scenario in which biotransformation rates in 
algae and invertebrates were assumed to be equal to the biotransformation 
rate in trophic level 3. The CBs were self-explanatory lower in the rerun scenario 
than in the original one, but the change in CBs was <1%. Hence, we can 
conclude that for our dataset the lack of biotransformation in trophic levels 1 
and 2 had hardly any influence on the CBs for warm-blooded predators. 

Uncertainty in EF calculations was mainly caused by the small size of our 
dataset, and the duration of the toxicity tests on which the EFs were based. The 
number of species tested per chemical varied between 1 and 37. Average 



Ecotoxic impacts on warm-blooded predators 

89 

uncertainty in EFs decreases with increasing number of species tested to around 
one order of magnitude for n≥4 [77]. In our study, n≥4 for 36% of the chemicals.  

Although a few studies are available on chronic toxicity data for warm-blooded 
species [e.g. 190, 191, 192], we used acute toxicity values (LD50) to calculate 
effect factors, because the vast majority of the experimental data available is 
based on short-term tests. However, chronic toxicity values are probably closer 
to the wild life situation. Also, sub-lethal, chronic effects – such as inhibition of 
reproduction and migration – may give more insight in possible damage at 
population level than lethal doses. These effects occur mostly at doses that are 
a median factor of 2.5 lower than lethal doses [116]. 

 

6.4.2 Practical Implications 

We found that CFs for cold-blooded species, primary producers, and 
decomposers were typically four orders of magnitude higher than CFs for warm-
blooded species. The correlation between characterization factors for warm-
blooded predators and cold-blooded species, primary producers, and 
decomposers was relatively low (R2<0.3), which means that, in terms of ranking 
of chemicals, a high relative impact on cold-blooded species, primary producers, 
and decomposers does not necessarily indicate a high relative impact on warm-
blooded predators. In contrast with the conservative approach of environmental 
risk assessment, LCIA aims at a best estimate for fate, exposure and effect of 
chemicals [7]. Therefore, we recommend that the impact of chemicals on all 
trophic levels is taken into account in an LCA. We suggest that CFs are calculated 
separately. The (normalized) characterization scores of for cold-blooded species, 
primary producers, and decomposers and warm-blooded species can be further 
weighed on the basis of e.g. the importance society attributes to the protection 
per trophic level. Depending on the weighing method to be considered, the 
inclusion of impacts on warm-blooded predators can change the relative ranking 
of toxic chemicals in a life cycle assessment.  

 

Appendix 

The appendix provides more information about the calculations in OMEGA, and 
a description of how typical species characteristics were implemented per 
trophic level. Additionally, an overview of the chemical properties of the 
highlighted chemicals and additional graphs are shown. 

Furthermore, there is an addendum in which chapter 5 and chapter 6 were 
combined to derive new CTPs with higher validity and less uncertainty for the 
impact of chemical emissions on warm-blooded predators. 
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7.1 Introduction 

In Life Cycle Assessment (LCA), the environmental impact of a product or service is 
determined for its complete life cycle. The use of resources and the emission of 
pollutants are quantified in an inventory [193]. Subsequently, in a Life Cycle Impact 
Assessment (LCIA) the potential environmental impacts are determined for all 
impact categories of relevance, e.g. depletion of resources, global warming, or 
human toxicity [173, 194]. Health impacts due to chemical exposure can be 
quantified with use of characterization factors (CFs) [4, 195, 196]. These are based 
on the fraction of the chemical emission that is taken in by the people exposed, i.e. 
the intake fraction (iF), and the chemical’s toxicity. 

Human toxicity in LCIA is primarily focused on the potential impacts of chemicals 
that are emitted into the ambient environment. However, the life cycle of goods or 
services also involves indoor exposure in occupational settings or at home [26]. 
Despite developments in occupational hygiene over the past 50 years, the 
concentrations to which a part of the working population is exposed in 
occupational settings exceeds by far the concentrations to which the general 
population will ever be exposed – often by a factor of 100 [197]. The human health 
impacts from indoor exposure throughout a chemical’s lifecycle can be important 
[29, 198, 199], and may even exceed the human health impacts from production or 
disposal [29]. As a consequence, excluding health impacts from indoor chemical 
exposure can lead to optimization of products or processes at the expense of the 
workers’ and/or the consumers’ health [28, 29, 200-205]. Therefore, indoor 
exposure should be routinely addressed within LCA.  

Hellweg and others [28] provided a generic, time-independent framework to 
integrate indoor exposure to air pollutants within LCIA. The intake fraction, 
however, depends on a combination of operational conditions, and protective 
measures. Operational conditions that influence the level of exposure are e.g. the 
volume of the room and the duration of the exposure. Protective measures that 
can be applied to reduce a person’s exposure, and thereby the possible adverse 
health impacts, are e.g. local exhaust ventilation and respiratory protective 
equipment. The operational conditions and protective measures needed for the 
safe manufacturing and use of chemicals throughout their life cycle are described 
in exposure scenarios (ES) [206]. Chemical suppliers have to provide their 
downstream users with extended safety data sheets (ext-SDS), including exposure 
scenarios, as part of the European Community Regulation on chemicals and their 
safe use (REACH: EC 1907/2006). At present, however, a method to determine CFs 
while accounting for the large variability in exposure settings in the LCIA of indoor 
chemical emissions is lacking. 

The goal of the present paper was to develop and apply an LCIA method for indoor 
exposure to chemicals, accounting for differences in operational conditions and 
protective measures. A case study on metal degreasing was carried out to show 
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the application of this method in practice. The case study focuses on the industrial 
solvent dichloromethane (DCM), also known as methylene chloride (CAS 75-09-2). 

DCM is a suspected human carcinogen [207]. Short-term exposure to DCM is 
associated with functional impairment of the central nervous system [208]. The 
permissible exposure limit (PEL) for an 8-hour workday with occupational exposure 
is 25 ppm (i.e. 88.25 mg·m-3) [209, 210]. The chemical is used, e.g., as an aerosol 
spray propellant in automotive products; as a solvent in the manufacture of drugs; 
in electronics manufacturing; and as a metal cleaning solvent [211, 212]. Demou et 
al. [213] made an occupational chemical priority list of chemicals for which more 
detailed and industrial-sector specific quantitative exposure, risk and life-cycle 
assessments should be completed. Based on its chemical properties, quantity 
used, toxicity, exposure duration and number of people exposed, DCM was the top 
ranked solvent. 

 

7.2 Materials and methods 

This section provides the modeling framework proposed in this study, including 
details about the metrics used to assess indoor exposure and human toxicity, and 
default values for the parameters influencing the intake fraction of chemicals. 
Subsequently, the goal and scope, inventory analysis, and impact assessment for 
human toxicity for the case of metal degreasing are described. 

 

7.2.1 Modeling framework 

In LCA, the environmental impact is related to a reference unit, i.e. the functional 
unit (FU), and its reference flows. The emissions of pollutants per FU and the 
impact per unit of emission can be combined in one measure according to: 

 
x i

i,xi,x )CFM(Impact     (7.1) 

where M is the emission of chemical x in kg/FU to environmental compartment i 
(indoor air in this case), and CF is the characterization factor of the impact 
categories of interest (human toxicity in this case). 

The emission can be estimated from the amount of chemical that is used per 
functional unit: 

x,releasex,prepxx p .pAM      (7.2) 

where Ax is the amount of product that is used (kg/FU), pprep,x is the weight fraction 
of the chemical x in the product (preparation) used, and prelease,x is the fraction of 
the chemical x that is released. 

CFs for the human-toxicological effects of a chemical (disease cases per kg of 
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emission) are the product of the dimensionless intake fraction (iF) and the effect 
factor (EF) [4, 84]: 

 
j

j,xj,i,xi,x )EFiF(CF     (7.3) 

where j indicates the exposure route, e.g. inhalation, dermal or oral uptake. 

Hellweg and others [28] described a single-compartment box model to estimate 
the indoor intake fractions via inhalation, based on the number of people exposed, 
the air inhalation rate of an individual, the volume of the room, the mixing of air, 
and the air exchange rate (see Appendix E1). However, the intake fraction is time-
dependent, particularly when people are exposed for only a short duration of time. 
Moreover, the emission source may be (partially) enclosed or equipped with local 
exhaust ventilation, or the worker may use respiratory protective equipment to 
reduce the concentration in the inhaled air (from now on referred to as ‘protective 
measures’). Hence, we estimated the intake fraction according to: 
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where iFx,indoor,inh is the intake fraction for exposure via inhalation to chemical x 
emitted to indoor air. The time interval of indoor exposure is a ≤ t ≤ b. N is the 
number of people exposed, pencl is the fraction of the chemical emission remaining 
in the indoor air corrected for enclosure, pLEV is the fraction of the chemical 
emission remaining in the indoor air corrected for local exhaust ventilation, pRPE is 
the fraction of the chemical emission remaining in the indoor air corrected for 
respiratory protective equipment, IR is the air inhalation rate of the exposed 
individual(s) (m3·h-1), V is the volume of the room (m3), m is the dimensionless 
mixing factor (see explanation hereafter), kex is the air exchange rate (h-1), and t is 
time (h). The mixing factor expresses the extent to which the air is mixed by a 
value between 0 and 1. No mixing of air is indicated by 0, and complete mixing of 
air is indicated by 1. More information about the derivation of the time-dependent 
intake fraction can be found in Appendix E1. 

 

7.2.2 Default parameters 

In the context of the European REACH regulation several data sources were 
available to assess the parameter values to determine the intake fractions of 
chemical emissions. In Table 7.1, the parameters from equation 7.4 are listed with 
their default values. 
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Table 7.1 Default parameters values for the parameters affecting the intake fraction.  

Parameter Available information Default 
value 

Reference 

Fraction of 
chemical released 
to air (prelease) 

Default vapor pressure bands are 
available. 

0.001-1 Appendix 
Table E1, 
[214] 

Number of 
exposed 
individuals (N) 

The number of workers exposed 
differs within and between 
industrial sectors and professional 
settings. 

not available  

Inhalation rate 
(IR) 

The inhalation rate depends on the 
sex of the worker and the level of 
activity.  
 
 

32-48 
m

3
·day

-1
 for 

an average 
person 
during light 
to medium 
activity 

Appendix 
Table E5,  
[215-217] 
 

Fraction in air 
after enclosure 
(pencl) 

Estimated average efficacy values 
are typically 50%, with 86% for 
complete and 23% for partial 
enclosure. 

0.14-0.77 [218] 

Fraction in air 
after local 
exhaust 
ventilation (pLEV) 

Efficacy varies between 75% and 
95%, depending on the process and 
sector of use. 

0.05-0.25 Appendix 
Table E3, 
[219] 

Fraction in air 
after respiratory 
protective 
equipment (pRPE) 

Actual protection factors are 
assigned for no respiratory 
protective equipment, 90% 
efficacy, and 95% efficacy. 

1, 0.1 or 
0.05 

Appendix 
Table E4, 
[214] 

Room volume (V) Average room volume per worker 
for the food, paper and chemical 
sectors in Switzerland are available.  
For consumers, sizes of different 
rooms in an average West-
European house are available, plus 
a default room size. 

3·10
2
-7·10

2
  

m
3
/worker 

 
20 m

3
 

[28] 
 
 
[217] 

Mixing of air (m) Perfect mixing of air refers to a 
situation in which air is moving 
turbulently.  
A factor between 0 and 1 may be 
applied as a correction factor for 
partial mixing. 

 
 
1 
 

[220] 
 
[28]  
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Parameter Available information Default 
value 

Reference 

Ventilation rate 
(kex) 

Typical ventilation efficiencies are 
available for basic natural 
ventilation, good general 
ventilation, enhanced general 
ventilation (all indoors), and 
ventilation in the open air.  

1-10 h
-1

 Appendix 
Table E2, 
[219] 
 

Exposure 
duration (t) 

The exposure scenario describes 
maximum durations for exposure 
that guarantee safe use, under 
defined conditions.  
For consumers, the software tool 
ConsExpo can be used to estimate 
exposure duration. 

not available Extended 
safety data 
sheets [e.g. 
221] 
 
[222] 

 

7.2.3 Case study: goal and scope 

The method proposed in the present paper was demonstrated for metal 
degreasing with DCM. The functional unit (FU) was defined as the degreasing of 1 
m2 of metal surface. In the metal-processing industry, metal degreasing is a wide-
spread routine. Before transport or storage, metal parts are greased to protect 
them against corrosion. Subsequently, they need to be degreased before their final 
treatment, e.g. coating, welding and/or painting. We assessed the intake fraction 
of DCM via indoor air exposure during the degreasing process in the following 
industrial exposure scenarios. 

1. Treatment of articles by dipping and pouring: Manually operated metal cleaning 
machines are batch-loaded machines with non-boiling solvent degreasers. They 
are mainly applied in maintenance and manufacturing. This way of metal 
cleaning includes a.o. the treatment of articles by dipping and pouring [221, 
223].  

2. Treatment of articles in hooded cleaning machines: Conveyorised degreasers 
are continuously loaded and are in most cases hooded or enclosed, which leads 
to lower exposure levels compared to other technologies. They can operate 
with cold solvents as well as with vaporised solvent. We assessed the scenario 
of manually operated vapor degreasing with local exhaust ventilation [221, 
223].  

3. Use in closed, continuous process with occasional controlled exposure: A 
modern technique of metal degreasing is the sealed cleaning equipment, with 
occasional controlled exposure. These machines are designed to wash the parts 
by flooding liquid solvent and then by vapor degreasing in the same cleaning 
chamber. We assessed this enclosed, automated vapor degreasing with local 
exhaust ventilation [221, 223].  
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Moreover, we assessed the life cycle impacts for human toxicity due to the use of 
metal degreaser by professional users outside of industrial settings, and home 
consumers: 

4. Professional spraying with respiratory protective equipment: Spraying by 
professionals with respiratory protective equipment outside of industrial 
settings [221, 223] refers to e.g. maintenance by garage mechanics. We 
assessed the intake fraction of spraying by professionals without use of a well-
ventilated spray booth. 

5. Consumer use of degreasing products (kitchen): Consumer use of metal cleaner 
applied in a kitchen with use of a cloth [221-223] refers to e.g. the cleaning of 
an oven or a stainless steel working top. 

6. Consumer use of degreasing products (garage): Consumer use of metal cleaner 
applied in a garage with use of a cloth [221-223] refers to do it yourself 
activities such as the building, modifying, or repairing of an object.  

In Appendix E2 more details are provided on the six exposure scenarios. An 
overview of the operational conditions and protective measures in the different 
exposure scenarios is provided in Table 7.2. We refer to the Appendix E3 for details 
on the data collection for the case study. 

The system boundaries of our case study are shown in Figure 7.1. We include the 
production of DCM, the production of metal degreaser (including the production of 
package material and the production of other solvents added in the case of home 
consumers, see par. 7.2.3 Case study: inventory analysis), transport, electricity for 
ventilation and pumps in industrial settings, natural gas for heating in warm metal 
cleaning, disposal related to DCM production, disposal of the package material, 
and disposal of the hazardous solvent and waste water after degreasing. For 
professional and consumer settings, solvents are generally not recovered. The 
degreasing facility (infrastructure) was not included. Neither was the metal to be 
degreased. Possible intake of DCM via indoor air during the production phase was 
not taken into account. 
 

7.2.3 Case study: inventory analysis 

We used Ecoinvent v2.2 database for the inventory analysis [224]. The life cycle 
inventory of degreasing in industrial settings was based on the Ecoinvent unit 
process ‘metal degreasing in alkaline bath’ [225]. Alkaline degreasing baths are 
operated with temperatures between 50 and 90 °C [226], and can be considered a 
similar process as warm metal cleaning with DCM. The resources, direct emissions, 
and emissions during waste treatment per functional unit are shown in Table 7.3.  
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Table 7.2 Characteristics of the studied exposure scenarios of metal degreasing. 

 Treatment 
of articles 
by dipping 
and 
pouring 

Treatment 
of articles 
in hooded 
cleaning 
machines 

Use in 
closed, 
continuous 
process 
with 
occasional 
controlled 
exposure 

Profession
al spraying 
with 
respiratory 
protective 
equipment 

Consumer 
use of 
degreasing 
products 
(kitchen) 

Consumer 
use of 
degreasing 
products 
(garage) 

References 

N On average 
4.4 (i.e. 
near field 
average 
2.25, and 
far field 
average 
6.5)  

On average 
4.4 (i.e. 
near field 
average 
2.25, and 
far field 
average 
6.5)  

On average 
3.2 (i.e. 
near field 
average 
1.3, and far 
field 
average 5)  

1 (A) 1 (A) 1 (A) [227] 

IR 2 m
3
·h

-1
 2 m

3
·h

-1
 2 m

3
·h

-1
 2 m

3
·h

-1
 1.45 m

3
·h

-1
 1.45 m

3
·h

-1
 [215-217, 

228] 

encl None  None  Efficacy 
50%  

None None None [218] 

LEV 
 

None  Efficacy 
90%  

Efficacy 
90% 

None  None None [219, 221] 

RPE 
 

None None None Efficacy 
90% 

None None [214, 221] 

V 600 m
3 

 600 m
3 

 600 m
3
 300 m

3
 (A) 15 m

3
 34 m

3
 [221, 227, 

229, 230] 

m 1  1 1 1 1 1 [28, 219] 

kex  6 h
-1

 6 h
-1

 6 h
-1

 4 h
-1

 2.5 h
-1

 1.5 h
-1

 [219, 227] 
[229, 230] 

t  1 h 8 h 8 h 8 h 1 h 1 h [221, 229] 

Prod 19 FU 
a
 40 FU 

b
 71 FU 

b
 7.2 FU 

c
 1.7 FU 

d
 1.7 FU 

d
  

a) 300 kg-part of metal per day [231]. For the conversion of the amount of product per kg-
part of metal to the amount per m

2
, we assumed metal parts were steel plates with a 

thickness of 0.2 cm. This way we derived a production of 19 m
2
of metal degreased per day.  

b) We used the ratio of the cleaning capacity for different machine types reported by 
Hellweg and others [29] to extrapolate from the production in the case of treatment of 
articles by dipping and pouring to the other scenarios in industrial settings.  

c) Based on spray oven cleaning [229]. 

d) Based on the cleaning of a stainless steel working top with use of metal cleaner applied 
on a cloth [229]. 

N = number of people exposed, IR = inhalation rate of air of an individual, V = volume of the 
room, m = dimensionless mixing factor correcting for incomplete mixing, kex = air exchange 
rate, encl = enclosure, LEV = local exhaust ventilation, RPE = respiratory protective 
equipment, t = time, Prod = production, A = assumption, FU = functional unit (1 m

2
 of 

degreased metal)  
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We applied the amount of electricity used for pumps and ventilation in the case of 
metal degreasing in alkaline bath [225] for all industrial settings. We considered 
the use of electricity by professionals outside of industrial settings and consumers 
negligible. Natural gas is used for the heating of the degreasing bath, and the 
waste heat is used to dry the parts after degreasing [225]. The amount of natural 
gas used for metal degreasing in alkaline bath was also applied in the two 
scenarios with DCM vapor degreasing, i.e. treatment of articles in hooded cleaning 
machines, and use in closed, continuous process with occasional controlled 
exposure. For the other scenarios, no natural gas was used. The required transport 
reported by Steiner and Frischknecht [225] was set for all exposure scenarios; 
industrial, professional, and consumer exposure. We assumed that industrial 
degreaser was contained in jars of 180 kg, made of 4 kg high-density polyethylene 
(HDPE), and that degreaser for professional and consumer use was contained in 
containers of 0.5 kg, made of 0.15 kg HDPE.  

We calculated the indoor emissions according to equation 7.2. Since the exposure 
scenario described in the extended safety datasheet allows safe use for up to 100% 
of DCM in industrial settings and by professional outside of industrial settings 
[221], we assumed the degreasing solvent contained 100% DCM in these 
scenarios. For consumer use, the exposure scenario allows safe use for up to 20% 
of DCM [221], so here we assumed the degreasing product contained 20% DCM, 
40% Acetone and 40% Methanol, which was considered a representative mix 
based on the Household Products Database [232]. Because of the high vapor 
pressure of DCM, i.e. 46.5 kPa at 20°C [212], we assumed that the fraction released 
to air from the chemical is 0.9, with the exception of spray application where DCM 
is released fully and instantly into the air [see Appendix Table E3 for vapor 
pressure bands that can be used to estimate release to air, and 214]. Outdoor 
emissions were quantified by the fraction of the indoor emission that was not 
captured within the enclosure of the machine (and thus available for recovery via 
distillation) or taken up by the individual(s) present. The emission captured by local 
exhaust ventilation is transferred to outdoors. 

After degreasing in industrial settings, the waste solvent was distilled. 94% of this 
waste solvent was recovered and 6% was sent to incinerator [29, 233]. In scenarios 
with professional spraying, DCM was assumed to be released fully and instantly 
into the air with no disposal [Appendix Table E3,214]. After consumer application 
of metal degreaser with use of a cloth, the cloth was assumed to be rinsed. This 
way, the fraction of DCM that was remaining in the cloth after use was sent to 
waste water treatment. About 22.5% of the package material HDPE was recycled 
[234]. Furthermore, 73.5% of the HDPE package material was sent to an 
incinerator, and 4% was landfilled [235]. See Appendix E4 for further details on the 
inventory. 
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Figure 7.1 Processes included in the life cycle assessment of metal degreasing with DCM 
(dichloromethane), in high-density polyethylene (HDPE) package material. Processes that 
are applicable to all exposure scenarios are indicated in black. Processes that are only 
applicable to consumer use are indicated in blue, and processes that are only applicable to 
industrial settings are indicated in orange. 

 

7.2.3 Case study: impact assessment for human toxicity 

To assess the toxic impacts related to the life cycle of DCM metal degreaser, we 
used USEtox™ 1.01 (including interim CFs) for human toxicity [4, 195, 196]. The 
exception was the toxic impact related to indoor exposure to metal degreaser. This 
impact was assessed by means of exposure scenario-specific characterization 
factors calculated according to equations 7.3 and 7.4. The effect factors for 
inhalation of DCM were taken from USEtox™ 1.01 as well, and can be found in 
Appendix E3. The effect factors were derived from the effect dose (cases per kg of 
chemical intake) with the linear approach [for details see 4, 195, 196]. 

 

2.3.4 Sensitivity analysis 

In a sensitivity analysis, we tested the influence of uncertainty in the chosen 
scenario-specific parameter values on the intake fractions for the case of metal 
degreasing. Per scenario, we adjusted the value of the parameters alternately to a 
minimum and maximum value (see Table 7.2 for N, V, m, and t; Table 7.1 for IR, 
pencl, pLEV, and pRPE; Tables 7.2 and E4 in the Appendix for kex), and looked at the 
relative decrease and increase in the intake fraction. 
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7.3 Results and discussion 

The exposure scenario-specific method proposed in this article was applied in a 
case study on metal degreasing with DCM. In this section we report and discuss 
the results of the case study as well as the limitations of our framework.  

 

7.3.1 Scenario-specific exposure characterization 

The scenario-specific intake fractions are typified by two characteristics, i.e. a time-
dependency and a correction for protective measures. Here, the results are 
described according to these two characteristics. 

The influence of the time-dependency was especially visible in the scenarios in 
which no protective measures were applied (see Figure 7.2). Overall, scenario-
specific intake fractions without protective measures varied between 2.0·10-3 for 
treatment of articles by dipping and pouring in industrial settings and 2.4·10-2 for 
consumer use of degreasing products in a small kitchen. In the scenarios describing 
consumer exposure during 1 hour of metal degreasing in a kitchen or a garage, the 
intake fractions were 63% and 48%, respectively, of the time-independent intake 
fractions by the model of Hellweg and others [28]. In industrial settings, 1 hour of 
treatment of articles by dipping and pouring without protective measures resulted 
in an intake fraction of 83% of the intake fraction by the model of Hellweg and 
others [28].  

The influence of protective measures was visible in the other three scenarios 
shown in Figure 7.2 (i.e. the yellow, green and purple line). These scenarios 
describe exposure during 8 hours of metal degreasing. The time-dependency is less 
relevant here, because within 8 hours maximum exposure is approximately 
reached. The scenario-specific intake fractions with protective measures varied 
between 8.7·10-5 for use in closed, continuous process with occasional controlled 
exposure and 2.4·10-4 for treatment of articles in hooded cleaning machines. They 
were 5-10% of the intake fractions by the model of Hellweg and others [28].  

In Table E8 of the Appendices, the influence of time-dependency and correction 
for protective measures on the intake fraction is shown separately as well as 
combined. Table E8 also provides the accompanying CFs.  

 

7.3.2 Life cycle impacts for human toxicity  

Application of the new exposure scenario-specific CFs resulted in human toxicity 
ranging from 1.4·10-7 disease cases per m2 of degreased metal surface for 
professional spraying with respiratory protective equipment to 2.8·10-4 disease 
cases for industrial workers treating articles by dipping and pouring without 
protective measures. Table E9 (Appendices) shows the human toxicity per FU for 
the different exposure scenarios of metal degreasing. 
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Figure 7.2 Time-dependent intake fractions of metal degreasing indicated by a continued 
line, compared to steady state intake fractions based on Hellweg and others [28] indicated 
by a dashed line, for: treatment of articles by dipping and pouring (red); treatment of 
articles in hooded cleaning machines (yellow); use in closed, continuous process with 
occasional controlled exposure (purple); professional spraying with respiratory protective 
equipment (green); consumer use of degreasing products (kitchen) (blue); and consumer 
use of degreasing products (garage) (orange). The markers (*) indicate the intake fractions 
at the studied duration. 

 

Figure 7.3 shows that human toxicity was mainly caused by the indoor emissions of 
metal degreaser. The contribution of indoor emissions to the number of disease 
cases ranged from 63% for use in closed, continuous process with occasional 
controlled exposure to >99% for consumers in a kitchen.  

Impacts caused by emissions transferred to outdoor air were mainly relevant for 
exposure scenarios with protective measures resulting in lower intake indoors. 
That is, for treatment of articles in hooded cleaning machines (15%); for use in 
closed, continuous process with occasional controlled exposure (17%); and for 
professional spraying with respiratory protective equipment (22%). 

Impacts caused by the production of metal degreaser was also mainly relevant for 
exposure scenarios with protective measures as they showed lower intake in the 
use phase. Namely, for treatment of articles in hooded cleaning machines (8%); for 
use in closed, continuous process with occasional controlled exposure (19%); and 
for professional spraying with respiratory protective equipment (5%). The
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Table 7.3 Inventory of the resources, emissions, and emissions during waste treatment 

per functional unit.  

 Treatment 
of articles 
by dipping 
and pouring 

Treatment of 
articles in 
hooded 
cleaning 
machines 

Use in closed, 
continuous 
process with 
occasional 
controlled 
exposure 

Professional 
spraying with 
respiratory 
protective 
equipment 

Consumer use 
of degreasing 
products 
(either in 
kitchen or 
garage) 

Resources      

Use of metal 
degreaser (kg/FU) 

6.14E+00 
a
 1.97E+00 

b
 8.58E-01 

b
 2.67E-02 

c
 5.85E-03 

d
 

Use of HDPE 
package material 
(kg/FU) 

1.36E-01 4.37E-02 1.91E-02 8.01E-03 1.75E-03 

Electricity (kWh/FU) 1.50E-04 5.75E-04 3.23E-04 – – 

Natural gas (MJ/FU) – 1.70E-02 7.41E-03 – – 

Transport by lorry 
(tkm/FU) 

2.18E-02 6.98E-03 3.05E-03 9.48E-05 2.08E-05 

Transport by freight 
(tkm/FU) 

3.63E-03 1.16E-03 5.07E-04 1.58E-05 3.46E-06 

Emissions – – – – – 

Indoor emission of 
DCM (kg/FU) 

5.52E+00 1.77E+00 7.72E-01 2.67E-02 1.05E-03 

Outdoor emission of 
DCM (kg/FU) 

2.87E-01 4.41E-02 5.41E-03 3.71E-03 6.01E-04 

Disposal – – – – – 

HDPE recycled 
(kg/FU) 

3.07E-02 9.83E-03 4.29E-03 1.80E-03 3.95E-04 

HDPE sent to 
incinerator 
(kg/FU) 

1.00E-01 3.21E-02 1.40E-02 5.89E-03 1.29E-03 

HDPE landfilled 
(kg/FU) 

5.45E-03 1.75E-03 7.63E-04 3.20E-04 7.02E-05 

DCM recovered 
from distillation 
(kg/FU) 

5.77E-01 1.85E-01 8.07E-02 – – 

Incineration of 
residues from 
distillation (kg/FU) 

3.68E-02 1.18E-02 5.15E-03 – – 

Waste water 
treatment 
(m

3
/FU) 

– – – – 4.40E-07 

a) According to the open top washing machines described by Kikuchi and Hirao [231]. 
b) We used the ratio of the amount of solvent used for different machine types reported 
by Hellweg and others [29] to extrapolate from the production in the scenario with 
treatment of articles by dipping and pouring to the other industrial scenarios. 
c) Based on spray oven cleaning [229]. 
d) Based on the cleaning of a stainless steel working top with use of metal cleaner 
applied on a cloth [229]. 
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Figure 7.3 Bar chart showing the relative contribution of metal degreaser production, 
indoor and outdoor emissions of metal degreaser to human toxicity from metal 
degreasing per functional unit (i.e. the degreasing of 1 m

2
 of metal surface). Six different 

exposure scenarios represent degreasing in industrial settings, by professional users, and 
by consumers.  

 

contributions to human toxicity of other processes (i.e. electricity for pumps and 
ventilation, natural gas for heating, lorry and freight transport of metal 
degreaser, waste water treatment, distillation of waste solvent, and incineration 
of residuals in distillation) were negligible (<0.5%).  

Looking at the contribution of different substances involved in the life cycle of 
DCM metal degreaser to the total toxic impact, ≥80% of human toxicity was 
caused by DCM itself (see Figure E1 in the Appendices). The remaining part of 
the disease cases was mainly caused by chromium VI in water, and by mercury 
in air and water, which were all consequences of the production of metal 
degreaser. 

 

7.3.3 Modeling framework 

Although many relevant parameters were included in the current modeling 
framework, it is not conclusive. Other parameters may also influence the intake 
fraction. For instance, the intake fraction of the people exposed will increase 
with a higher wind velocity towards the inhalation zone [236]. This can be a 
consequence of the room ventilation. In the case of spray application of 
chemicals, a spray direction towards the inhalation zone naturally enhances the 
intake by inhalation. The wind and spray direction are not taken into account in 
the current modeling framework.  
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Another parameter that is potentially relevant  in spray applications, is the mass 
released in the smaller aerosols (diameters <40 μm), because the size 
determines the degree of inhalability of the aerosol particles. Delmaar and 
Bremmer [237] showed that for degreasing products the fraction of total mass 
that ends up in the smaller aerosols is 4.5%. In the present study, the influence 
of variation in aerosol size was not considered. This adds uncertainty when 
respiratory protective equipment is involved, and may result in an 
overestimation of the inhaled mass and thereby the intake fraction.  
 

We modeled the intake fraction with use of a single-compartment approach. 
Hellweg and others [28] compared different exposure models and 
recommended a single-compartment box model for use as a default in LCA. 
Specific details about the exposure settings will not always be available in LCA, 
and the level of detail of a single-compartment box model matches with that of 
multimedia box models for outdoor chemical emissions, e.g. USEtox™ [4, 195, 
196]. However, in case of near-field exposure in a large room, assumptions 
about the mixing conditions are of crucial importance. After all, when mixing is 
incomplete, the chemical concentration will be higher in close proximity of the 
source. Expert knowledge may be necessary to estimate the mixing of air in 
these cases. Though, one of the major practical advantages of using a single-
compartment approach is that the spatial distribution of the people exposed 
does not need to be known.  

We tested the sensitivity of the intake fractions estimated with our modeling 
framework to the chosen scenario-specific parameter values. The sensitivity 
analysis showed that, for the case of metal degreasing, the intake fractions were 
particularly sensitive to the uncertainty in the operational conditions, such as 
the rate of ventilation and mixing of air, and less sensitive to uncertainty in the 
effectiveness of the protective measures that were applied or the exposure 
duration. Therefore, in future data collection for scenario-specific parameters, 
information about the operational conditions deserves priority (see also par. 
7.3.4 Data limitations). Appendix E shows the results of the sensitivity analysis 
(Tables E10-E15).  

In the case study presented here, the scenario-specific CFs are used to estimate 
the life cycle impacts for human toxicity based on scenario-specific emission 
data. Besides application in LCA, CFs may also be used in comparative toxic 
impact assessments in order to prioritize different chemicals and/or exposure 
scenarios [4, 9, 10]. An example of a method to estimate the potential risks 
posed by different scenarios within a chemical’s life cycle was proposed by 
Scheringer et al. [238]. Their method is based on a comparison of the predicted 
concentration (PEC) and the predicted no effect concentration (PNEC), resulting 
in a risk quotient. Alternatively, in accordance with existing LCIA methods for 
the assessment of human-toxic effects, the present paper describes a method to 
estimate the number of disease cases in a specific scenario rather than a risk 
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quotient. In combination with real emission data, the CFs from the present 
modeling approach can be used for screening purposes. This way, important 
scenarios or chemicals that require a more specific assessment can be 
identified. 

 

7.3.4 Data limitations 

In the life cycle inventory for the case of metal degreasing, we did not consider 
the correlation between environmental conditions and chemical evaporation. 
For instance, the release of a chemical to air is influenced by the surface area of 
the liquid chemical, and by turbulence or agitation [236]. Furthermore, an 
increase in temperature causes an increase in the vapor pressure and thereby 
the fraction released to air. In the current illustrative example of metal 
degreasing, we used a generic estimate of the air release fraction (i.e. 90% 
release to indoor air). Therefore, in practice, human toxicity from indoor 
chemical emissions may be higher for the scenarios involving DCM vapor [214], 
i.e. treatment of articles in hooded cleaning machines, and use in closed, 
continuous process with occasional controlled exposure.  

For the spray application of chemicals, the mass generation rate depends on 
how full the (trigger) spray container is. A full container of degreasing product 
generates 7.7 g in 10 trigger sprays, whereas a nearly empty container 
generates 6.2 g in 10 trigger sprays [237]. In the case study, we used a typical 
value for the amount of metal degreaser that is used per FU (i.e. 26.7 g/m2) 
[based on 229]. 

In the current study, the influence of the activity level or the individual’s gender 
on the intake fractions of indoor chemical emissions was not evaluated. As can 
be seen in Table E7 (Appendix E), the inhalation rate may vary between 
individuals according to their activity level and gender. In our modeling 
framework, it is possible to adjust the inhalation rate in order to make a more 
specific assessment. For the case study of metal degreasing, we chose generic 
inhalation rates for an average person during light to medium activity. 
 

The present paper lists default values for parameters determining the intake 
fraction, but often additional literature research may be necessary to complete 
the list of input values for a specific case. Parameters that are to a large extent 
dependent on the product of interest, and therefore more difficult to find, are 
e.g. the used amount of chemical (which is needed for the inventory) or the 
number of exposed workers (which is needed for the impact assessment). In the 
data collection for the case of metal degreasing with DCM, we preferably used 
process specific data (i.e a process approach). However, in case of data 
limitations, assumptions may have to be made, for instance based on sector 
information. In a sector approach, statistical data from national sources are 
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used to estimate the impact from the working environment per industrial 
sector. As process specific data are based on the actual working environment, 
they may give the most precise assessment [239]. 
 

The parameter values that were needed as input for our modeling framework 
were obtained mainly via data sources available in the context of the European 
REACH regulation. This legislative regulation has the objective to stimulate safe 
use of chemicals, and therefore plays an essential role in reducing industrial 
emissions [240]. In order to protect chemical users against unacceptable risks, 
the approach of REACH is conservative. In contrast, in LCA the goal is to provide 
a best estimate of the actual risk related to a product [7]. In practice, the 
operational conditions or protective measures may differ from the conditions 
recommended for safe use in the exposure scenario. They may be more 
advantageous (e.g. larger room volume), but also worse (e.g. lower efficacy of 
LEV). Hence, cautious interpretation of the product related risks with 
consideration of the uncertainty is needed when applying REACH information in 
LCA.  

An important source of information for this study is the ECETOC Targeted Risk 
Assessment (TRA) tool, which was validated in the ETEAM project (Evaluation of 
Tier 1 Exposure Assessment Models under REACH, see http://www.eteam-
project.eu/). The project aims were to determine the applicability domain of tier 
1 exposure models used within REACH, and the accuracy and reliability of their 
predictions. Results of the project showed that due to differences in 
interpretation of exposure determinants, the systematic differences between 
the models are small in comparison with the variability between users of the 
exposure models [241, 242]. The project’s experts considered the inter-user 
variability the main cause for concern, and an important issue for the 
standardization of REACH processes. A standard protocol for data collection, 
interpretation, sensitivity analysis, etc. was recommended, and further 
validation and calibration exercises for different exposure scenarios were 
encouraged [242]. A standard protocol for data collection and development of a 
database with scenario-specific parameter values would enhance the 
applicability of exposure models for LCA decision making processes [243].  

 

7.4 Conclusion 

We proposed a method to include human toxicity from indoor chemical 
exposure in LCA,  accounting for variability in exposure settings. As a case study, 
human toxicity related to the degreasing of 1 m2 of metal surface was quantified 
for different exposure scenarios involving industrial workers, professional users, 
and home consumers. It appeared that for all exposure scenarios, human 
toxicity per functional unit was mainly caused by indoor exposure to metal 
degreaser (>60%). Our findings stress the importance of including indoor 
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chemical exposure in LCA case studies. Compared to the generic, time-
independent framework of Hellweg and others [28], the introduction of a time-
dependency and a correction for protective measures resulted in reductions in 
the intake fraction of up to 1.5 orders of magnitude. Our scenario-specific 
modeling framework appeared to be particularly relevant in the case of 
application of protective measures.  

 

Appendix 

The appendix provides details on the methodology that was proposed to 
calculate the intake fraction, on the case study (that is, on the exposure 
scenarios, data collection, and inventory), and supporting figure and tables. 

 

Acknowledgments 

We thank Marisa Vieira for her suggestions to perform the life cycle assessment. 
This research was partly funded by the European Commission under the 
Industry-Academia Partnerships and Pathways; IAPP 2011: TOX-TRAIN – The 
implementation of a toxicity assessment tool for practical evaluation of life-
cycle impacts of technologies, grant agreement number 285286. 

 

 



 

 

8 
 

General discussion 
  



Chapter 8 

110 

8.1 Introduction 

In order to base policy on ‘what is known’ as well as on ‘what is unknown’, 
uncertainties should be identified, described, quantified and communicated 
[244]. In this thesis, several methods are proposed to quantify uncertainty that 
is related to the use of estimation methods in comparative toxic impact 
assessments. Uncertainty ranges for the toxic impacts of chemicals are 
described. Moreover, several methods were developed to include toxic impact 
pathways that are commonly neglected in the LCA context, and the impact of 
these pathways was determined and discussed. The current chapter integrates 
and evaluates the findings of the preceding chapters. Methods to predict 
missing data are discussed in paragraph 8.2, and model frameworks for missing 
impact pathways in paragraph 8.3. The overall conclusions and practical 
implications with regard to the use of several estimation methods for data 
enhancement, and the impact categories that should be taken into account in 
comparative toxic impact assessments, are given in paragraph 8.4. Paragraph 
8.5 outlines the recommendations of this thesis. 

 

8.2 Missing data 

8.2.1 Predictive uncertainty 

In this thesis, uncertainties associated with the use of different estimation 
methods were determined with use of statistical methods and probabilistic 
modeling. Predictive uncertainty can be related to the regression model (e.g. 
quantitative structure-activity relationships (QSARs) or Interspecies Correlation 
Estimation (ICE)), or related to the input data of a method (e.g. the organic 
carbon-water partitioning coefficient in the equilibrium partitioning method). 
Table 8.1 shows that for the five polybrominated diphenyl ethers (PBDEs) 
studied in this thesis, predictive uncertainty coming from extrapolations 
between chemicals led to uncertainty with 90% confidence intervals (90% CIs) of 
up to 2.5 orders of magnitude in the chemical’s fate. For the eight triazoles 
studied, 90% CIs spanned up to 2.7 orders of magnitude in the chemical’s fate, 
and up to 4.4 orders of magnitude in the chemical’s effect. Together these 
resulted in uncertainty of up to 5.0 orders of magnitude in a chemical’s 
comparative toxicity potential (CTP). Predictive uncertainty coming from extra-
polations between environmental media, in this case via equilibrium 
partitioning applied to 47 organic chemicals (mainly pesticides), led to 
uncertainty in a chemical’s toxicity of up to 5.2 orders of magnitude. Combining 
experimental data with interspecies correlation estimates for 1137 organic 
chemicals resulted in uncertainty in a chemical’s toxicity of up to 2.0 orders of 
magnitude. For comparison, the use of a limited dataset of, for instance, 3 
experimentally tested species led to uncertainty in the chemical’s toxicity of up 
to 10 orders of magnitude (based on 270 organic chemicals, see also chapter 5). 
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Overall, in case of missing toxicity data, supplementing experimental data with 
ICE predictions is the best way to enhance limited datasets underlying a toxicity 
assessment.  

 

Table 8.1 Uncertainty ranges (90% confidence intervals) associated with the use of 
different estimation methods. 

Extrapolation 
method 

①  
chemicals 

②  
environmental media 

③  
species 

 (QSARs) (EP method) (supplementing 
experimental dataset 
with ICE predictions) 

Environmental 
fate 

(5 PBDEs) 
Overall persistence: 
1.6–2.5 orders of 
magnitude, including 
photolysis  
(see chapter 2)

 a
 

  

(8 triazoles) 
Fate factor: 2.3–2.7 
orders of magnitude 
(see chapter 3) 

Toxicity (8 triazoles) 
HC50 for cold-
blooded species: 
2.2–4.4 orders of 
magnitude 

b
 

(see chapter 3) 

(47 organic 
chemicals) 
HC50 for cold-
blooded species: 
1.8–5.2 orders of 
magnitude 

b
 

(see chapter 4) 

(1137 organic 
chemicals) 
HD50 for warm-
blooded species: 
0.7–2.0 orders of 
magnitude 

b
 

(see chapter 5) 

Comparative 
toxicity 
potential 

(8 triazoles) 
CTP for cold-blooded 
species: 3.5–5.0 
orders of magnitude

 

(see chapter 3) 

  

a) In this table the 90% confidence interval is shown for easy comparison with other 
confidence intervals, whereas in chapter 2 the 95% confidence interval is presented.  

b) The confidence intervals for toxicity include the uncertainty coming from the small 
sample size of species next to the predictive uncertainty.  

QSAR = quantitative structure-activity relationship, EP method = equilibrium partitioning 
method, ICE = Interspecies Correlation Estimation, PBDE = polybrominated diphenyl 
ether, HC50 = hazardous concentration for 50% of the species, HD50 = hazardous dose 
for 50% of the species, CTP = comparative toxicity potential. 
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Environmental fate and exposure assessments of chemicals with missing data 
can be facilitated via the application of QSARs, or probability distributions 
derived from experimental data (see chapters 2 and 3). For the chemicals 
studied here, i.e. PBDEs and triazoles, the uncertainty caused by estimating 
environmental (bio)degradation is generally more important than the 
uncertainty related to the use of QSARs for other physicochemical properties, 
such as melting point, vapor pressure, or solubility. E.g., for triazoles, typically 
one third of the overall uncertainty in the comparative toxicity potential is 
caused by uncertainty in environmental biodegradation. Therefore, at least the 
predictive uncertainty related to environmental degradation should be 
described when communicating the results of a fate and exposure assessment 
with estimation methods. 

Regarding the effect assessment of chemicals, the application of estimation 
methods can have two important advantages: first of all, the increase in sample 
size; and secondly, the increase in diversity (representativeness) of the sample. 
The latter advantage is discussed in paragraph 8.2.2. 

The number of species tested per chemical is an important factor in the 
uncertainty distributions of median toxicity values for both warm-blooded 
species [79, 80] and cold-blooded species [73-78, 245]. Particularly for samples 
of ≤4 species, estimation methods are useful to predict a more certain 
hazardous concentration or dose (see chapter 5). Chapter 3 showed that the 
uncertainty related to the use of estimation methods for species-specific toxicity 
values is less important than the uncertainty related to a small sample size of 
species for triazoles. Typically, one fourth of the overall uncertainty in the 
comparative toxicity potential of triazoles was caused by the small sample size 
of only 3 species. 

 

8.2.2 Systematic deviations 

If the species for which toxicity data are available are not a representative 
sample, a systematic deviation between the predicted toxicity and the true 
toxicity can occur. In these cases, estimation methods such as ICE can be used to 
predict a more valid hazardous concentration or dose. The preceding conclusion 
was illustrated in chapter 5, where the consequences were explained of using 
mainly, or solely, closely related mammalian species for the toxicity assessment 
for warm-blooded species. As a group, birds are more sensitive for the effects of 
chemical exposure than mammals according to acute oral LD50 data [168-170]. 
Therefore, excluding birds from a toxicity assessment can result in a systematic 
deviation of typically a factor of 3.5, and maximally factor 41. 

Systematic deviations between the median toxicity values for different samples 
can also be the result of the chemical’s toxic mode of action, e.g. narcotic, 
reactive, or specifically acting. Many chemicals induce a non-specific reversible 
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state of arrested activity of protoplastic structures called ‘narcosis’ [157]; these 
are known as narcotic chemicals. Reactive chemicals react unselectively with 
certain chemical structures and can thereby have all kinds of different modes of 
action [158]. Specifically acting chemicals exhibit toxicity via specific interactions 
with certain receptor molecules [158]. Examples of the latter group are 
neurotoxic chemicals such as acetylcholinesterase (AChE) agents and the 
cyclodiene type. If the chemical’s activity is targeted at a specific species group, 
the median toxicity value is highly affected by the presence or absence of those 
target species. In chapter 4, the importance of a toxic mode of action was 
emphasized in a comparison between pore water HC50s, derived from 
terrestrial ecotoxicity data with use of the equilibrium partitioning method, and 
freshwater HC50s. In this chapter, the ratio of porewater HC50 values and 
freshwater HC50 values differed between the chemical groups based on toxic 
mode of action. Nevertheless, the large overall uncertainty was generally more 
important than possible systematic deviations between the HC50s of aquatic 
and terrestrial species. 

 

8.3 Missing impact pathways 

In the methodologies that are currently available for comparative toxic impact 
assessments, potentially relevant impact pathways are neglected due to a lack 
of information or research. In this thesis, bioaccumulation in the food chain and 
indoor exposure to chemicals were assessed. Here, the relevance of these 
missing pathways for a full (eco)toxic impact assessment is discussed in a 
comparison with related pathways.  

Chapter 6 (see also addendum) shows a comparison for freshwater ecosystems 
between the toxic impact on cold-blooded species, primary producers, and 
decomposers (due to direct aquatic exposure) and on warm-blooded species 
(due to direct exposure via water and air, and indirect exposure via food). In this 
comparison, the toxicity was based on acute toxic concentrations or doses, 
respectively, for 779 non-ionic chemicals. These were mainly narcotic chemicals 
(nonpolar and polar) and neurotoxic chemicals (AChE agents and cyclodiene 
type), but also herbicides and fungicides inhibiting photosynthesis or ergosterol 
synthesis, and other organic chemicals. It was shown that the toxic impact on 
cold-blooded species, primary producers, and decomposers was typically nearly 
4 orders of magnitude larger than the impact on warm-blooded species. 
Furthermore, it was shown that chemicals with a relatively large impact on cold-
blooded species, primary producers, and decomposers do not necessarily have a 
relatively large impact on warm-blooded species too. Therefore, for a best 
estimate of the average ecotoxic impact in freshwater ecosystems, the findings 
for different trophic levels should be integrated. Conversely, if the target of the 
assessment is just to protect the freshwater ecosystems as a whole, the results 
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from the impact assessment for warm-blooded species are generally irrelevant 
for the chemicals investigated. However, two exceptions are described 
hereafter. 

Bioaccumulation may be relevant for persistent chemicals. The method 
proposed to include bioaccumulation was tested on a dataset that was largely 
composed of pesticides, which are generally not persistent. However, 
accumulation was shown to be more relevant for lipophilic chemicals with a low 
biotransformation rate. For those chemicals, the impact on warm-blooded 
species was similar to or exceeding the impact on cold-blooded species, primary 
producers, and decomposers. An example of persistent chemicals can be found 
in PBDEs (see chapter 2).  

Additionally, bioaccumulation may be relevant for chemicals emitted to air. 
Generally, the smallest difference between the impact on cold-blooded species, 
primary producers, and decomposers and warm-blooded species was seen for 
emissions to air. Particularly for chemicals typified by a high air-water 
partitioning coefficient, the impact on warm-blooded species was similar to or 
exceeding the impact on cold-blooded species, primary producers, and 
decomposers. Emissions to air result in enhanced uptake via inhalation. 
Moreover, a high affinity for air enables uptake by warm-blooded species, 
whereas it makes the chemical less available for most aquatic species of lower 
trophic levels.  

Overall, the relevance of including warm-blooded predators in ecotoxic impact 
assessments for freshwater ecosystems appears to be dependent on the scope 
of the assessment and the chemical groups of interest. 

Chapter 7 shows a method to compare the human toxicity caused by exposure 
to chemical emissions in the outdoor and indoor air during different stages of a 
product’s life cycle. For the example of metal degreasing with dichloromethane 
(DCM), the life cycle impacts for human toxicity are mainly caused by indoor 
exposure (>60%). Emissions released outdoors during metal degreasing 
contribute up to 22% of the life cycle impacts for human toxicity, and emissions 
released outdoors during the production of metal degreaser contribute up to 
19%. Therefore, human toxicity from indoor exposure to chemicals in air should 
be addressed within LCA.  

The fraction of the indoor chemical emission that is taken in by the people 
exposed, i.e. the intake fraction, is estimated with a scenario-specific modeling 
framework. This way, variation in operational conditions (e.g. the volume of the 
room and the exposure time), and protective measures (e.g. enclosure, local 
exhaust ventilation or respiratory protective equipment) is taken into account. 
The introduction of a time-dependency and a correction for protective 
measures results in reductions of up to 1.5 orders of magnitude in the intake 
fraction. Therefore, in such cases, the human toxicity from indoor air exposure 
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to chemicals should preferably be addressed within LCA with the scenario-
specific modeling framework described in chapter 7. 

 

8.4 Conclusions 

The main conclusions from this thesis regarding the use of estimation methods 
for data enhancement can be summarized as follows: 

 In fate assessments for PBDEs and/or triazoles, the uncertainty related to 
estimating environmental degradation half-lives was generally more 
important than the uncertainty related to the use of specific QSARs for other 
physicochemical properties such as melting point, vapor pressure or 
solubility (chapters 2 and 3).  

 In the derivation of triazoles’ hazardous concentration, the uncertainty 
related to use of a small sample size of 3 species was generally more 
important than the uncertainty related to the estimation of toxicity with 
species-specific QSARs (chapter 3). 

 Particularly for samples of ≤4 species, estimation methods were useful to 
predict a hazardous concentration or dose with less uncertainty, and to base 
it on a representative sample of species (chapters 4 and 5). Generally, the 
best way to enhance limited toxicity datasets underlying a toxic impact 
assessment was found to be combining experimental data with ICE 
predictions (chapter 8).  

 

The main conclusions from this thesis regarding the missing impact pathways 
can be summarized as: 

 In freshwater ecosystems, the acute toxic impact of a selected group of 
pesticides on cold-blooded species, primary producers, and decomposers 
was typically nearly 4 orders of magnitude larger than the acute toxic impact 
on warm-blooded species (chapter 6). Additionally, a relatively large toxic 
impact of a pesticide emission on cold-blooded species, primary producers, 
and decomposers does not necessarily indicate a relatively large impact on 
warm-blooded species. Bioaccumulation in freshwater food chains may be 
particularly relevant for persistent chemicals and/or chemicals emitted to air 
(chapters 6 and 8). 

 Toxic health impacts from indoor chemical exposure contributed dominantly 
to the life cycle impacts for human toxicity for the case of metal degreasing 
(chapter 7). The exposure may be greatly influenced by the use of protective 
measures and a short exposure duration. 
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8.5 Recommendations 

When using the methods proposed in this thesis or parts of its findings in a risk 
assessment context, one should take into account that LCA and risk assessment 
have a different goal of protection. In LCA, one aims to prevent bias while 
assessing multiple environmental impacts of a product, and therefore best 
estimates are applied for the fate, exposure and effects of chemicals [7]. In 
contrast, in the legislative context of most risk assessments, one aims to be 
conservative. Based on the conclusions of this thesis, my recommendations for 
LCA and/or risk assessment practitioners are as follows: 

 When performing a fate and exposure assessment for PBDE or triazoles with 
estimation methods, at least the predictive uncertainty related to 
environmental degradation rates should be described in the communication 
of the results. 

 When performing an effect assessment for warm-blooded species, a 
minimum of 5 species, of which at least 1 bird species, should be included. If 
the sample size is too small and/or bird toxicity data are not available, 
interspecies correlation estimation can be applied to obtain a representative 
sample. 

 When performing an ecotoxic impact assessment for lipophilic and/or 
persistent chemicals in freshwater ecosystems, the impact on different 
trophic levels, including warm-blooded species, should be assessed and 
integrated, particularly for chemicals emitted to air. In this assessment, 
bioaccumulation should be taken into account. 

 When performing an ecotoxic impact assessment for (non-persistent) 
pesticides in freshwater ecosystems, the impact on different trophic levels, 
including warm-blooded species, should be assessed and integrated, similar 
to the previous recommendation, in order to obtain a best estimate of the 
ecotoxic impact. However, when the goal of the assessment is solely to 
protect freshwater ecosystems as a whole, it is sufficient to focus on other 
species than warm-blooded.  

 When performing a life cycle impact assessment for human toxicity, the 
impacts from indoor chemical exposure related to the use of a product 
should be taken into account. The scenario-specific modeling framework 
described in chapter 7 is particularly recommended when protective 
measures are taken. Moreover, it may be relevant in the case of short 
exposure duration (≤1 hour). 

 

In the preceding chapters, some issues that require further research were 
revealed: 
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 In the fate assessment of an LCA, parameter uncertainty has been assessed 
[119, 246-248] as well as spatial variability [249-252]. Hollander et al. [120] 
found that variation generally depends on substance properties rather than 
on environmental characteristics. Though, the influence of environmental 
characteristics can be relevant for regional fate assessments of single 
substances [70, 120]. The relative importance of parameter uncertainty and 
spatial variability for LCA is a topic that deserves more attention, because so 
far it was only addressed in a risk assessment context.  

 In this thesis, physicochemical and toxic properties that are needed for a 
comparative toxic impact assessment were predicted in various ways. We 
preferably selected QSAR models that were specifically developed for the 
chemical groups under study. If specific QSARs were not available, or did not 
fulfill our quality criteria (see chapters 2 and 3), the use of general estimation 
methods was preferred over specific methods. However, the uncertainty 
related to a general QSAR, which is for instance applicable to all organic 
chemicals, is usually larger compared to a specific QSAR. Therefore, chemical 
hazard rankings and life cycle impact assessments may benefit from a critical 
comparison between the uncertainty in the predictions from specific QSARs 
and general QSARs.  

 Environmental degradation half-lives were identified as one of the most 
important sources of uncertainty in fate and impact assessments of PBDEs 
and triazoles based on estimation methods. Therefore, the reliability of the 
fate of PBDEs and/or triazoles can be improved substantially by including 
experimental degradation data, or by developing better estimation methods 
to predict degradation properties. 

 When assessing the health impacts from indoor chemical exposure, chemical 
uptake via the skin may be important for substances that easily permeate 
the skin, for scenarios with high air concentrations and deposition onto the 
skin, or for activities resulting in direct contact with the chemical (e.g. via 
splashes) or indirect contact (e.g. via contact with contaminated surfaces 
such as the hands or clothes) [253]. The relevance of dermal exposure for life 
cycle impacts from indoor chemical exposure needs further research. 
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A1 Prioritization of  triazoles and related chemicals  

A priority list of triazoles and related chemicals was provided by Gramatica 
[101]. Gramatica collected experimental data for several ecotoxicity and 
environmental behavior endpoints, i.e. EC50 algae, EC50 daphnia, LC50 fish, log 
octanol-water partitioning coefficient (Kow), and bioconcentration factor (BCF). 
By performing a Principal Component Analysis, she determined the most active 
substances. These substances are characterized by higher toxicity in both plants 
(algae) and animals (daphnia and fish) and bioaccumulation potential in the 
food chain (higher log Kow and BCF). Subsequently, structurally similar triazoles 
and related chemicals for which experimental data are missing were identified. 
Chemicals with a structure similar to the most active, but with no or few 
experimental data were prioritized [101]. 

 

Table A1 Short explanation of the QSAR descriptors (see also Table 3.1 in chapter 3). For 
more information, we refer to the references mentioned in the Table. 

Gramatica et al. [48] VED1 eigenvector coefficient sum from distance 
matrix  nHAcc 

  
number of acceptor atoms for H-bonds (N,O,F) 

 MAXDP 
  

maximal electropological positive variation 

 CIC0 
  

Complementary Information Content index: 
neighborhood symmetry of 0-order (i.e. the 
degree of the diversity of the elements in the 
molecule) 

Bhhatarai et al. [87] AMW  Average Molecular Weight  
 MATS7e 

  
Moran autocorrelation of lag 7 weighted by 
Sanderson electronegativity  (i.e. the charge 
distribution) 

 R2e R autocorrelation of lag 2 weighted by 
Sanderson electronegativity (i.e. the geometry 
topology and atomic weight assembly) 

 GGI4 
  

topological charge index of order 4 (i.e. charge 
transfer between atom pairs)  

 F03[N-N]  Frequency of N - N at topological distance 3 
 χ1A connectivity index of order 1 (Randic 

connectivity index) (which describes molecular 
branching and complexity) 

 BELp2 
  

Lowest eigenvalue n. 2 of the Burden matrix 
weighted by atomic polarizabilities 

 RBN  number of rotatable bonds 
 B09[N-Cl] Presence/absence of N - Cl at topological 

distance 9 
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Roy et al. [49] HOMO  highest occupied molecular orbital 
 nX number of unsubstituted sp

2
-carbon in any ring, 

mainly aromatics 
 nCbH  number of unsubstituted sp

2
-carbon in 

benzene-type rings 
 IDE mean information content on the distance 

equality  (topological descriptor similar to CIC0) 

Cassani et al. [88]  VP-1 Valence path, order 1 
 SHBint2 Sum of E-State descriptors of strength for 

potential Hydrogen Bonds of path length 2 
 maxHaaCH Maximum atom-type H E-State: :CH: 
 TPSA(NO)  topological polar surface area using N,O polar 

contributions 
 Aeigm Absolute eigenvalue sum from mass weighted 

distance matrix 
 nCar  number of aromatic sp

2
-carbon 

 nHDon number of donor atoms for H-bonds (N and O) 
 H-052 H attached to C0(sp3) with 1X attached to next 

C 

Gramatica et al. [89] AEigZ  Absolute eigenvalue sum from Z weighted 
distance matrix (Barysz matrix) 

 T(N..S)  sum of topological distances between N..S 
 Seigv Eigenvalue sum from van der Waals weighted 

distance matrix 

 

Table A2 The dataset of triazoles and related chemicals for which soil and/or water 
degradation half-lives were available [91].  

These degradation data are log-normally distributed, according to the Lilliefors 
(Kolmogorov-Smirnov) normality test [254, 255]. 

- Log (Deg. soil ): D = 0.0943, p-value = 0.06258 

- Log (Deg. water): D = 0.0923, p-value = 0.2529 

CAS Chemical name Deg. soil 
 (t1/2 in days) 

Deg. Water 
(t1/2 in days) 

112143-82-5 triazamate 0.25 0.3 

158063-66-2 4-trifluoromethylnicotinic acid 0.4  

178928-70-6 prothioconazole 0.5 1 

128639-02-1 carfentrazone-ethyl 0.5 0.4 

55512-33-9 pyridate 0.5 0.4 

79241-46-6 fluazifop-p-butyl 1 0.1 

81406-37-3 fluroxypyr-meptyl  1  

87237-48-7 haloxyfop-etotyl 1  

103112-35-2 fenchlorazole-ethyl 2.4  

135410-20-7 acetamiprid 3 4.7 
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CAS Chemical name Deg. soil 
 (t1/2 in days) 

Deg. Water 
(t1/2 in days) 

158062-67-0 flonicamid 3.1 33.8 

422556-08-9 pyroxsulam 3.3  

173159-57-4 foramsulfuron 5.5 17 

150824-47-8 nitenpyram 8  

145701-23-1 florasulam 8.5 18 

288-88-0 1,2,4-triazole 10 300 

74223-64-6 metsulfuron-methyl 10 115 

104040-78-0 flazasulfuron 10 15 

36701-89-0 2-(3-
trifluoromethylphenoxy)nicotinic 
acid 

10.6  

147150-35-4 cloransulam-methyl 11  

56425-91-3 flurprimidol 11  

317815-83-1 thiencarbazone-methyl 11.6 21.3 

36315-01-2 2-amino-4,6-
dimethoxypyrimidine 

13 65 

123312-89-0 pymetrozine 14 6 

109293-97-2 diflufenzopyr 14  

86598-92-7 imibenconazole 15  

111988-49-9 thiacloprid 15.5 8.5 

94125-34-5 prosulfuron 16 50 

61-82-5 amitrole 18 71 

139528-85-1 metosulam 19 6.7 

94593-91-6 cinosulfuron 20  

120923-37-7 amidosulfuron  21 73 

82097-50-5 triasulfuron 23 217 

55179-31-2 bitertanol 23 27 

83055-99-6 bensulfuron-methyl 24 18.5 

111991-09-4 nicosulfuron 26 65 

43121-43-3 triadimefon  26 12 

41083-11-8 azocyclotin 27  

137641-05-5 picolinafen 30 1.3 

219714-96-2 penoxsulam 32  

150114-71-9 aminopyralid 35 250 

121552-61-2 cyprodinil 37 12.5 

55335-06-3 triclopyr  39 24.8 

29232-93-7 pirimiphos-methyl 39  

97886-45-8 dithiopyr 39  

24017-47-8 triazophos 44 35 
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CAS Chemical name Deg. soil 
 (t1/2 in days) 

Deg. Water 
(t1/2 in days) 

98967-40-9 flumetsulam 45  

125225-28-7 ipconazole 50 2.4 

53112-28-0 pyrimethanil 55 16.5 

110235-47-7 mepanipyrim 56.5 7 

114369-43-6 fenbuconazole 60  

107534-96-3 tebuconazole 62 42.6 

120162-55-2 azimsulfuron  64 44.5 

117718-60-2 thiazopyr 64  

208465-21-8 mesosulfuron-methyl 66 44 

68049-83-2 azafenidin  67  

131860-33-8 azoxystrobin 78 6.1 

 1918-02-1 picloram 82.8 80.8 

125116-23-6 metconazole  84 8 

767-15-7 2-amino-4,6-dimethylpyrimidine 85.5  

83657-17-4 uniconazole-p 100  

76738-62-0 paclobutrazol 112 164 

66246-88-6 penconazole 117 2 

79983-71-4 hexaconazole 122 112 

2814-20-2 pyrimidinol 126 87 

119446-68-3 difenoconazole 130 3 

179101-81-6 pyridalyl 140  

94361-06-5 cyproconazole 142  

64902-72-3 chlorsulfuron 160 21 

361377-29-9 fluoxastrobin 184 29 

116255-48-2 bromuconazole 190 1.7 

138261-41-3 imidacloprid 191 30 

60207-90-1 propiconazole 214 6 

131983-72-7 triticonazole 237 158 

55219-65-3 triadimenol 250 53 

85509-19-9 flusilazole 300 1 

136426-54-5 fluquinconazole 350 3.5 

106325-08-0 epoxiconazole 354 65.8 

41814-78-2 tricyclazole 450 92 

108-78-1 melamine 524 228 

122836-35-5  sulfentrazone 541  

88671-89-0 myclobutanil 560 12 

500008-45-7 chlorantraniliprole 597 23.5 

83657-24-3 diniconazole 1566  
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Table B1 Chemical-specific HC50 values for pore water (derived with the EP-method), 
and for fresh water (derived from aquatic toxicity data),with the number of species 
tested (n),  the  number of species of groups  (#),  the Koc,  the  Ratioter/aq  values  (i.e. the  

CAS Chemical Name TMoA a 

Log Koc       
(log 

L/kg) 
SE Log 

Koc 

P50 
HC50ep,pw    

(mg/L) 
SEM 

HC50ep,pw 

87865 Pentachlorophenol Uncoupler of oxidative 
phosphorylation 

3.0 0.550 1.9E+00 2.0E-01 

  Narcotics           

86737 Fluorene Nonpolar narcosis 4.0 0.550 3.1E-01 3.7E-02 

67641 2-Propanone Nonpolar narcosis 0.3 0.551 2.0E+03 1.7E+02 

87616 1,2,3-Trichlorobenzene  Nonpolar narcosis 2.9 0.549 2.2E+00 6.1E-02 

120821 1,2,4-Trichlorobenzene Nonpolar narcosis 2.9 0.549 4.2E+00 4.7E-01 

106467 1,4-Dichlorobenzene Nonpolar narcosis 2.6 0.549 1.8E+01 2.2E+00 

98953 Nitrobenzene Nonpolar narcosis 1.9 0.549 7.2E+01 8.6E+00 

608935 Pentachlorobenzene Nonpolar narcosis 3.5 0.549 2.3E+00 2.3E-01 

634662 1,2,3,4-
Tetrachlorobenzene 

Nonpolar narcosis 3.2 0.549 2.6E+00 3.1E-01 

64175 Ethanol Nonpolar narcosis 0.1 0.552 2.9E+04 2.9E+03 

108189 Ddiisopropylamine Nonpolar narcosis 1.6 0.552 1.6E+03 1.9E+02 

108907 Monochlorobenzene Nonpolar narcosis 2.2 0.549 2.0E+02 9.1E+00 

78875 1,2-Dichloropropane Nonpolar narcosis 1.5 0.550 2.5E+03 3.1E+02 

100027 4-Nitrophenol Polar narcosis 1.8 0.549 1.1E+01 1.3E+00 

554007 2,4-Dichloroaniline Polar narcosis 2.6 0.549 1.0E+01 1.2E+00 

108429 3-Chloroaniline Polar narcosis 2.3 0.549 2.9E+01 2.0E+00 

108952 Phenol Polar narcosis 1.5 0.549 2.1E+02 2.4E+01 

108430 3-Chlorophenol Polar narcosis 1.9 0.549 3.6E+01 2.5E+00 

88062 2,4,6-Trichlorophenol Polar narcosis 2.6 0.550 1.1E+01 1.1E+00 

95954 2,4,5-Trichlorophenol Polar narcosis 2.6 0.550 7.8E+00 4.5E-01 

  Reactive chemicals           

877430 2,6-Dimethylquinoline Quinolines 3.1 0.549 1.8E+00 2.2E-01 

11067815 Tetrapropylene 
benzenesulphonic acid 

Sulphonic acid b 3.5 0.550 4.1E+00 3.6E-01 

121142 2,4-Dinitrotoluene Reactive dinitro group 2.2 0.549 6.1E+00 4.1E-01 

118967 2,4,6-Trinitrotoluene Reactive dinitro group 2.3 0.550 1.1E+02 1.0E+01 

a) based on De Zwart [152], except when indicated otherwise 
b) based on Russom et al. [153]   
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ratio of HC50ep,pw and HC50ex,fw), the accompanying uncertainty ranges, and the toxic 
mode of action (TMoA). P50 is the typical value (50th percentile). A * indicates that a 
value of 1 for Ratioter/aq was noted outside the 90% CI. 

n 
ep,pw 

# 
species 
groups 

P50 
HC50ex,fw    
(mg/L)  

SEM 
HC50ex,fw 

n 
ex,fw 

# 
species 
groups 

P50 Ratio 
HC50ep,pw 
/HC50ex,fw   

P5 Ratio 
HC50ep,pw 
/HC50ex,fw   

P95 Ratio 
HC50ep,pw 
/HC50ex,fw   

9 3 5.8E-01 4.5E-01 166 4 3.3E+00 [ 3.4E-01 - 3.2E+01 ] 

                        

4 1 1.8E+00 8.7E-01 12 3 1.6E-01 [ 1.8E-02 - 1.5E+00 ] 

8 3 7.3E+03 5.0E+03 46 3 2.8E-01 [ 2.2E-02 - 4.4E+00 ] 

3 2 1.6E+00 6.5E-01 7 3 1.3E+00 [ 3.2E-02 - 5.6E+01 ] 

4 2 2.7E+00 1.9E+00 37 4 1.6E+00 [ 1.7E-01 - 1.4E+01 ] 

4 1 8.8E+00 5.1E+00 17 3 2.0E+00 [ 2.3E-01 - 1.8E+01 ] 

4 1 2.9E+01 1.6E+01 17 4 2.5E+00 [ 2.7E-01 - 2.2E+01 ] 

4 2 7.9E-01 2.5E-01 13 3 3.0E+00 [ 2.2E-01 - 4.1E+01 ] 

3 2 7.9E-01 4.2E-01 4 3 3.4E+00 [ 3.5E-01 - 3.0E+01 ] 

7 2 4.5E+03 2.1E+03 17 4 6.5E+00 [ 6.0E-01 - 7.3E+01 ] 

3 1 1.2E+02 6.3E+01 15 4 1.3E+01 [ 1.4E+00 - 1.3E+02 ]* 

3 2 1.2E+01 4.9E+00 16 3 1.7E+01 [ 6.7E-01 - 3.9E+02 ] 

4 1 1.4E+02 8.1E+01 9 3 1.8E+01 [ 2.1E+00 - 1.6E+02 ]* 

4 1 1.3E+01 1.0E+01 33 4 8.5E-01 [ 1.0E-01 - 6.9E+00 ] 

5 2 5.0E+00 2.9E+00 18 4 2.0E+00 [ 2.3E-01 - 1.9E+01 ] 

3 2 1.4E+01 4.4E+00 7 4 2.1E+00 [ 1.1E-01 - 3.8E+01 ] 

5 2 6.2E+01 5.0E+01 224 4 3.4E+00 [ 3.8E-01 - 2.9E+01 ] 

3 2 9.9E+00 5.2E+00 8 3 3.6E+00 [ 2.4E-01 - 5.9E+01 ] 

7 2 2.6E+00 2.0E+00 28 4 4.3E+00 [ 3.9E-01 - 4.5E+01 ] 

3 2 1.2E+00 9.7E-01 18 4 6.3E+00 [ 3.7E-01 - 1.1E+02 ] 

                        

3 1 1.7E+01 1.1E+01 17 4 1.1E-01 [ 1.2E-02 - 9.6E-01 ]* 

3 1 3.1E+01 2.1E+01 18 4 1.3E-01 [ 1.2E-02 - 1.5E+00 ] 

3 1 4.0E+00 2.3E+00 17 4 1.5E+00 [ 1.0E-01 - 2.2E+01 ] 

3 2 5.0E+00 3.0E+00 12 2 2.1E+01 [ 1.9E+00 - 2.4E+02 ]* 

(continued on next page) 
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(continuation of previous page) 

CAS Chemical Name TMoA a 

Log Koc       
(log 

L/kg) 
SE Log 

Koc 

P50 
HC50ep,pw    

(mg/L) 
SEM 

HC50ep,pw 

  Neurotoxicants           

333415 Diazinon AChE agents 3.3 0.550 1.2E-01 9.4E-03 

1563662 Carbofuran AChE agents 2.4 0.549 6.2E-01 4.8E-02 

63252 Carbaryl AChE agents 2.5 0.548 3.4E+00 3.3E-01 

950378 Methidathion AChE agents 2.0 0.550 2.4E+00 3.5E-02 

56382 Parathion-ethyl AChE agents 2.9 0.549 3.1E-01 1.3E-02 

114261 Propoxur AChE agents 2.2 0.549 4.8E+00 1.3E-01 

24017478 Triazophos AChE agents 3.8 0.551 2.5E+00 5.2E-02 

2921882 Chlorpyriphos AChE agents 3.9 0.551 3.2E-01 2.2E-02 

116063 Aldicarb AChE agents 1.7 0.549 5.3E+01 1.5E-01 

309002 Aldrin Cyclodiene type 4.7 0.551 1.8E-03 1.1E-04 

76448 Heptachlor Cyclodiene type 4.6 0.551 3.2E-03 2.1E-04 

12789036 Chlordane Cyclodiene type c 4.8 0.551 4.0E-03 3.7E-04 

58899 Lindane Cyclodiene type 3.6 0.549 2.1E-01 7.8E-03 

115297 Endosulfan Cyclodiene type 3.7 0.550 4.5E-02 2.9E-03 

  Herbicides-fungicides                 

76039 Trichloroacetic-acid Halogenated aliphatic 
herbicides d,e 

1.6 0.551 1.3E+02 7.2E+00 

93765 2,4,5-T Plant growth regulator f 2.9 0.549 3.4E+00 1.2E-02 

122349 Simazine Inhibits Photosynthesis 2.2 0.551 1.1E+00 3.4E-02 

17804352 Benomyl Systemic Herbicide 2.5 0.549 1.4E+00 1.2E-01 

330552 Linuron Inhibits Photosynthesis 2.3 0.549 8.6E-01 7.5E-02 

1912249 Atrazine Inhibits Photosynthesis 2.4 0.551 2.4E+00 8.6E-02 

2425061 Captafol Inhibits Sporulation 3.2 0.550 4.9E+00 5.5E-01 

2303175 Triallate Inhibits Cell Division g 2.9 0.550 2.0E+01 1.2E+00 

133062 Captan Inhibits Sporulation 2.8 0.550 1.6E+01 1.9E+00 

c) based on Ecobichon [154] 
d) based on Wood [155] 
e) chronic cytotoxic effects in rodents have also been observed [156] 
f) based on [155] 
g) TMoA based on De Zwart [152], chemical class based on Ecobichon [154] 
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n 
ep,pw 

# 
species 
groups 

P50 
HC50ex,fw    
(mg/L)  

SEM 
HC50ex,fw 

n 
ex,fw 

# 
species 
groups 

P50 Ratio 
HC50ep,pw 
/HC50ex,fw   

P5 Ratio 
HC50ep,pw 
/HC50ex,fw   

P95 Ratio 
HC50ep,pw 
/HC50ex,fw   

                        

7 2 2.4E-01 1.5E-01 118 4 4.9E-01 [ 3.7E-02 - 6.0E+00 ] 

7 2 3.8E-01 2.1E-01 69 3 1.6E+00 [ 1.1E-01 - 2.3E+01 ] 

5 2 1.0E+00 7.3E-01 200 4 3.5E+00 [ 3.3E-01 - 3.5E+01 ] 

3 1 5.6E-01 1.7E-01 24 3 4.3E+00 [ 5.4E-02 - 3.5E+02 ] 

5 2 7.1E-02 4.5E-02 142 4 4.3E+00 [ 1.8E-01 - 1.1E+02 ] 

3 1 9.1E-01 5.3E-01 59 3 5.2E+00 [ 1.3E-01 - 1.9E+02 ] 

3 2 3.0E-01 2.5E-02 7 3 8.2E+00 [ 7.5E-02 - 9.6E+02 ] 

9 3 8.1E-03 5.6E-03 164 3 4.0E+01 [ 2.6E+00 - 5.9E+02 ]* 

3 1 5.7E-01 3.0E-01 43 4 9.4E+01 [ 2.5E-01 - 4.0E+04 ] 

3 1 6.0E-02 3.7E-02 77 2 3.0E-02 [ 1.8E-03 - 5.2E-01 ]* 

6 2 5.1E-02 3.6E-02 83 3 6.1E-02 [ 3.9E-03 - 9.6E-01 ]* 

4 2 4.3E-02 2.4E-02 41 3 9.2E-02 [ 8.2E-03 - 1.1E+00 ] 

4 2 1.6E-01 1.1E-01 181 4 1.3E+00 [ 4.8E-02 - 3.4E+01 ] 

3 1 1.9E-02 1.2E-02 152 4 2.4E+00 [ 1.5E-01 - 3.9E+01 ] 

                        

4 2 1.2E+03 3.2E+02 13 2 1.2E-01 [ 4.5E-03 - 3.1E+00 ] 

4 2 1.6E+01 9.1E+00 28 3 2.1E-01 [ 6.7E-04 - 5.2E+01 ] 

4 1 3.8E+00 2.0E+00 57 4 2.8E-01 [ 8.4E-03 - 8.6E+00 ] 

4 1 2.5E+00 9.5E-01 21 3 5.7E-01 [ 4.1E-02 - 7.7E+00 ] 

3 1 3.5E-01 1.2E-01 25 3 2.5E+00 [ 1.6E-01 - 3.7E+01 ] 

6 2 9.0E-01 6.3E-01 136 4 2.7E+00 [ 9.2E-02 - 7.6E+01 ] 

3 1 5.6E-01 2.2E-01 22 3 8.8E+00 [ 8.2E-01 - 9.0E+01 ] 

5 1 6.1E-01 2.9E-01 17 3 3.2E+01 [ 1.7E+00 - 5.9E+02 ]* 

3 1 4.5E-01 2.7E-01 40 3 3.5E+01 [ 4.0E+00 - 3.2E+02 ]* 
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B1 Koc QSAR predictions 

Organic carbon-water partitioning coefficients (Koc in L/kg) were predicted with 
a quantitative structure-activity relationship (QSAR) based on a set of 643 
heterogeneous organic compounds by Gramatica et al. [48]: 

Log Koc (L/Kg) = – 1.92 + 2.07 VED1 – 0.31 nHAcc – 0.31 MAXDP – 0.39 CIC0
     (B1) 

where VED1 is the eigenvector coefficient sum from distance matrix; nHAcc is 
the number of acceptor atoms for H-bonds (N,O,F); MAXDP is the maximal 
electropological positive variation; and CIC0 is the Complementary Information 
Content index: neighborhood symmetry of 0-order (i.e. the degree of the 
diversity of the elements in the molecule). The input for the QSARs, i.e. the 
descriptor values, was taken from the supporting information of Gramatica et 
al. [48] or, if not available, calculated with DRAGON version 5.5 [102] based on 
the SMILES code. For more information on the QSAR descriptors, we refer to 
Gramatica et al. [48].  

The experimental data underlying the QSAR were used to quantify the statistical 
uncertainty in the QSAR predictions. The uncertainty in a prediction Yp was 
assigned a Student-t distribution [94]. The predictive Student-t distribution was 

defined by the predictive mean ( pY ), the predictive error )YY(SE pp  , the 

number of chemicals in the training set (n), and the number of descriptors in the 
linear regression model (k), written as:  

)YY(SEtY~Y pp1knpp       (B2) 

where tn−k−1 stands for the t-distribution with n–k–1 degree of freedom.  

Given that a QSAR was based on design matrix X, and Yp was to be evaluated for 
descriptor values Xp, the predictive error was estimated from the QSAR´s 

residual error (sr = 0.30) and the chemical-specific leverage value ( p
1TT

p X)XX(X 
) 

according to [94, 96, 97]:   

  )X)XX(X1(s)YY(SE p
1TT

p

2

r

2

pp


   (B3) 

The predicted Koc values can be found in Table B1.  
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(a) (b) 

 

 

 
(c) (d) 

Figure B1 Hazardous porewater concentrations derived from terrestrial ecotoxicity tests 
(HC50ep,pw) for an oxidative uncoupler and narcotic chemicals (a), reactive chemicals (b), 
neurotoxic chemicals (c), and herbicides-fungicides (d). The center of each box equals the 
median, the edges of each box represent the 25th and 75th percentile, and the whiskers 
the 5th and 95th percentiles. 
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(a) (b) 

 

 

 
(c) (d) 

Figure B2 Hazardous freshwater concentrations derived from aquatic ecotoxicity tests 
(HC50ex,fw) for an oxidative uncoupler and narcotic chemicals (a), reactive chemicals (b), 
neurotoxic chemicals (c), and herbicides-fungicides (d). The center of each box equals the 
median, the edges of each box represent the 25th and 75th percentile, and the whiskers 
the 5th and 95th percentiles. 
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C1 Correlations in residual standard errors 

We did a pilot study to estimate the correlations in residual standard errors and 
the covariance in the ICE predictions, because ICE predictions were often made 
based on the same experimental LD50 value. As the experimental dataset 
underlying the ICE regressions of Raimondo et al. [172] were not available due 
to confidentiality reasons, we considered a dataset with LD50 data from RTECS 
[171] for  37 chemical substances in the species Mouse, Rabbit and Guinea Pig 
(see Table C1).  

For species s1 and s2 we considered the ICE regression:   

2s1s
x

1s
x

2s
x )50LDlog(ba)50LD(Log     (C1) 

where s1 is called the surrogate species, s2 is called the predicted species, and 
2s1s

x  is the so-called residual error. The variance of the 
21ss

x values was 

estimated by the mean squared error (MSE) of the corresponding linear 
regression. Once the parameters a and b have been estimated by values α

  

(intercept) and 


 (slope), we could define the residual error:  

)50LDlog(()50LDlog( 1s
x

2s
x

2s1s
x 


    (C2) 

 

Table C1 Chemicals with LD50 data for mouse, rabbit and guinea pig used in our 

pilot study. 

CAS Chemical name LD50 

mouse 

LD50 

rabbit 

LD50 

guinea pig   (mg·kgwwt
-1

) (mg·kgwwt
-1

) (mg·kgwwt
-1

) 

56073-10-0 Brodifacoum 5.00E+01 2.80E-01 4.00E-01 

116-06-3 Aldicarb 5.41E-01 1.30E+00 1.00E+00 

297-78-9 Telodrin 1.00E+01 4.00E+00 2.54E+00 

1563-66-2 Carbofuran 5.37E+00 7.50E+00 9.20E+00 

56-38-2 Parathion-ethyl 1.12E+01 1.00E+01 1.31E+01 

900-95-8 Fentin acetate 8.70E+01 4.93E+01 1.80E+01 

950-37-8 Methidathion 2.71E+01 7.10E+01 2.50E+01 

10265-92-6 Methamydophos 1.62E+01 1.73E+01 3.00E+01 

60-57-1 Dieldrin 6.00E+01 4.74E+01 3.09E+01 

309-00-2 Aldrin 4.40E+01 6.32E+01 3.30E+01 

22781-23-3 Bendiocarb 3.55E+01 3.74E+01 3.50E+01 

2595-54-2 Mecarbam 1.06E+02 6.00E+01 6.50E+01 

1113-02-6 Omethoate 3.12E+01 5.00E+01 7.07E+01 

106-93-4 1,2-Dibromoethane 4.20E+02 5.50E+01 1.10E+02 

29973-13-5 Ethiofencarb 1.35E+02 1.63E+02 1.13E+02 
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CAS Chemical name LD50 

mouse 

LD50 

rabbit 

LD50 

guinea pig   (mg·kgwwt
-1

) (mg·kgwwt
-1

) (mg·kgwwt
-1

) 

76-44-8 Heptachlor 6.80E+01 8.49E+01 1.16E+02 

58-89-9 Lindane 1.65E+02 1.08E+02 1.18E+02 

301-12-2 Oxydemethon-methyl 3.00E+01 1.04E+02 1.20E+02 

533-74-4 3,5-dimethyltetrahydro-
2-H,1,3,5-thiadiazone-2-
thione 

2.78E+02 2.88E+02 1.60E+02 

59669-26-0 Thiodicarb 2.26E+02 5.56E+02 1.60E+02 

2176-62-7 Pentachloropyridine 1.31E+02 9.05E+01 1.70E+02 

8001-35-2 Toxaphene 7.39E+01 5.72E+01 2.10E+02 

101-27-9 Barban 1.35E+03 6.00E+02 2.40E+02 

1912-24-9 Atrazine 1.75E+03 6.71E+02 2.50E+02 

640-15-3 Thiometon 6.20E+01 9.50E+01 2.61E+02 

63-25-2 Carbaryl 3.36E+02 7.10E+02 2.80E+02 

333-41-5 Diazinon 1.11E+02 1.39E+02 3.05E+02 

108-62-3 Metaldehyde 2.00E+02 6.02E+02 3.50E+02 

17109-49-8 Edifenphos 3.61E+02 3.16E+02 3.74E+02 

2597-03-7 Phenthoate 3.74E+02 2.10E+02 3.88E+02 

2921-88-2 Chlorpyriphos 1.52E+02 1.41E+03 5.04E+02 

1194-65-6 Dichlobenil 1.69E+03 2.32E+02 5.84E+02 

1698-60-8 Chloridazon 2.74E+03 1.12E+03 1.01E+03 

29232-93-7 Pirimiphos-methyl 1.18E+03 1.63E+03 1.41E+03 

5598-13-0 Chlorpyrifos-methyl 1.88E+03 2.00E+03 2.25E+03 

23564-05-8 Thiophanate-methyl 3.45E+03 2.26E+03 4.94E+03 

71-55-6 1,1,1-trichloroethane 1.12E+04 5.66E+03 9.47E+03 

 

Most noticeable was the high mutual correlation between the residual errors in 
the predicted values if a common surrogate species was used (correlation 
coefficient ≈0.9, see Table C2). Moreover the errors in the toxicities in the 
predictions from two different surrogate species were highly correlated. Table 
C2 shows the results. The reduction in residual standard error (RSE) in the 
bivariate linear regression with respect to linear regression from surrogate 
Guinea Pig is only (1 – 0.4752/0.4782) = 0.0063, that is a gain of less than 1%. 
We concluded that the residual standard errors in LD50 values predicted from a 
common surrogate are not independent. Since the combined dataset in this 
study was based on many LD50 values predicted from common surrogate 
species, we applied a conservative method to quantify the uncertainty of the 
HD50 value (correlation 1, see SI  par.  C2). 
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Table C2 The correlation of the residual errors for toxicity predictions based on linear 
regressions. 

Surrogate 

species 

Predicted 

species 

Intercept Slope RSE MSE Correlation 

coeffcient 
Mouse Rabbit 0.2092 0.8679 0.5105 0.2606 0.8294 

Mouse Guinea 

Pig 

0.1703 0.8812 0.5004 0.2504  

Rabbit Mouse 0.4875 0.8001 0.4901 0.2402 0.8802 

Guinea Pig Mouse 0.4863 0.8047 0.4782 0.2287  

Rabbit + 

Guinea Pig 

Mouse   0.4752 0.2258  

RSE = residual standard error, MSE = mean squared error  

 
C2 Conservative calculation of uncertainty 
We used the ICE models to estimate ‘predicted’ LD50 values.  The standard 
deviation of the predicted toxicity for chemical x in species j from surrogate 
species i (sj,x) was calculated according to Mendenhall and Beaver [97]: 













 


ss

2
ix,i

ij

ijx,j
S

)50LDlog50LD(log

n

1
1MSEs   (C3)

 

In this equation, MSEij is the Mean Squared Error based on the Sum of Squares 
for Errors for the predicted toxicity value of species j from surrogate species i, 
given by Raimondo et al. [172]; nij is the total number of surrogate LD50 values 
used for derivation of the ICE model correlation between species i and j; LD50i,x 
is the experimental LD50 value for chemical x in surrogate species i as applied in 

our model predictions; i50LDlog is the average of all log-transformed 

experimental LD50 for surrogate species i (i.e. different chemicals) used for 
derivation of the ICE model correlation between species i and j;  and Sss is the 
sum of squared deviations in the surrogate toxicity value given by Raimondo et 
al. [172]. We approached the total number of warm-blooded wildlife species (N) 
with a number of experimentally tested species (n) and a number of modeled 
species (m). We assumed that the predicted species are a random sample of all 
species. Furthermore, we assumed that the computable covariances between 
predictions correspond to a random sample of pairs of species, e.g. predicted 
species j1 and j2. Therefore, the covariance between the predictions for all 

species j1 up to jN was denoted as sj1j2, and the mean covariance 
 

N

11j

N

12j
2j1j2

s
N

1
 

was the average of the covariances and variances.  
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An upperbound to the mean covariance followed from the Cauchy-Schwartz 

inequality  2
2j

2
1j2j1j sss   [256, equality means correlation 1], and lead to the 

square of the mean standard deviation: 

2
N

1j
j

N

12j

2
2j

N

11j

2
1j2

N

11j

N

12j

2
2j

2
1j2

N

11j

N

12j
2j1j2

s
N

1
ss

N

1
ss

N

1
s

N

1









































 

  

            (C4) 

For the toxicity values predicted with the ICE-regressions from Raimondo et al. 

[172], 


N

1j
js

N

1
 could be estimated by 



m

1j
js

m

1
. To be exact, sj is sj,x i.e. the 

standard deviation of the predicted toxicity for chemical x in species j, 
calculated according to Mendenhall and Beaver [97] (see  below).  If there were 
also n experimental values, then the square of the standard error of the mean 
(SEMCo,x) was described by:  
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   (C5) 

In this equation 
2

x,Cos  is the variance of all LD50 values available for chemical x – 

both tested and predicted. 
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Table C3 HD50 values based on experimental and combined datasets plus their 
uncertainty factors.  

n is the number of experimentally tested species 

m is the number of species for which LD50 values were modeled 

UFstat is the uncertainty factor of the HD50x value (ratio of the 95
th

/5
th

 percentile) based 
on either an experimental dataset (Ex) or on a dataset combining experimental and 
modeled data (Co). 

UFsys,x is the ratio of HD50Ex,x/HD50Co,x 

Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+m HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

297-78-9 11 1.84E+00 7.38E+00 35 2.41E+00 9.31E+00 7.64E-01 

60-57-1 11 4.30E+01 2.65E+00 40 1.92E+01 7.00E+00 2.24E+00 

60-51-5 10 9.77E+01 3.45E+00 42 3.10E+01 8.91E+00 3.15E+00 

309-00-2 10 4.96E+01 3.39E+00 40 2.43E+01 7.45E+00 2.05E+00 

56-38-2 10 3.74E+00 2.58E+00 35 3.31E+00 6.77E+00 1.13E+00 

1689-84-5 9 8.10E+02 6.83E+01 32 1.87E+02 1.54E+01 4.33E+00 

333-41-5 9 2.58E+01 1.04E+01 41 8.84E+00 7.94E+00 2.92E+00 

62-73-7 9 2.53E+01 4.08E+00 42 1.26E+01 7.60E+00 2.01E+00 

63-25-2 9 3.56E+02 2.96E+00 30 2.59E+02 1.38E+01 1.38E+00 

327-98-0 9 1.87E+01 1.92E+00 43 1.18E+01 7.42E+00 1.59E+00 

81-81-2 8 1.81E+01 4.61E+01 20 1.52E+01 2.01E+01 1.19E+00 

56073-07-5 8 7.58E+01 2.37E+01 26 3.35E+01 1.29E+01 2.26E+00 

1162-65-8 8 3.50E+00 1.94E+01 32 1.41E+01 1.75E+01 2.48E-01 

55-38-9 8 3.31E+01 1.16E+01 37 1.22E+01 9.03E+00 2.70E+00 

2921-88-2 8 7.04E+01 9.06E+00 41 2.35E+01 1.04E+01 3.00E+00 

470-90-6 8 8.00E+01 8.71E+00 40 2.70E+01 9.37E+00 2.97E+00 

299-84-3 8 1.19E+03 3.92E+00 23 3.52E+02 1.35E+01 3.39E+00 

52-68-6 8 2.01E+02 3.12E+00 33 5.66E+01 1.05E+01 3.56E+00 

72-20-8 8 5.25E+00 2.72E+00 42 5.09E+00 1.12E+01 1.03E+00 

57-33-0 8 1.08E+02 1.92E+00 35 6.10E+01 1.23E+01 1.78E+00 

534-52-1 7 4.58E+02 1.45E+03 28 2.39E+01 2.01E+01 1.92E+01 

504-24-5 7 3.55E+01 4.45E+01 39 1.27E+01 1.00E+01 2.81E+00 

999-81-5 7 1.22E+02 1.35E+01 30 1.20E+02 1.34E+01 1.02E+00 

57-24-9 7 2.89E+00 9.86E+00 40 7.67E+00 1.22E+01 3.77E-01 

14255-88-0 7 1.11E+02 8.92E+00 28 3.88E+01 1.36E+01 2.86E+00 

52645-53-1 7 3.10E+03 8.66E+00 22 4.94E+02 2.35E+01 6.29E+00 

1397-94-0 7 9.35E+00 8.58E+00 40 8.22E+00 9.37E+00 1.14E+00 

115-29-7 7 2.07E+01 7.83E+00 39 1.57E+01 1.51E+01 1.32E+00 

57-74-9 7 2.79E+02 5.53E+00 28 8.84E+01 1.01E+01 3.16E+00 
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41083-11-8 7 1.29E+02 4.28E+00 34 8.52E+01 1.36E+01 1.52E+00 

56-72-4 7 2.33E+01 3.89E+00 42 1.16E+01 9.65E+00 2.01E+00 

2597-03-7 7 1.56E+02 3.73E+00 36 7.54E+01 1.28E+01 2.07E+00 

58-89-9 7 7.46E+01 3.53E+00 29 3.12E+01 1.51E+01 2.39E+00 

123-31-9 7 2.25E+02 3.15E+00 24 1.32E+02 1.13E+01 1.70E+00 

2104-64-5 7 6.59E+00 2.62E+00 41 5.24E+00 9.93E+00 1.26E+00 

5903-13-9 6 6.07E+00 4.97E+01 28 2.70E+01 2.41E+01 2.25E-01 

298-00-0 6 6.10E+01 3.48E+01 37 1.35E+01 1.40E+01 4.52E+00 

52315-07-8 6 3.92E+02 2.86E+01 28 3.47E+01 2.01E+01 1.13E+01 

786-19-6 6 7.71E+01 1.82E+01 39 2.83E+01 1.19E+01 2.73E+00 

86-50-0 6 3.33E+01 1.55E+01 34 2.74E+01 1.32E+01 1.22E+00 

303-47-9 6 7.27E+00 1.41E+01 37 9.24E+00 1.08E+01 7.87E-01 

53-86-1 6 7.52E+01 7.84E+00 28 1.44E+01 1.27E+01 5.22E+00 

4824-78-6 6 1.54E+02 6.83E+00 35 6.79E+01 1.43E+01 2.27E+00 

3383-96-8 6 1.66E+02 6.37E+00 37 6.33E+01 1.14E+01 2.62E+00 

1689-83-4 6 1.73E+02 5.49E+00 30 6.69E+01 1.00E+01 2.59E+00 

87-86-5 6 1.36E+02 5.04E+00 31 5.50E+01 1.27E+01 2.47E+00 

115-32-2 6 1.41E+03 5.02E+00 23 2.74E+02 2.58E+01 5.15E+00 

4685-14-7 6 6.60E+01 4.68E+00 30 5.19E+01 1.36E+01 1.27E+00 

50-78-2 6 9.26E+02 4.03E+00 21 1.45E+02 2.53E+01 6.40E+00 

21923-23-9 6 4.03E+01 3.96E+00 37 2.07E+01 1.13E+01 1.95E+00 

80-33-1 6 2.39E+03 3.87E+00 21 7.47E+02 1.92E+01 3.20E+00 

2686-99-9 6 7.87E+01 3.68E+00 38 4.10E+01 1.41E+01 1.92E+00 

2540-82-1 6 2.36E+02 3.28E+00 25 1.49E+02 1.14E+01 1.59E+00 

2439-10-3 6 4.96E+02 3.17E+00 25 2.78E+02 1.28E+01 1.78E+00 

94-75-7 6 3.81E+02 3.13E+00 23 1.52E+02 1.53E+01 2.50E+00 

106-93-4 6 1.19E+02 3.11E+00 36 5.75E+01 1.23E+01 2.07E+00 

50-33-9 6 4.25E+02 3.09E+00 24 1.14E+02 2.78E+01 3.74E+00 

1113-02-6 6 4.90E+01 2.91E+00 30 2.09E+01 9.96E+00 2.35E+00 

298-04-4 6 6.12E+00 2.55E+00 40 6.57E+00 1.34E+01 9.32E-01 

21259-20-1 6 2.25E+00 2.40E+00 28 2.29E+00 9.62E+00 9.80E-01 

93-76-5 6 2.67E+02 2.35E+00 27 1.00E+02 1.57E+01 2.66E+00 

680-31-9 6 1.53E+03 2.13E+00 23 6.37E+02 1.60E+01 2.40E+00 

50-29-3 6 2.04E+02 2.03E+00 25 6.61E+01 1.70E+01 3.08E+00 

2764-72-9 6 1.34E+02 1.86E+00 26 5.85E+01 1.37E+01 2.29E+00 

58-08-2 6 1.85E+02 1.55E+00 25 5.92E+01 1.69E+01 3.13E+00 

650-51-1 6 4.41E+03 1.52E+00 20 1.03E+03 2.35E+01 4.28E+00 

50-06-6 6 1.48E+02 1.36E+00 25 5.35E+01 1.67E+01 2.76E+00 

1689-99-2 5 8.13E+03 1.79E+03 24 2.11E+02 3.90E+01 3.85E+01 

121-75-5 5 1.40E+02 1.41E+02 27 2.92E+01 2.92E+01 4.79E+00 

83-79-4 5 3.84E+01 7.04E+01 33 4.94E+01 1.76E+01 7.78E-01 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+m HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

70-69-9 5 9.68E+01 3.90E+01 25 5.83E+01 2.68E+01 1.66E+00 

135-19-3 5 6.58E+02 3.41E+01 22 8.31E+01 2.98E+01 7.92E+00 

90-15-3 5 1.05E+03 2.54E+01 21 1.66E+02 3.09E+01 6.30E+00 

75-05-8 5 2.78E+02 1.93E+01 21 8.26E+01 2.04E+01 3.36E+00 

33089-61-1 5 7.51E+02 1.91E+01 25 3.74E+02 1.75E+01 2.01E+00 

119-12-0 5 4.42E+02 1.91E+01 32 7.21E+01 2.00E+01 6.14E+00 

71-36-3 5 1.01E+03 1.32E+01 22 8.78E+01 2.91E+01 1.14E+01 

69806-50-4 5 2.61E+03 1.01E+01 21 4.54E+02 2.30E+01 5.76E+00 

59669-26-0 5 2.29E+02 9.57E+00 27 6.12E+01 2.16E+01 3.74E+00 

5836-29-3 5 4.20E+01 9.20E+00 28 1.79E+01 2.67E+01 2.35E+00 

58-90-2 5 1.79E+02 9.03E+00 25 2.98E+01 2.37E+01 6.01E+00 

87-68-3 5 1.47E+02 8.95E+00 29 3.43E+01 2.21E+01 4.27E+00 

54-85-3 5 2.26E+02 8.67E+00 21 6.84E+01 1.88E+01 3.31E+00 

3766-81-2 5 2.07E+02 7.89E+00 34 7.14E+01 1.46E+01 2.89E+00 

71-55-6 5 4.65E+03 7.37E+00 6 2.72E+03 2.13E+01 1.71E+00 

101-05-3 5 2.28E+03 7.15E+00 21 6.91E+02 1.60E+01 3.29E+00 

2104-96-3 5 2.16E+03 6.35E+00 18 6.54E+02 2.48E+01 3.31E+00 

34643-46-4 5 3.76E+02 5.98E+00 32 1.21E+02 1.66E+01 3.11E+00 

608-73-1 5 1.66E+02 5.83E+00 37 6.52E+01 1.70E+01 2.55E+00 

120-80-9 5 2.13E+02 5.66E+00 21 7.65E+01 2.29E+01 2.79E+00 

9006-42-2 5 2.43E+03 5.53E+00 19 6.88E+02 2.18E+01 3.54E+00 

2310-17-0 5 1.47E+02 5.39E+00 29 5.61E+01 1.83E+01 2.62E+00 

143-50-0 5 1.77E+02 4.66E+00 35 8.66E+01 1.55E+01 2.04E+00 

1918-16-7 5 3.27E+02 4.50E+00 32 8.93E+01 1.46E+01 3.66E+00 

23947-60-6 5 2.30E+03 4.25E+00 20 8.26E+02 2.24E+01 2.78E+00 

6047-17-2 5 8.71E+02 4.25E+00 23 2.72E+02 1.81E+01 3.20E+00 

330-55-2 5 1.49E+03 4.23E+00 21 4.33E+02 2.50E+01 3.44E+00 

4104-14-7 5 1.25E+01 3.99E+00 37 1.01E+01 1.35E+01 1.24E+00 

1085-98-9 5 1.16E+03 3.85E+00 23 2.96E+02 3.24E+01 3.91E+00 

43121-43-3 5 6.92E+02 3.37E+00 23 4.26E+02 1.46E+01 1.63E+00 

13121-70-5 5 4.04E+02 3.27E+00 32 1.36E+02 1.56E+01 2.97E+00 

76-44-8 5 5.87E+01 3.05E+00 29 1.96E+01 2.02E+01 2.99E+00 

50512-35-1 5 1.71E+03 2.86E+00 21 4.69E+02 2.28E+01 3.64E+00 

15687-27-1 5 8.54E+02 2.85E+00 23 2.22E+02 2.85E+01 3.85E+00 

122-14-5 5 2.89E+02 2.82E+00 26 1.07E+02 2.03E+01 2.71E+00 

96-12-8 5 1.48E+02 2.81E+00 26 3.90E+01 1.12E+01 3.79E+00 

62-53-3 5 3.68E+02 2.74E+00 27 2.68E+02 1.98E+01 1.37E+00 

2275-23-2 5 8.25E+01 2.73E+00 27 2.51E+01 1.48E+01 3.29E+00 
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107-21-1 5 4.43E+03 2.66E+00 19 8.31E+02 5.28E+01 5.33E+00 

51-28-5 5 5.00E+01 2.52E+00 28 2.12E+01 1.59E+01 2.36E+00 

123-91-1 5 3.09E+03 2.30E+00 19 7.37E+02 4.25E+01 4.19E+00 

88-85-7 5 1.80E+01 2.28E+00 38 1.03E+01 1.30E+01 1.74E+00 

24602-86-6 5 8.37E+02 2.20E+00 22 3.65E+02 2.91E+01 2.29E+00 

22212-55-1 5 1.27E+03 2.17E+00 20 2.48E+02 2.97E+01 5.13E+00 

25875-51-8 5 1.01E+03 2.16E+00 24 2.43E+02 1.52E+01 4.14E+00 

309-43-3 5 8.81E+01 2.14E+00 35 7.28E+01 1.76E+01 1.21E+00 

119-36-8 5 1.23E+03 2.12E+00 20 3.03E+02 2.97E+01 4.04E+00 

14437-17-3 5 7.68E+02 2.12E+00 22 2.30E+02 1.81E+01 3.34E+00 

62-44-2 5 1.62E+03 2.10E+00 21 3.14E+02 2.98E+01 5.16E+00 

80-62-6 5 5.87E+03 1.99E+00 15 1.02E+03 2.90E+01 5.76E+00 

512-56-1 5 1.15E+03 1.95E+00 25 4.59E+02 1.95E+01 2.50E+00 

637-07-0 5 1.37E+03 1.93E+00 21 3.51E+02 2.59E+01 3.90E+00 

3926-62-3 5 1.14E+02 1.83E+00 29 3.69E+01 1.05E+01 3.10E+00 

39148-24-8 5 3.69E+03 1.78E+00 18 1.47E+03 2.19E+01 2.51E+00 

131-89-5 5 6.31E+01 1.54E+00 29 2.80E+01 1.12E+01 2.25E+00 

127-20-8 5 4.09E+03 1.51E+00 18 7.81E+02 4.54E+01 5.24E+00 

79-06-1 5 1.49E+02 1.48E+00 32 7.65E+01 1.45E+01 1.95E+00 

1461-22-9 4 1.36E+01 1.54E+04 25 2.74E+01 3.28E+01 4.96E-01 

95-74-9 4 4.98E+01 2.20E+03 33 1.89E+01 1.98E+01 2.64E+00 

55-91-4 4 1.59E+01 1.47E+03 23 5.74E+00 3.54E+01 2.77E+00 

626-17-5 4 2.29E+03 1.10E+03 20 2.44E+02 3.54E+01 9.41E+00 

41198-08-7 4 9.37E+01 5.31E+02 24 1.85E+01 2.47E+01 5.06E+00 

8003-19-8 4 9.67E+01 2.72E+02 24 4.19E+01 3.13E+01 2.31E+00 

10311-84-9 4 6.27E+01 1.68E+02 27 3.89E+01 2.22E+01 1.61E+00 

123-96-6 4 1.51E+03 1.42E+02 24 1.22E+02 3.88E+01 1.23E+01 

2691-41-0 4 6.18E+02 1.38E+02 18 1.69E+02 2.54E+01 3.65E+00 

39300-45-3 4 3.37E+02 8.74E+01 22 4.42E+01 3.05E+01 7.61E+00 

39515-41-8 4 1.55E+02 8.73E+01 28 6.41E+01 1.54E+01 2.42E+00 

485-31-4 4 1.75E+02 4.34E+01 27 1.02E+02 3.03E+01 1.72E+00 

75-31-0 4 1.21E+03 4.29E+01 27 1.62E+02 3.66E+01 7.43E+00 

92-67-1 4 2.05E+02 3.36E+01 22 1.02E+02 2.84E+01 2.02E+00 

597-64-8 4 3.74E+01 2.43E+01 24 2.52E+01 2.93E+01 1.48E+00 

13171-21-6 4 1.01E+01 2.40E+01 34 5.65E+00 1.58E+01 1.79E+00 

629-40-3 4 7.32E+01 2.01E+01 25 5.30E+01 2.48E+01 1.38E+00 

128-37-0 4 1.97E+03 1.73E+01 20 2.85E+02 3.20E+01 6.92E+00 

137-42-8 4 2.77E+02 1.70E+01 24 4.77E+01 1.92E+01 5.80E+00 

98-01-1 4 3.40E+02 1.53E+01 27 7.97E+01 2.68E+01 4.26E+00 

111-30-8 4 1.71E+02 1.53E+01 25 1.10E+02 2.39E+01 1.55E+00 

8003-34-7 4 6.64E+02 1.43E+01 26 3.81E+02 2.36E+01 1.74E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

2255-17-6 4 4.39E+01 1.34E+01 29 1.52E+01 1.44E+01 2.89E+00 

584-79-2 4 1.22E+03 1.32E+01 23 5.83E+02 2.39E+01 2.09E+00 

111-69-3 4 5.91E+01 1.25E+01 25 4.03E+01 2.39E+01 1.47E+00 

298-02-2 4 1.75E+00 1.24E+01 30 4.19E+00 1.96E+01 4.19E-01 

84-66-2 4 4.62E+03 1.14E+01 6 2.70E+03 1.27E+01 1.71E+00 

55512-33-9 4 4.15E+03 1.11E+01 21 1.10E+03 2.21E+01 3.75E+00 

77182-82-2 4 6.64E+02 1.07E+01 20 1.62E+02 3.30E+01 4.09E+00 

65-45-2 4 1.13E+03 1.07E+01 20 1.51E+02 3.45E+01 7.50E+00 

99-08-1 4 1.22E+03 1.06E+01 20 1.70E+02 3.10E+01 7.18E+00 

107-06-2 4 9.05E+02 1.06E+01 22 1.59E+02 3.64E+01 5.68E+00 

33245-39-5 4 2.10E+03 1.01E+01 23 6.05E+02 2.34E+01 3.48E+00 

112-56-1 4 6.97E+01 1.00E+01 27 3.46E+01 3.26E+01 2.01E+00 

5221-53-4 4 1.39E+03 9.49E+00 21 3.59E+02 2.96E+01 3.88E+00 

55-63-0 4 6.83E+02 9.04E+00 24 1.34E+02 3.35E+01 5.11E+00 

150-50-5 4 6.09E+02 8.78E+00 21 1.31E+02 2.09E+01 4.65E+00 

50594-66-6 4 1.15E+03 8.43E+00 30 2.62E+02 2.21E+01 4.38E+00 

90-43-7 4 1.44E+03 7.63E+00 21 3.32E+02 3.44E+01 4.33E+00 

75-86-5 4 6.07E+00 7.32E+00 24 5.26E+00 2.12E+01 1.16E+00 

102-82-9 4 2.30E+02 7.26E+00 24 6.68E+01 2.47E+01 3.44E+00 

944-22-9 4 6.16E+00 7.07E+00 38 8.29E+00 1.36E+01 7.43E-01 

108-18-9 4 2.15E+03 5.99E+00 19 4.80E+02 3.87E+01 4.48E+00 

62-38-4 4 3.90E+01 5.92E+00 36 2.71E+01 1.49E+01 1.44E+00 

88-89-1 4 1.86E+02 5.46E+00 25 6.51E+01 3.61E+01 2.86E+00 

55335-06-3 4 6.53E+02 5.26E+00 23 3.31E+02 2.31E+01 1.97E+00 

10605-21-7 4 4.65E+03 5.23E+00 9 1.46E+03 2.11E+01 3.19E+00 

111-76-2 4 6.80E+02 4.95E+00 22 2.00E+02 2.11E+01 3.40E+00 

7659-86-1 4 6.86E+02 4.93E+00 23 2.42E+02 2.26E+01 2.83E+00 

731-27-1 4 5.95E+02 4.77E+00 21 2.06E+02 2.06E+01 2.88E+00 

33820-53-0 4 2.11E+03 4.73E+00 23 9.33E+02 2.03E+01 2.27E+00 

3226-36-6 4 8.99E+02 4.65E+00 21 1.79E+02 2.08E+01 5.03E+00 

102-71-6 4 3.80E+03 4.50E+00 6 3.26E+03 7.18E+00 1.17E+00 

1698-60-8 4 7.86E+02 4.44E+00 22 2.09E+02 3.34E+01 3.77E+00 

78-59-1 4 1.61E+03 4.38E+00 18 6.06E+02 3.11E+01 2.66E+00 

2074-50-2 4 4.03E+01 4.32E+00 28 3.85E+01 3.59E+01 1.05E+00 

1929-82-4 4 5.78E+02 4.25E+00 24 1.11E+02 1.85E+01 5.21E+00 

104-76-7 4 1.85E+03 4.15E+00 18 6.08E+02 3.12E+01 3.04E+00 

106-89-8 4 2.08E+02 4.02E+00 27 6.34E+01 1.78E+01 3.28E+00 

97-17-6 4 1.57E+02 4.01E+00 36 9.86E+01 1.82E+01 1.59E+00 
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109-86-4 4 1.53E+03 4.00E+00 18 5.76E+02 3.08E+01 2.66E+00 

2270-40-8 4 4.52E+00 3.91E+00 27 4.65E+00 1.53E+01 9.73E-01 

106-47-8 4 2.23E+02 3.73E+00 32 1.13E+02 2.19E+01 1.97E+00 

82560-54-1 4 1.31E+02 3.69E+00 29 4.29E+01 1.59E+01 3.05E+00 

75-09-2 4 1.60E+03 3.55E+00 20 2.77E+02 3.43E+01 5.79E+00 

118-74-1 4 3.20E+03 3.55E+00 19 9.39E+02 3.85E+01 3.41E+00 

148-79-8 4 2.54E+03 3.54E+00 21 4.88E+02 2.98E+01 5.21E+00 

76738-62-0 4 6.80E+02 3.51E+00 20 1.77E+02 2.89E+01 3.83E+00 

140-11-4 4 1.80E+03 3.40E+00 20 3.10E+02 3.16E+01 5.81E+00 

532-27-4 4 1.07E+02 3.39E+00 27 3.68E+01 1.96E+01 2.90E+00 

56-23-5 4 4.96E+03 3.38E+00 18 5.77E+02 6.34E+01 8.59E+00 

54-31-9 4 1.70E+03 3.37E+00 18 5.19E+02 3.54E+01 3.28E+00 

2164-17-2 4 1.27E+03 3.36E+00 20 2.78E+02 3.46E+01 4.59E+00 

88-74-4 4 1.36E+03 3.35E+00 25 4.44E+02 2.47E+01 3.07E+00 

7803-57-8 4 6.97E+01 3.30E+00 24 3.41E+01 2.16E+01 2.04E+00 

110-80-5 4 1.94E+03 3.30E+00 18 6.55E+02 3.14E+01 2.97E+00 

2595-54-2 4 5.98E+01 3.28E+00 27 2.61E+01 1.88E+01 2.29E+00 

124-40-3 4 3.36E+02 3.28E+00 21 9.36E+01 1.91E+01 3.59E+00 

95-82-9 4 2.45E+03 3.18E+00 19 5.00E+02 3.71E+01 4.90E+00 

1918-00-9 4 1.65E+03 3.15E+00 20 3.46E+02 3.11E+01 4.77E+00 

112-34-5 4 3.12E+03 3.06E+00 18 7.75E+02 4.88E+01 4.03E+00 

100-63-0 4 1.20E+02 3.05E+00 24 5.26E+01 2.44E+01 2.29E+00 

111-91-1 4 1.30E+02 2.96E+00 27 4.36E+01 1.71E+01 2.97E+00 

101-77-9 4 3.14E+02 2.95E+00 24 1.11E+02 2.61E+01 2.82E+00 

141-43-5 4 9.30E+02 2.94E+00 20 2.32E+02 2.96E+01 4.01E+00 

94-11-1 4 7.37E+02 2.90E+00 22 2.27E+02 2.13E+01 3.25E+00 

140-56-7 4 1.17E+02 2.87E+00 27 3.99E+01 1.64E+01 2.94E+00 

108-90-7 4 1.82E+03 2.79E+00 19 5.34E+02 3.37E+01 3.41E+00 

67-56-1 4 7.67E+03 2.76E+00 18 9.17E+02 6.40E+01 8.36E+00 

2702-72-9 4 6.39E+02 2.75E+00 22 1.51E+02 3.21E+01 4.24E+00 

101-27-9 4 3.95E+02 2.73E+00 22 1.42E+02 2.52E+01 2.79E+00 

280-57-9 4 1.35E+03 2.68E+00 20 2.77E+02 3.03E+01 4.86E+00 

957-51-7 4 8.86E+02 2.64E+00 20 1.94E+02 3.26E+01 4.57E+00 

532-32-1 4 2.26E+03 2.60E+00 19 5.19E+02 3.67E+01 4.35E+00 

51707-55-2 4 4.47E+03 2.59E+00 18 9.26E+02 4.12E+01 4.83E+00 

64-17-5 4 5.75E+03 2.55E+00 16 1.02E+03 4.01E+01 5.66E+00 

137-30-4 4 3.18E+02 2.53E+00 24 1.20E+02 2.11E+01 2.65E+00 

111-41-1 4 2.38E+03 2.50E+00 18 7.30E+02 3.36E+01 3.26E+00 

51-75-2 4 8.80E+00 2.48E+00 27 6.59E+00 2.25E+01 1.33E+00 

98-09-9 4 1.00E+03 2.46E+00 20 2.53E+02 2.97E+01 3.96E+00 

75-15-0 4 2.06E+03 2.43E+00 18 6.03E+02 3.63E+01 3.42E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

107-98-2 4 6.85E+03 2.41E+00 7 3.69E+03 1.46E+01 1.86E+00 

100-51-6 4 1.50E+03 2.38E+00 20 3.53E+02 3.06E+01 4.24E+00 

68-11-1 4 1.43E+02 2.31E+00 24 5.73E+01 2.42E+01 2.49E+00 

79-19-6 4 1.24E+01 2.28E+00 27 7.96E+00 2.72E+01 1.56E+00 

50-31-7 4 7.35E+02 2.22E+00 22 2.17E+02 2.58E+01 3.39E+00 

110-63-4 4 1.76E+03 2.17E+00 18 5.19E+02 3.59E+01 3.39E+00 

98-94-2 4 4.35E+02 2.11E+00 22 1.39E+02 2.51E+01 3.12E+00 

693-21-0 4 8.97E+02 2.03E+00 20 2.97E+02 2.97E+01 3.03E+00 

97-23-4 4 1.39E+03 2.00E+00 20 2.99E+02 3.02E+01 4.66E+00 

2698-41-1 4 1.98E+02 1.96E+00 24 6.76E+01 2.03E+01 2.92E+00 

106-49-0 4 3.13E+02 1.96E+00 31 1.27E+02 1.56E+01 2.46E+00 

2545-60-0 4 1.76E+03 1.95E+00 20 3.69E+02 3.13E+01 4.76E+00 

101-42-8 4 4.61E+03 1.95E+00 7 3.30E+03 1.37E+01 1.40E+00 

2274-67-1 4 1.30E+02 1.95E+00 36 6.95E+01 1.77E+01 1.87E+00 

75-87-6 4 9.49E+02 1.93E+00 20 2.34E+02 2.97E+01 4.06E+00 

108-86-1 4 2.45E+03 1.93E+00 18 6.65E+02 3.70E+01 3.69E+00 

80-05-7 4 2.73E+03 1.85E+00 18 6.71E+02 3.21E+01 4.06E+00 

70-30-4 4 5.42E+01 1.66E+00 27 2.54E+01 1.82E+01 2.14E+00 

121-79-9 4 2.22E+03 1.64E+00 20 5.39E+02 3.53E+01 4.12E+00 

18181-70-9 4 2.54E+03 1.60E+00 18 6.79E+02 3.63E+01 3.75E+00 

110-65-6 4 1.19E+02 1.56E+00 27 3.99E+01 1.67E+01 3.00E+00 

1912-24-9 4 9.27E+02 1.56E+00 21 2.59E+02 2.84E+01 3.58E+00 

107-07-3 4 8.63E+01 1.40E+00 27 3.24E+01 1.94E+01 2.66E+00 

141-78-6 4 5.00E+03 1.40E+00 18 8.76E+02 6.34E+01 5.71E+00 

75-47-8 4 4.37E+02 1.40E+00 22 1.38E+02 1.99E+01 3.16E+00 

57-30-7 4 1.68E+02 1.39E+00 25 6.02E+01 1.95E+01 2.78E+00 

95-76-1 4 6.55E+02 1.36E+00 22 2.33E+02 2.58E+01 2.81E+00 

26087-47-8 4 4.75E+02 1.35E+00 23 1.47E+02 2.53E+01 3.24E+00 

107-41-5 4 3.18E+03 1.31E+00 18 7.87E+02 3.79E+01 4.04E+00 

101-80-4 4 6.99E+02 1.18E+00 21 2.25E+02 2.58E+01 3.11E+00 

2155-70-6 4 1.55E+02 1.09E+00 24 5.29E+01 1.96E+01 2.93E+00 

13356-08-6 3 2.99E+01 4.07E+10 20 2.14E+02 6.17E+01 1.40E-01 

683-18-1 3 5.59E+00 9.71E+05 27 2.30E+01 2.95E+01 2.43E-01 

110-82-7 3 3.03E+02 1.99E+05 18 2.26E+02 4.38E+01 1.34E+00 

51207-31-9 3 3.32E-01 1.71E+05 15 2.17E+00 4.09E+01 1.53E-01 

18854-01-8 3 4.59E+02 8.74E+04 24 3.50E+01 3.40E+01 1.31E+01 

598-55-0 3 6.88E+02 2.98E+04 32 3.62E+01 2.85E+01 1.90E+01 

112-24-3 3 8.09E+02 8.03E+03 22 5.05E+01 4.00E+01 1.60E+01 



C. Appendix to chapter 5 

149 

52-24-4 3 2.75E+01 2.62E+03 35 4.66E+01 2.14E+01 5.90E-01 

68359-37-5 3 5.35E+02 1.68E+03 27 4.32E+01 3.87E+01 1.24E+01 

78-83-1 3 8.61E+02 1.32E+03 18 2.95E+02 3.44E+01 2.92E+00 

70124-77-5 3 2.40E+02 1.19E+03 28 1.29E+02 2.88E+01 1.85E+00 

950-35-6 3 8.29E+00 8.70E+02 19 4.58E+00 3.77E+01 1.81E+00 

2782-70-9 3 6.19E+02 4.89E+02 24 8.94E+01 3.81E+01 6.93E+00 

2636-26-2 3 1.50E+02 4.03E+02 26 3.21E+01 2.36E+01 4.66E+00 

2227-17-0 3 2.43E+03 3.10E+02 23 6.38E+02 2.67E+01 3.80E+00 

67-66-3 3 2.38E+02 2.71E+02 24 3.50E+01 3.59E+01 6.80E+00 

140-29-4 3 4.97E+01 2.60E+02 24 3.04E+01 3.39E+01 1.63E+00 

2385-85-5 3 4.13E+02 1.90E+02 25 1.48E+02 4.36E+01 2.78E+00 

78-34-2 3 3.28E+01 1.55E+02 27 2.79E+01 2.61E+01 1.18E+00 

144-49-0 3 2.48E+00 1.37E+02 23 3.69E+00 2.20E+01 6.73E-01 

298-59-9 3 2.66E+02 1.03E+02 24 5.17E+01 3.29E+01 5.15E+00 

16118-49-3 3 2.28E+03 1.01E+02 18 3.34E+02 3.62E+01 6.84E+00 

54-11-5 3 1.15E+01 1.00E+02 27 1.69E+01 3.71E+01 6.83E-01 

119168-77-3 3 1.73E+02 9.94E+01 22 6.79E+01 2.88E+01 2.54E+00 

19044-88-3 3 2.15E+03 8.84E+01 9 4.62E+02 3.07E+01 4.66E+00 

639-58-7 3 7.99E+01 8.27E+01 26 3.69E+01 2.06E+01 2.16E+00 

103-85-5 3 1.06E+01 7.91E+01 23 5.67E+00 1.47E+01 1.87E+00 

67-20-9 3 2.26E+02 7.53E+01 25 4.92E+01 2.30E+01 4.59E+00 

63284-71-9 3 6.30E+02 7.45E+01 30 1.82E+02 2.46E+01 3.45E+00 

95-50-1 3 1.03E+03 6.85E+01 22 1.53E+02 3.74E+01 6.72E+00 

93106-60-6 3 2.37E+03 6.40E+01 19 6.34E+02 5.03E+01 3.73E+00 

953-17-3 3 1.43E+02 6.37E+01 28 5.18E+01 2.29E+01 2.76E+00 

34205-21-5 3 2.71E+03 5.37E+01 19 3.09E+02 6.19E+01 8.80E+00 

930-55-2 3 4.86E+02 5.32E+01 22 7.71E+01 3.43E+01 6.31E+00 

60207-31-0 3 3.40E+02 4.78E+01 23 1.94E+02 3.77E+01 1.75E+00 

126-98-7 3 3.20E+01 4.77E+01 24 1.29E+01 2.22E+01 2.47E+00 

1024-57-3 3 4.38E+01 4.60E+01 27 1.81E+01 1.55E+01 2.42E+00 

103-90-2 3 1.20E+03 4.17E+01 20 1.60E+02 4.01E+01 7.50E+00 

85-00-7 3 1.66E+02 4.01E+01 25 8.40E+01 2.47E+01 1.98E+00 

50-18-0 3 2.19E+02 4.00E+01 28 5.31E+01 2.94E+01 4.12E+00 

16568-02-8 3 1.77E+02 3.99E+01 23 8.13E+01 2.98E+01 2.17E+00 

76-87-9 3 6.38E+01 3.59E+01 27 4.22E+01 3.03E+01 1.51E+00 

2779-66-0 3 2.38E+02 3.27E+01 25 7.45E+01 2.80E+01 3.19E+00 

89-63-4 3 9.86E+02 3.15E+01 22 2.06E+02 4.23E+01 4.80E+00 

106-46-7 3 1.61E+03 3.04E+01 22 3.55E+02 4.95E+01 4.54E+00 

299-85-4 3 4.25E+02 3.04E+01 25 1.25E+02 4.23E+01 3.41E+00 

741-58-2 3 8.33E+02 2.67E+01 26 4.43E+02 2.89E+01 1.88E+00 

2163-80-6 3 2.78E+02 2.59E+01 20 8.47E+01 2.50E+01 3.28E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

94361-06-5 3 3.78E+02 2.55E+01 31 1.13E+02 2.39E+01 3.35E+00 

24691-80-3 3 4.26E+03 2.54E+01 17 7.42E+02 4.71E+01 5.74E+00 

137-26-8 3 6.09E+02 2.45E+01 21 1.80E+02 2.41E+01 3.39E+00 

150-69-6 3 2.08E+03 2.45E+01 20 2.86E+02 4.19E+01 7.26E+00 

100-52-7 3 6.76E+02 2.18E+01 20 1.17E+02 3.84E+01 5.80E+00 

7696-12-0 3 2.85E+03 2.14E+01 20 3.89E+02 4.00E+01 7.34E+00 

85-68-7 3 5.11E+03 2.11E+01 18 5.38E+02 7.82E+01 9.50E+00 

64-18-6 3 1.47E+03 2.08E+01 20 2.47E+02 3.48E+01 5.96E+00 

121-87-9 3 2.44E+03 1.82E+01 18 3.82E+02 4.13E+01 6.38E+00 

122-39-4 3 7.95E+02 1.78E+01 20 3.16E+02 4.00E+01 2.52E+00 

128-04-1 3 7.66E+02 1.68E+01 21 2.20E+02 2.42E+01 3.48E+00 

68694-11-1 3 9.65E+02 1.64E+01 21 4.60E+02 3.13E+01 2.10E+00 

2216-51-5 3 2.08E+03 1.62E+01 19 7.55E+02 4.18E+01 2.75E+00 

56-75-7 3 1.23E+03 1.60E+01 20 3.68E+02 4.12E+01 3.35E+00 

2642-71-9 3 1.42E+01 1.53E+01 27 1.09E+01 1.54E+01 1.30E+00 

140-88-5 3 8.11E+02 1.44E+01 20 2.62E+02 2.55E+01 3.09E+00 

6164-98-3 3 2.52E+02 1.42E+01 24 8.17E+01 2.87E+01 3.08E+00 

10318-26-0 3 7.19E+02 1.32E+01 21 2.02E+02 2.38E+01 3.56E+00 

288-32-4 3 5.28E+02 1.30E+01 24 1.65E+02 4.19E+01 3.21E+00 

548-62-9 3 1.82E+02 1.28E+01 23 4.74E+01 2.08E+01 3.84E+00 

80-08-0 3 4.22E+02 1.27E+01 20 1.09E+02 3.72E+01 3.87E+00 

101-21-3 3 2.80E+03 1.25E+01 18 6.12E+02 4.52E+01 4.57E+00 

2532-49-2 3 1.39E+02 1.18E+01 26 4.30E+01 2.25E+01 3.24E+00 

59-92-7 3 1.37E+03 1.11E+01 19 5.18E+02 3.05E+01 2.64E+00 

3120-74-9 3 2.28E+03 1.11E+01 20 3.34E+02 4.21E+01 6.84E+00 

12122-67-7 3 3.97E+03 1.11E+01 18 4.54E+02 7.15E+01 8.75E+00 

95-48-7 3 7.59E+02 1.09E+01 20 1.54E+02 3.36E+01 4.93E+00 

4901-51-3 3 3.10E+02 1.07E+01 25 9.98E+01 3.76E+01 3.11E+00 

1490-04-6 3 2.01E+03 1.07E+01 19 6.77E+02 4.14E+01 2.97E+00 

111-36-4 3 2.82E+02 1.06E+01 23 7.59E+01 3.78E+01 3.72E+00 

709-98-8 3 5.44E+02 1.05E+01 22 1.33E+02 3.55E+01 4.09E+00 

111-70-6 3 1.46E+03 1.04E+01 18 5.57E+02 3.58E+01 2.62E+00 

136-25-4 3 1.42E+03 1.04E+01 21 3.27E+02 3.25E+01 4.36E+00 

97-02-9 3 4.80E+02 1.02E+01 23 1.26E+02 4.15E+01 3.81E+00 

2674-91-1 3 1.06E+02 1.02E+01 27 3.26E+01 2.76E+01 3.24E+00 

107-13-1 3 5.23E+01 1.00E+01 27 2.08E+01 2.65E+01 2.51E+00 

91-20-3 3 5.71E+02 9.91E+00 22 1.25E+02 4.07E+01 4.56E+00 

66-76-2 3 1.63E+02 9.76E+00 24 6.55E+01 2.83E+01 2.49E+00 
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51-21-8 3 6.10E+01 9.74E+00 19 3.34E+01 2.27E+01 1.83E+00 

107-22-2 3 3.93E+02 9.50E+00 24 1.09E+02 4.00E+01 3.61E+00 

15972-60-8 3 9.08E+02 9.36E+00 20 1.85E+02 3.41E+01 4.91E+00 

89-61-2 3 1.36E+03 9.29E+00 19 5.23E+02 4.51E+01 2.60E+00 

51249-05-9 3 4.71E+03 9.16E+00 19 8.08E+02 4.50E+01 5.83E+00 

123-03-5 3 2.05E+02 9.10E+00 24 6.27E+01 2.20E+01 3.27E+00 

563-12-2 3 2.75E+01 8.92E+00 27 1.52E+01 2.44E+01 1.81E+00 

69-72-7 3 6.30E+02 8.49E+00 19 1.73E+02 3.11E+01 3.64E+00 

148-18-5 3 1.04E+03 8.49E+00 21 2.73E+02 2.45E+01 3.81E+00 

556-88-7 3 4.97E+03 8.42E+00 14 8.22E+02 4.35E+01 6.04E+00 

14324-55-1 3 7.32E+02 8.30E+00 21 2.24E+02 2.38E+01 3.27E+00 

71-23-8 3 3.39E+03 8.23E+00 18 4.63E+02 7.09E+01 7.32E+00 

139-40-2 3 2.45E+03 8.21E+00 18 7.34E+02 4.45E+01 3.33E+00 

51338-27-3 3 7.83E+02 8.16E+00 22 1.86E+02 3.65E+01 4.21E+00 

13674-87-8 3 3.33E+03 8.06E+00 18 6.18E+02 4.36E+01 5.39E+00 

13292-46-1 3 1.29E+03 7.98E+00 20 2.44E+02 3.51E+01 5.29E+00 

127-00-4 3 3.62E+02 7.95E+00 24 9.67E+01 3.97E+01 3.75E+00 

868-85-9 3 1.71E+03 7.86E+00 18 5.08E+02 4.31E+01 3.37E+00 

124-17-4 3 3.25E+03 7.56E+00 7 2.66E+03 1.21E+01 1.22E+00 

95-55-6 3 6.22E+02 7.37E+00 31 2.03E+02 2.49E+01 3.06E+00 

7726-95-6 3 2.96E+03 7.30E+00 18 6.49E+02 4.41E+01 4.56E+00 

100-43-6 3 1.73E+02 7.22E+00 27 5.28E+01 3.11E+01 3.28E+00 

2655-19-8 3 1.79E+03 7.11E+00 18 6.05E+02 3.60E+01 2.96E+00 

973-21-7 3 1.06E+02 7.04E+00 29 4.53E+01 1.91E+01 2.34E+00 

54-21-7 3 9.49E+02 6.92E+00 20 2.01E+02 3.41E+01 4.72E+00 

2303-17-5 3 1.19E+03 6.58E+00 21 5.71E+02 2.62E+01 2.08E+00 

98-16-8 3 4.15E+02 6.54E+00 22 1.21E+02 2.87E+01 3.44E+00 

84-74-2 3 6.39E+03 6.32E+00 14 8.17E+02 4.46E+01 7.82E+00 

60-54-8 3 1.01E+03 6.26E+00 20 2.09E+02 3.88E+01 4.83E+00 

88-73-3 3 2.45E+02 6.17E+00 23 6.52E+01 2.09E+01 3.75E+00 

78-87-5 3 1.59E+03 6.15E+00 20 2.81E+02 4.08E+01 5.66E+00 

97-99-4 3 1.43E+03 6.11E+00 18 5.18E+02 4.24E+01 2.77E+00 

7720-78-7 3 6.96E+02 6.06E+00 22 1.82E+02 4.15E+01 3.82E+00 

19750-95-9 3 3.44E+02 6.01E+00 24 1.16E+02 2.92E+01 2.97E+00 

311-45-5 3 1.40E+00 5.99E+00 17 1.70E+00 1.85E+01 8.23E-01 

8022-00-2 3 4.48E+01 5.98E+00 27 1.83E+01 1.93E+01 2.45E+00 

500-38-9 3 1.47E+03 5.95E+00 18 4.96E+02 4.25E+01 2.97E+00 

108-68-9 3 7.25E+02 5.94E+00 22 1.76E+02 3.69E+01 4.12E+00 

106-44-5 3 3.40E+02 5.88E+00 24 1.09E+02 2.93E+01 3.11E+00 

101-14-4 3 6.63E+02 5.86E+00 20 1.96E+02 3.85E+01 3.38E+00 

99-54-7 3 8.70E+02 5.68E+00 20 3.05E+02 3.97E+01 2.85E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

110-96-3 3 4.65E+02 5.59E+00 24 1.45E+02 4.12E+01 3.22E+00 

110-49-6 3 2.24E+03 5.51E+00 18 6.93E+02 4.40E+01 3.23E+00 

1071-83-6 3 3.24E+03 5.51E+00 18 6.19E+02 4.45E+01 5.24E+00 

101-90-6 3 1.46E+03 5.45E+00 20 3.08E+02 3.52E+01 4.75E+00 

55219-65-3 3 2.65E+03 5.36E+00 18 7.37E+02 3.73E+01 3.59E+00 

107-15-3 3 8.26E+02 5.34E+00 20 2.60E+02 3.93E+01 3.18E+00 

51235-04-2 3 1.49E+03 5.31E+00 19 1.04E+03 2.60E+01 1.43E+00 

299-86-5 3 5.69E+02 5.28E+00 22 1.30E+02 3.93E+01 4.39E+00 

75-97-8 3 9.63E+02 5.28E+00 22 3.05E+02 4.05E+01 3.16E+00 

55268-74-1 3 1.86E+03 5.27E+00 18 5.71E+02 3.61E+01 3.25E+00 

60-13-9 3 3.12E+01 5.25E+00 27 1.66E+01 2.28E+01 1.88E+00 

18181-80-1 3 4.93E+03 5.23E+00 18 7.92E+02 7.88E+01 6.23E+00 

25586-43-0 3 1.38E+03 5.13E+00 20 2.56E+02 4.01E+01 5.40E+00 

95-87-4 3 5.42E+02 5.05E+00 22 1.43E+02 3.59E+01 3.80E+00 

57-39-6 3 2.36E+02 5.03E+00 25 8.09E+01 2.39E+01 2.91E+00 

131-52-2 3 2.01E+02 5.02E+00 24 6.86E+01 2.21E+01 2.93E+00 

1918-13-4 3 4.84E+02 4.77E+00 21 1.30E+02 2.24E+01 3.74E+00 

79-01-6 3 4.06E+03 4.74E+00 18 6.79E+02 4.43E+01 5.98E+00 

99-59-2 3 1.34E+03 4.60E+00 20 3.08E+02 3.48E+01 4.33E+00 

34014-18-1 3 4.74E+02 4.43E+00 22 1.43E+02 2.29E+01 3.32E+00 

25267-15-6 3 3.09E+02 4.40E+00 24 9.71E+01 2.34E+01 3.19E+00 

98-51-1 3 1.28E+03 4.36E+00 20 2.64E+02 3.49E+01 4.86E+00 

104-94-9 3 1.75E+03 4.36E+00 20 3.54E+02 4.03E+01 4.96E+00 

591-27-5 3 6.53E+02 4.33E+00 25 3.35E+02 2.73E+01 1.95E+00 

133-07-3 3 1.66E+03 4.33E+00 19 4.59E+02 3.63E+01 3.61E+00 

18530-56-8 3 3.24E+03 4.29E+00 18 4.61E+02 6.02E+01 7.03E+00 

78-30-8 3 8.05E+02 4.29E+00 21 1.66E+02 2.26E+01 4.85E+00 

576-26-1 3 4.53E+02 4.27E+00 23 1.69E+02 3.01E+01 2.69E+00 

57-43-2 3 3.67E+02 4.12E+00 24 1.26E+02 2.92E+01 2.92E+00 

107-12-0 3 3.72E+01 4.11E+00 27 2.04E+01 2.58E+01 1.82E+00 

72-43-5 3 2.26E+03 4.10E+00 20 5.36E+02 4.15E+01 4.21E+00 

99-35-4 3 5.13E+02 4.09E+00 23 1.61E+02 4.23E+01 3.19E+00 

95-65-8 3 5.04E+02 3.85E+00 22 1.40E+02 3.56E+01 3.59E+00 

79-57-2 3 3.41E+03 3.78E+00 18 8.12E+02 4.78E+01 4.20E+00 

77-47-4 3 4.49E+02 3.77E+00 23 1.72E+02 2.98E+01 2.61E+00 

7723-14-0 3 4.57E+00 3.70E+00 36 6.40E+00 2.41E+01 7.14E-01 

77-58-7 3 1.54E+02 3.68E+00 24 5.97E+01 2.75E+01 2.58E+00 

31431-39-7 3 8.27E+02 3.65E+00 20 1.97E+02 3.29E+01 4.21E+00 
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13067-93-1 3 2.93E+01 3.65E+00 29 1.46E+01 1.59E+01 2.01E+00 

886-50-0 3 3.17E+03 3.59E+00 19 7.53E+02 3.61E+01 4.21E+00 

120-36-5 3 4.04E+02 3.54E+00 23 1.18E+02 4.15E+01 3.42E+00 

85-44-9 3 1.22E+03 3.47E+00 21 3.67E+02 3.86E+01 3.34E+00 

111-44-4 3 1.13E+02 3.47E+00 27 4.17E+01 2.26E+01 2.71E+00 

88-72-2 3 1.15E+03 3.45E+00 20 2.77E+02 3.45E+01 4.14E+00 

111-77-3 3 6.27E+03 3.38E+00 4 6.09E+03 4.82E+00 1.03E+00 

25013-16-5 3 1.67E+03 3.37E+00 20 3.38E+02 3.57E+01 4.93E+00 

67-64-1 3 4.53E+03 3.36E+00 18 8.43E+02 4.55E+01 5.37E+00 

4658-28-0 3 2.68E+03 3.34E+00 18 7.14E+02 3.73E+01 3.75E+00 

97-74-5 3 6.79E+02 3.33E+00 22 2.02E+02 4.18E+01 3.37E+00 

55-86-7 3 1.36E+01 3.30E+00 27 8.57E+00 1.76E+01 1.58E+00 

6263-38-3 3 2.69E+03 3.28E+00 18 5.63E+02 4.34E+01 4.78E+00 

563-47-3 3 9.16E+02 3.24E+00 21 3.07E+02 3.76E+01 2.98E+00 

3152-41-8 3 1.31E+02 3.22E+00 29 4.80E+01 1.97E+01 2.72E+00 

103-76-4 3 2.92E+03 3.07E+00 18 4.57E+02 6.82E+01 6.39E+00 

645-56-7 3 4.90E+02 3.06E+00 22 1.29E+02 4.05E+01 3.80E+00 

108-10-1 3 2.26E+03 3.05E+00 18 6.03E+02 4.37E+01 3.74E+00 

59-67-6 3 4.91E+03 2.97E+00 16 9.78E+02 4.64E+01 5.02E+00 

556-61-6 3 9.59E+01 2.97E+00 33 5.02E+01 2.29E+01 1.91E+00 

298-81-7 3 5.53E+02 2.97E+00 20 1.47E+02 3.74E+01 3.75E+00 

78-48-8 3 1.68E+02 2.92E+00 24 5.71E+01 3.31E+01 2.94E+00 

590-86-3 3 4.22E+03 2.91E+00 18 8.01E+02 7.82E+01 5.27E+00 

68-89-3 3 1.50E+03 2.90E+00 20 3.35E+02 3.53E+01 4.47E+00 

115-31-1 3 7.03E+02 2.87E+00 20 2.64E+02 4.80E+01 2.66E+00 

94-80-4 3 5.84E+02 2.79E+00 23 1.58E+02 3.93E+01 3.69E+00 

106-50-3 3 1.05E+02 2.75E+00 36 6.38E+01 2.33E+01 1.65E+00 

100-66-3 3 3.16E+03 2.74E+00 18 7.35E+02 4.49E+01 4.30E+00 

1445-75-6 3 1.09E+03 2.72E+00 23 3.67E+02 2.92E+01 2.96E+00 

1401-55-4 3 4.65E+03 2.72E+00 18 6.33E+02 7.26E+01 7.35E+00 

518-75-2 3 1.02E+02 2.67E+00 21 3.48E+01 1.74E+01 2.92E+00 

67-63-0 3 4.88E+03 2.66E+00 18 8.74E+02 4.79E+01 5.58E+00 

2961-62-8 3 1.37E+02 2.63E+00 26 4.97E+01 2.21E+01 2.75E+00 

75-56-9 3 4.80E+02 2.62E+00 22 1.38E+02 4.03E+01 3.49E+00 

99-30-9 3 1.73E+03 2.58E+00 20 3.86E+02 4.14E+01 4.49E+00 

82-68-8  3 1.07E+03 2.58E+00 20 3.19E+02 3.42E+01 3.36E+00 

126-73-8 3 1.23E+03 2.53E+00 21 2.99E+02 3.22E+01 4.13E+00 

107-18-6 3 7.05E+01 2.52E+00 27 3.10E+01 2.15E+01 2.27E+00 

94-74-6 3 5.99E+02 2.48E+00 20 1.50E+02 3.74E+01 3.98E+00 

111-42-2 3 2.44E+03 2.45E+00 16 8.25E+02 3.44E+01 2.96E+00 

95-95-4 3 7.89E+02 2.38E+00 20 1.89E+02 3.82E+01 4.19E+00 



Appendices 

154 

Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

120-51-4 3 2.19E+03 2.37E+00 19 5.47E+02 5.39E+01 4.01E+00 

34681-23-7 3 3.59E+02 2.37E+00 23 1.10E+02 1.48E+01 3.27E+00 

68-12-2 3 3.74E+03 2.34E+00 18 7.83E+02 4.42E+01 4.78E+00 

28249-77-6 3 7.03E+02 2.33E+00 21 1.82E+02 2.59E+01 3.87E+00 

99-66-1 3 8.47E+02 2.29E+00 20 2.59E+02 3.90E+01 3.27E+00 

132-27-4 3 6.52E+02 2.29E+00 21 2.07E+02 3.64E+01 3.16E+00 

107-05-1 3 3.98E+02 2.28E+00 22 1.24E+02 2.23E+01 3.21E+00 

19937-59-8 3 2.11E+03 2.27E+00 18 6.03E+02 3.67E+01 3.49E+00 

646-06-0 3 4.04E+03 2.27E+00 18 8.07E+02 4.46E+01 5.00E+00 

99-99-0 3 1.62E+03 2.27E+00 20 3.51E+02 3.55E+01 4.61E+00 

102-01-2 3 3.20E+03 2.26E+00 18 7.46E+02 4.37E+01 4.29E+00 

95-53-4 3 6.58E+02 2.25E+00 20 1.73E+02 3.27E+01 3.80E+00 

90-04-0 3 1.12E+03 2.24E+00 20 3.24E+02 3.43E+01 3.46E+00 

95-94-3 3 1.36E+03 2.23E+00 20 3.05E+02 3.49E+01 4.45E+00 

16423-68-0 3 1.65E+03 2.18E+00 21 3.58E+02 3.90E+01 4.60E+00 

97-53-0 3 2.31E+03 2.18E+00 18 6.56E+02 4.36E+01 3.52E+00 

868-77-9 3 4.26E+03 2.18E+00 18 8.42E+02 4.58E+01 5.06E+00 

26444-49-5 3 1.33E+03 2.16E+00 18 3.36E+02 5.58E+01 3.95E+00 

91-64-5 3 2.26E+02 2.13E+00 23 8.53E+01 4.03E+01 2.65E+00 

541-85-5 3 3.22E+03 2.11E+00 18 7.84E+02 4.73E+01 4.10E+00 

89-83-8 3 8.20E+02 2.11E+00 20 2.00E+02 3.85E+01 4.11E+00 

134-62-3 3 1.49E+03 2.11E+00 20 3.33E+02 3.52E+01 4.48E+00 

2439-01-2 3 1.17E+03 2.10E+00 20 2.95E+02 3.98E+01 3.98E+00 

504-29-0 3 1.57E+02 2.06E+00 32 8.07E+01 2.27E+01 1.94E+00 

111-15-9 3 2.18E+03 2.06E+00 18 5.26E+02 5.81E+01 4.15E+00 

111-92-2 3 2.33E+02 2.06E+00 24 8.70E+01 3.90E+01 2.67E+00 

95-54-5 3 4.07E+02 1.94E+00 22 1.29E+02 4.04E+01 3.15E+00 

1420-07-1 3 2.43E+01 1.93E+00 27 1.16E+01 1.78E+01 2.09E+00 

60-34-4 3 2.73E+01 1.93E+00 28 1.64E+01 2.41E+01 1.66E+00 

79-46-9 3 4.81E+02 1.86E+00 22 1.40E+02 2.28E+01 3.43E+00 

134-20-3 3 3.16E+03 1.86E+00 18 7.70E+02 4.71E+01 4.11E+00 

107-19-7 3 5.00E+01 1.85E+00 27 2.34E+01 2.60E+01 2.13E+00 

1948-33-0 3 8.21E+02 1.84E+00 20 2.46E+02 3.88E+01 3.33E+00 

78-40-0 3 1.30E+03 1.83E+00 20 3.03E+02 4.00E+01 4.29E+00 

121-33-5 3 1.64E+03 1.81E+00 18 4.90E+02 4.23E+01 3.34E+00 

94-96-2 3 2.13E+03 1.80E+00 18 5.13E+02 4.21E+01 4.14E+00 

108-20-3 3 3.73E+03 1.79E+00 18 8.19E+02 4.70E+01 4.55E+00 

488-41-5 3 1.31E+03 1.78E+00 20 3.41E+02 3.47E+01 3.84E+00 
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96-09-3 3 1.82E+03 1.75E+00 20 3.82E+02 4.13E+01 4.76E+00 

64-00-6 3 1.45E+01 1.75E+00 29 8.34E+00 1.44E+01 1.74E+00 

24549-06-2 3 8.32E+02 1.67E+00 21 2.67E+02 2.97E+01 3.12E+00 

41814-78-2 3 2.70E+02 1.65E+00 24 8.65E+01 2.29E+01 3.12E+00 

1134-23-2 3 1.51E+03 1.64E+00 20 3.35E+02 4.07E+01 4.51E+00 

109-06-8 3 7.83E+02 1.63E+00 20 2.00E+02 3.83E+01 3.92E+00 

2528-36-1 3 2.05E+03 1.60E+00 19 5.39E+02 3.35E+01 3.80E+00 

88-06-2 3 8.58E+02 1.58E+00 20 2.18E+02 3.86E+01 3.93E+00 

2961-68-4 3 1.16E+02 1.57E+00 26 4.72E+01 2.15E+01 2.46E+00 

2303-16-4 3 4.39E+02 1.57E+00 22 1.25E+02 5.74E+01 3.52E+00 

50-00-0 3 2.27E+02 1.55E+00 24 7.64E+01 3.88E+01 2.97E+00 

55-18-5 3 2.32E+02 1.53E+00 24 7.83E+01 3.90E+01 2.96E+00 

92-52-4 3 2.18E+03 1.51E+00 18 5.27E+02 4.24E+01 4.14E+00 

1836-75-5 3 2.13E+03 1.47E+00 18 5.47E+02 3.66E+01 3.89E+00 

3811-49-2 3 9.96E+01 1.47E+00 29 4.15E+01 1.90E+01 2.40E+00 

100-47-0 3 8.53E+02 1.46E+00 19 2.72E+02 3.18E+01 3.14E+00 

27344-41-8 3 5.49E+03 1.41E+00 19 8.93E+02 7.24E+01 6.15E+00 

93-78-7 3 4.97E+02 1.41E+00 22 1.54E+02 2.28E+01 3.23E+00 

306-52-5 3 9.01E+02 1.41E+00 20 2.33E+02 3.88E+01 3.87E+00 

109-73-9 3 4.08E+02 1.37E+00 22 1.32E+02 4.01E+01 3.08E+00 

79-41-4 3 1.17E+03 1.34E+00 20 3.12E+02 3.44E+01 3.74E+00 

96-18-4 3 3.63E+02 1.21E+00 19 1.06E+02 1.92E+01 3.41E+00 

3810-74-0 3 4.20E+02 1.15E+00 23 1.43E+02 3.85E+01 2.94E+00 

3309-87-3 3 9.80E+01 1.13E+00 27 3.73E+01 2.20E+01 2.63E+00 

103-82-2 3 2.25E+03 1.00E+00 18 5.73E+02 4.33E+01 3.93E+00 

510-15-6 3 7.00E+02 1.00E+00 21 2.08E+02 3.64E+01 3.37E+00 

59-87-0 2 9.93E+00 2.53E+22 22 1.11E+02 9.25E+01 8.94E-02 

1646-88-4 2 8.19E+02 2.27E+20 27 1.99E+01 4.71E+01 4.12E+01 

67-45-8 2 6.50E+01 4.43E+19 18 3.06E+02 9.67E+01 2.13E-01 

97-77-8 2 3.10E+01 5.78E+18 19 1.72E+02 9.22E+01 1.80E-01 

2917-19-3 2 9.85E+02 2.22E+16 27 3.51E+01 4.89E+01 2.80E+01 

90-02-8 2 3.41E+01 8.66E+14 22 1.15E+02 8.46E+01 2.96E-01 

57117-31-4 2 9.57E-02 2.44E+12 11 1.07E+00 1.09E+02 8.93E-02 

1420-06-0 2 6.32E+02 1.35E+11 27 4.60E+01 5.55E+01 1.37E+01 

481-39-0 2 1.67E+01 2.67E+10 24 4.29E+01 7.10E+01 3.90E-01 

82657-04-3 2 3.13E+02 3.89E+09 28 1.87E+02 3.05E+01 1.67E+00 

4553-62-2 2 5.28E+01 1.34E+09 23 5.47E+01 5.28E+01 9.66E-01 

18472-87-2 2 1.61E+03 1.12E+09 18 1.21E+02 4.87E+01 1.34E+01 

120-32-1 2 3.32E+02 8.92E+08 22 5.46E+01 4.06E+01 6.09E+00 

79-21-0 2 4.58E+01 2.23E+08 18 6.11E+01 4.01E+01 7.50E-01 

52-60-8 2 8.19E+01 2.20E+08 25 2.52E+01 2.92E+01 3.25E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

108-91-8 2 4.96E+01 1.84E+08 27 3.02E+01 3.47E+01 1.65E+00 

123-54-6 2 2.29E+02 6.54E+07 27 9.11E+01 3.75E+01 2.51E+00 

148-24-3 2 4.90E+03 5.19E+07 18 3.42E+02 8.89E+01 1.43E+01 

149-30-4 2 3.90E+02 2.92E+07 27 1.30E+02 4.15E+01 3.00E+00 

61-82-5 2 4.02E+03 1.29E+07 19 3.12E+02 8.87E+01 1.29E+01 

95-33-0 2 1.46E+03 1.22E+07 20 2.01E+02 4.89E+01 7.23E+00 

70-25-7 2 3.10E+02 6.14E+06 28 4.73E+01 5.09E+01 6.56E+00 

55-80-1 2 5.15E+03 5.86E+06 18 3.89E+02 8.92E+01 1.32E+01 

100-42-5 2 1.07E+03 5.03E+06 20 1.64E+02 4.74E+01 6.54E+00 

27304-13-8 2 1.35E+02 4.78E+06 24 3.63E+01 3.98E+01 3.72E+00 

79-10-7 2 7.13E+02 4.56E+06 24 2.16E+02 5.47E+01 3.31E+00 

935-95-5 2 2.95E+02 3.76E+06 20 4.07E+01 3.61E+01 7.25E+00 

57-41-0 2 4.95E+02 3.55E+06 21 8.40E+01 4.17E+01 5.89E+00 

20856-57-9 2 7.91E+02 2.06E+06 18 4.28E+02 8.37E+01 1.85E+00 

55-37-8 2 3.21E+02 1.71E+06 24 7.30E+01 3.01E+01 4.40E+00 

7542-37-2 2 7.01E+03 1.49E+06 16 6.73E+02 6.13E+01 1.04E+01 

74-95-3 2 3.29E+02 1.27E+06 27 5.56E+01 4.81E+01 5.91E+00 

71751-41-2 2 4.52E+00 1.11E+06 21 6.43E+00 2.69E+01 7.03E-01 

126-72-7 2 2.35E+03 6.83E+05 19 2.48E+02 8.58E+01 9.45E+00 

99-97-8 2 4.03E+02 6.79E+05 21 7.58E+01 4.07E+01 5.31E+00 

27554-26-3 2 7.80E+03 4.82E+05 16 7.80E+02 6.21E+01 1.00E+01 

69409-94-5 2 7.30E+02 4.38E+05 24 2.17E+02 5.42E+01 3.37E+00 

120-83-2 2 3.62E+02 2.93E+05 24 1.43E+02 4.64E+01 2.54E+00 

27949-52-6 2 3.23E+02 2.71E+05 21 6.62E+01 3.98E+01 4.88E+00 

3778-73-2 2 3.79E+02 2.22E+05 24 1.47E+02 4.65E+01 2.57E+00 

26140-60-3 2 5.02E+03 2.00E+05 18 4.43E+02 8.92E+01 1.13E+01 

141-32-2 2 2.30E+03 1.40E+05 19 2.63E+02 8.58E+01 8.75E+00 

2425-10-7 2 1.15E+02 1.20E+05 24 3.55E+01 3.85E+01 3.23E+00 

98-82-8 2 5.07E+03 1.15E+05 18 4.57E+02 8.93E+01 1.11E+01 

4005-51-0 2 6.21E+02 8.43E+04 24 2.06E+02 5.14E+01 3.01E+00 

135-88-6 2 3.56E+03 8.37E+04 18 3.84E+02 5.39E+01 9.27E+00 

96-24-2 2 6.18E+01 5.62E+04 27 3.22E+01 3.12E+01 1.92E+00 

142-96-1 2 1.35E+03 5.56E+04 20 2.26E+02 4.71E+01 5.95E+00 

140-89-6 2 7.24E+02 4.83E+04 20 1.41E+02 4.48E+01 5.14E+00 

72-54-8 2 2.60E+02 3.79E+04 24 1.07E+02 4.46E+01 2.44E+00 

7440-38-2 2 3.32E+02 3.65E+04 21 7.22E+01 3.95E+01 4.60E+00 

106-51-4 2 5.70E+01 3.32E+04 24 2.03E+01 3.54E+01 2.81E+00 

2275-14-1 2 9.84E+01 2.59E+04 27 4.44E+01 3.35E+01 2.21E+00 
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314-40-9 2 1.37E+03 2.43E+04 22 3.71E+02 5.70E+01 3.68E+00 

2631-40-5 2 2.06E+02 1.97E+04 23 5.67E+01 4.17E+01 3.63E+00 

58-14-0 2 2.01E+02 1.96E+04 23 5.57E+01 4.16E+01 3.61E+00 

1461-25-2 2 2.76E+03 1.83E+04 18 3.31E+02 8.58E+01 8.33E+00 

619-72-7 2 6.48E+01 1.68E+04 27 3.30E+01 3.12E+01 1.97E+00 

1955-45-9 2 6.82E+02 1.64E+04 20 1.39E+02 4.44E+01 4.89E+00 

21564-17-0 2 9.43E+02 1.32E+04 20 1.80E+02 4.55E+01 5.23E+00 

3942-54-9 2 3.12E+02 1.03E+04 23 7.94E+01 4.31E+01 3.92E+00 

1610-18-0 2 1.04E+03 9.91E+03 22 2.98E+02 5.53E+01 3.50E+00 

15457-05-3 2 2.60E+03 9.41E+03 20 3.98E+02 4.95E+01 6.53E+00 

999-61-1 2 5.14E+02 8.93E+03 24 1.79E+02 4.73E+01 2.88E+00 

108-70-3 2 1.64E+03 8.45E+03 19 5.27E+02 5.26E+01 3.11E+00 

138261-41-3  2 2.00E+02 8.40E+03 23 5.67E+01 4.14E+01 3.54E+00 

101-68-8 2 4.50E+03 8.38E+03 16 6.22E+02 5.92E+01 7.23E+00 

10453-86-8 2 6.11E+02 7.95E+03 20 1.31E+02 4.39E+01 4.66E+00 

38260-54-7 2 8.87E+02 7.62E+03 20 1.75E+02 4.52E+01 5.07E+00 

106-92-3 2 7.90E+02 7.43E+03 20 1.60E+02 4.47E+01 4.93E+00 

18559-94-9 2 1.34E+03 7.42E+03 19 4.50E+02 5.16E+01 2.97E+00 

481-42-5 2 3.22E+01 6.98E+03 27 1.42E+01 2.79E+01 2.28E+00 

108-83-8 2 2.85E+03 6.96E+03 20 4.32E+02 4.99E+01 6.61E+00 

616-45-5 2 3.24E+03 6.46E+03 18 3.92E+02 8.45E+01 8.27E+00 

1120-71-4 2 2.00E+02 6.33E+03 27 7.63E+01 3.57E+01 2.62E+00 

260-94-6 2 1.00E+03 6.33E+03 20 1.93E+02 4.56E+01 5.18E+00 

124-63-0 2 1.00E+02 6.33E+03 27 4.45E+01 3.34E+01 2.25E+00 

5103-71-9 2 2.50E+02 6.33E+03 23 6.77E+01 4.21E+01 3.69E+00 

1982-42-9 2 6.00E+02 6.33E+03 20 1.30E+02 4.38E+01 4.60E+00 

5103-74-2 2 5.50E+02 6.33E+03 20 1.22E+02 4.35E+01 4.51E+00 

554-00-7 2 8.00E+02 6.33E+03 20 1.63E+02 4.48E+01 4.92E+00 

8004-87-3 2 2.08E+02 5.69E+03 23 5.89E+01 4.15E+01 3.53E+00 

115-19-5 2 9.87E+02 5.39E+03 20 1.92E+02 4.55E+01 5.14E+00 

88-75-5 2 6.58E+02 5.25E+03 23 2.38E+02 4.95E+01 2.76E+00 

13684-56-5 2 4.88E+03 5.15E+03 11 2.05E+03 3.44E+01 2.38E+00 

118-92-3 2 2.75E+03 5.09E+03 20 4.24E+02 4.96E+01 6.49E+00 

306-37-6 2 5.10E+01 4.94E+03 27 2.09E+01 2.93E+01 2.44E+00 

75-29-6 2 2.55E+03 4.94E+03 20 4.00E+02 4.93E+01 6.37E+00 

88-04-0 2 1.96E+03 4.81E+03 20 3.27E+02 4.82E+01 5.99E+00 

14698-29-4 2 1.73E+03 4.54E+03 19 5.41E+02 5.27E+01 3.19E+00 

606-20-2 2 3.43E+02 4.30E+03 24 1.28E+02 4.54E+01 2.68E+00 

75-21-8 2 1.39E+02 4.21E+03 27 3.73E+01 5.21E+01 3.74E+00 

105-39-5 2 1.82E+02 3.80E+03 27 7.07E+01 3.54E+01 2.58E+00 

632-22-4 2 1.52E+03 3.72E+03 19 4.89E+02 5.20E+01 3.12E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

919-86-8 2 5.74E+01 3.65E+03 27 2.01E+01 4.86E+01 2.85E+00 

79983-71-4 2 1.16E+03 3.12E+03 20 2.21E+02 4.60E+01 5.23E+00 

389-08-2 2 1.08E+03 3.07E+03 20 2.10E+02 4.57E+01 5.15E+00 

112-53-8 2 2.20E+03 2.96E+03 20 3.64E+02 4.86E+01 6.06E+00 

116-29-0 2 1.06E+03 2.89E+03 22 1.72E+02 6.80E+01 6.19E+00 

446-86-6 2 7.45E+02 2.59E+03 22 2.51E+02 4.84E+01 2.97E+00 

95-01-2 2 7.43E+02 2.49E+03 22 2.50E+02 4.84E+01 2.97E+00 

1174-83-0 2 1.08E+03 2.48E+03 20 2.11E+02 4.57E+01 5.11E+00 

2497-07-6 2 6.48E+00 2.39E+03 23 5.43E+00 2.49E+01 1.19E+00 

5827-05-4 2 4.61E+01 2.27E+03 27 2.47E+01 3.02E+01 1.86E+00 

502-39-6 2 3.69E+01 2.27E+03 27 1.63E+01 2.82E+01 2.27E+00 

57-15-8 2 2.77E+02 2.27E+03 23 7.51E+01 4.23E+01 3.68E+00 

20427-59-2 2 1.84E+03 2.27E+03 19 8.51E+02 3.46E+01 2.17E+00 

59-89-2 2 5.19E+02 2.23E+03 24 1.13E+02 7.24E+01 4.60E+00 

129-00-0 2 1.47E+03 2.17E+03 20 2.69E+02 4.69E+01 5.46E+00 

120-07-0 2 1.10E+03 2.05E+03 20 2.15E+02 4.57E+01 5.10E+00 

110-02-1 2 7.67E+02 2.00E+03 20 1.63E+02 4.44E+01 4.69E+00 

554-84-7 2 5.92E+02 1.75E+03 23 2.15E+02 4.89E+01 2.76E+00 

2465-27-2 2 2.68E+02 1.55E+03 19 1.43E+02 4.27E+01 1.88E+00 

759-73-9 2 5.37E+02 1.55E+03 23 1.98E+02 4.84E+01 2.71E+00 

7173-51-5 2 1.50E+02 1.52E+03 27 6.04E+01 3.47E+01 2.49E+00 

110-85-0 2 1.07E+03 1.45E+03 20 2.13E+02 4.56E+01 5.01E+00 

56-34-8 2 1.48E+03 1.42E+03 20 2.74E+02 4.69E+01 5.40E+00 

116255-48-2 2 6.48E+02 1.41E+03 22 2.22E+02 4.77E+01 2.92E+00 

938-73-8 2 1.24E+03 1.38E+03 20 2.40E+02 4.62E+01 5.18E+00 

555-84-0 2 9.51E+02 1.33E+03 19 2.69E+02 4.03E+01 3.54E+00 

109-09-1 2 1.94E+02 1.29E+03 24 6.30E+01 4.30E+01 3.08E+00 

100-75-4 2 3.51E+02 1.23E+03 25 8.23E+01 6.73E+01 4.27E+00 

126-99-8 2 2.56E+02 1.22E+03 23 7.18E+01 4.19E+01 3.57E+00 

105-11-3 2 8.12E+02 1.17E+03 22 2.64E+02 4.87E+01 3.08E+00 

59-50-7 2 1.05E+03 1.14E+03 20 2.12E+02 4.55E+01 4.95E+00 

25155-30-0 2 7.63E+02 1.11E+03 22 2.51E+02 4.84E+01 3.04E+00 

14484-64-1 2 1.96E+03 1.05E+03 19 5.75E+02 5.29E+01 3.41E+00 

544-25-2 2 9.87E+01 1.03E+03 27 4.35E+01 3.33E+01 2.27E+00 

59-97-2 2 6.93E+02 1.03E+03 20 1.55E+02 4.40E+01 4.48E+00 

96-33-3 2 4.79E+02 9.98E+02 23 1.79E+02 4.79E+01 2.68E+00 

23950-58-5 2 5.79E+03 9.97E+02 18 6.04E+02 8.62E+01 9.58E+00 

61-73-4 2 2.03E+03 9.58E+02 18 5.61E+02 5.29E+01 3.62E+00 
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35256-85-0 2 3.49E+03 9.52E+02 18 8.23E+02 8.87E+01 4.23E+00 

121-14-2 2 4.60E+02 9.21E+02 24 1.58E+02 4.66E+01 2.91E+00 

1702-17-6 2 2.51E+03 8.97E+02 22 5.76E+02 4.00E+01 4.36E+00 

10048-13-2 2 7.01E+01 8.81E+02 26 3.11E+01 2.74E+01 2.26E+00 

125-12-2 2 5.30E+03 8.67E+02 16 8.02E+02 6.06E+01 6.60E+00 

5470-11-1 2 2.40E+02 8.19E+02 24 9.41E+01 4.38E+01 2.55E+00 

509-14-8 2 2.21E+02 8.04E+02 24 8.81E+01 4.34E+01 2.51E+00 

13231-90-8 2 2.48E+02 7.90E+02 24 9.65E+01 4.39E+01 2.57E+00 

139-13-9 2 1.86E+03 7.83E+02 19 5.50E+02 5.26E+01 3.39E+00 

13286-32-3 2 3.90E+02 7.77E+02 20 1.00E+02 4.20E+01 3.89E+00 

105-67-9 2 1.36E+03 7.33E+02 20 2.63E+02 4.65E+01 5.18E+00 

2307-68-8 2 3.03E+03 7.17E+02 18 5.71E+02 5.21E+01 5.30E+00 

26264-06-2 2 2.19E+03 7.13E+02 18 5.90E+02 5.32E+01 3.71E+00 

99-57-0 2 1.43E+03 7.02E+02 20 2.73E+02 4.66E+01 5.23E+00 

618-85-9 2 3.62E+02 6.81E+02 24 1.30E+02 4.55E+01 2.78E+00 

500-28-7 2 4.76E+02 6.45E+02 23 1.77E+02 4.78E+01 2.69E+00 

589-18-4 2 2.34E+03 6.45E+02 20 4.00E+02 4.87E+01 5.84E+00 

540-59-0 2 1.28E+03 6.02E+02 19 4.09E+02 5.09E+01 3.13E+00 

122-60-1 2 2.32E+03 5.94E+02 20 3.99E+02 4.87E+01 5.82E+00 

127-18-4 2 4.35E+03 5.79E+02 18 5.20E+02 8.90E+01 8.36E+00 

102-76-1 2 1.82E+03 5.64E+02 20 3.31E+02 4.76E+01 5.49E+00 

112-36-7 2 3.03E+03 5.13E+02 18 7.29E+02 8.77E+01 4.16E+00 

77732-09-3 2 1.14E+03 5.10E+02 20 2.31E+02 4.57E+01 4.91E+00 

636-21-5 2 1.80E+03 5.08E+02 20 3.30E+02 4.76E+01 5.46E+00 

124-04-9 2 3.10E+03 4.79E+02 18 5.88E+02 5.22E+01 5.27E+00 

115-86-6 2 2.15E+03 4.72E+02 20 3.79E+02 4.83E+01 5.67E+00 

7440-43-9 2 1.44E+03 4.36E+02 20 2.79E+02 4.66E+01 5.16E+00 

60-56-0 2 1.39E+03 4.34E+02 20 2.72E+02 4.65E+01 5.12E+00 

55290-64-7 2 7.11E+02 4.31E+02 20 1.62E+02 4.40E+01 4.38E+00 

110-64-5 2 7.76E+02 4.10E+02 20 1.74E+02 4.43E+01 4.47E+00 

131-17-9 2 1.06E+03 4.08E+02 19 2.18E+02 6.65E+01 4.85E+00 

85-01-8 2 1.12E+03 3.89E+02 20 2.31E+02 4.56E+01 4.85E+00 

109-69-3 2 3.51E+03 3.65E+02 18 4.60E+02 8.78E+01 7.62E+00 

1639-66-3 2 3.02E+03 3.48E+02 18 4.18E+02 8.69E+01 7.23E+00 

10380-28-6 2 6.25E+03 3.43E+02 13 7.52E+02 5.86E+01 8.32E+00 

108-99-6 2 6.32E+02 3.26E+02 22 2.11E+02 4.74E+01 3.00E+00 

50-65-7 2 1.58E+03 3.26E+02 20 3.03E+02 4.70E+01 5.22E+00 

83164-33-4 2 3.16E+03 3.26E+02 18 4.36E+02 7.92E+01 7.26E+00 

920-66-1 2 9.49E+02 3.26E+02 20 2.04E+02 4.50E+01 4.64E+00 

821-55-6 2 5.02E+03 2.96E+02 18 5.89E+02 9.00E+01 8.53E+00 

1129-41-5 2 1.71E+02 2.93E+02 24 5.85E+01 4.21E+01 2.92E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

15263-53-3 2 1.44E+02 2.83E+02 24 5.11E+01 4.14E+01 2.82E+00 

23031-36-9 2 2.96E+02 2.66E+02 22 8.93E+01 4.49E+01 3.31E+00 

108-98-5 2 1.72E+02 2.53E+02 27 6.62E+01 3.51E+01 2.60E+00 

23184-66-9 2 2.68E+03 2.38E+02 18 3.93E+02 8.63E+01 6.83E+00 

866-55-7 2 3.30E+02 2.38E+02 22 9.76E+01 4.53E+01 3.38E+00 

93-72-1 2 4.24E+02 2.23E+02 22 1.19E+02 4.62E+01 3.56E+00 

91-58-7 2 1.36E+03 2.18E+02 20 2.73E+02 4.63E+01 4.97E+00 

64-75-5 2 4.22E+03 2.12E+02 16 7.74E+02 5.18E+01 5.45E+00 

59-33-6 2 3.36E+02 2.10E+02 22 9.92E+01 4.53E+01 3.39E+00 

81335-37-7 2 2.67E+03 2.06E+02 18 5.38E+02 5.14E+01 4.97E+00 

104-15-4 2 1.12E+03 2.01E+02 20 2.36E+02 4.56E+01 4.75E+00 

78-92-2 2 3.22E+03 1.95E+02 18 4.51E+02 7.94E+01 7.14E+00 

302-17-0 2 7.26E+02 1.90E+02 22 2.32E+02 4.80E+01 3.13E+00 

319-84-6 2 1.17E+02 1.77E+02 24 4.46E+01 3.84E+01 2.64E+00 

76-25-5 2 2.19E+03 1.77E+02 18 6.27E+02 5.06E+01 3.48E+00 

25366-23-8 2 4.18E+02 1.75E+02 23 1.56E+02 4.72E+01 2.69E+00 

108-80-5 2 5.12E+03 1.74E+02 16 8.50E+02 6.08E+01 6.02E+00 

119-47-1 2 7.33E+03 1.69E+02 18 7.74E+02 9.26E+01 9.46E+00 

50-76-0 2 1.08E+01 1.63E+02 26 8.44E+00 2.35E+01 1.28E+00 

110-43-0 2 1.09E+03 1.62E+02 20 2.33E+02 4.55E+01 4.69E+00 

630-20-6 2 1.00E+03 1.62E+02 20 3.04E+02 4.54E+01 3.30E+00 

67485-29-4 2 1.22E+03 1.62E+02 22 7.87E+02 3.17E+01 1.55E+00 

756-80-9 2 1.04E+03 1.60E+02 19 3.60E+02 4.76E+01 2.88E+00 

57-06-7 2 2.39E+02 1.50E+02 24 9.15E+01 4.37E+01 2.61E+00 

2445-07-0 2 1.49E+02 1.49E+02 27 5.89E+01 3.46E+01 2.53E+00 

102-27-2 2 4.15E+02 1.42E+02 22 1.18E+02 4.61E+01 3.51E+00 

110-91-8 2 1.17E+03 1.41E+02 20 2.48E+02 4.57E+01 4.74E+00 

542-59-6 2 5.60E+03 1.34E+02 3 3.80E+03 4.87E+01 1.47E+00 

91-15-6 2 4.42E+01 1.32E+02 27 2.51E+01 2.89E+01 1.76E+00 

124-48-1 2 5.44E+02 1.30E+02 22 1.83E+02 4.67E+01 2.97E+00 

122-42-9 2 1.47E+03 1.29E+02 19 4.38E+02 5.12E+01 3.35E+00 

56-36-0 2 6.75E+01 1.26E+02 27 2.87E+01 3.01E+01 2.35E+00 

623-25-6 2 9.76E+02 1.26E+02 20 2.15E+02 4.50E+01 4.53E+00 

77-73-6 2 2.78E+02 1.25E+02 22 8.66E+01 4.45E+01 3.21E+00 

123-88-6 2 3.22E+01 1.21E+02 27 1.92E+01 2.78E+01 1.67E+00 

764-41-0 2 1.30E+02 1.20E+02 27 5.30E+01 3.42E+01 2.46E+00 

1014-70-6 2 1.10E+03 1.20E+02 19 3.73E+02 4.78E+01 2.94E+00 

71-43-2 2 3.22E+03 1.19E+02 18 4.57E+02 8.75E+01 7.05E+00 
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14088-71-2 2 2.33E+03 1.17E+02 18 6.52E+02 5.08E+01 3.58E+00 

25154-52-3 2 8.45E+02 1.16E+02 22 2.58E+02 4.86E+01 3.27E+00 

1757-18-2 2 6.11E+01 1.15E+02 27 2.98E+01 3.09E+01 2.05E+00 

26471-62-5 2 2.84E+03 1.14E+02 18 5.73E+02 5.16E+01 4.95E+00 

95-16-9 2 6.20E+02 1.11E+02 22 2.02E+02 4.72E+01 3.07E+00 

28434-01-7 2 8.57E+02 1.11E+02 20 1.96E+02 4.45E+01 4.38E+00 

130-15-4 2 2.76E+02 1.10E+02 24 7.48E+01 7.15E+01 3.68E+00 

1336-36-3 2 2.76E+03 1.10E+02 18 5.61E+02 5.14E+01 4.91E+00 

81-82-3 2 2.71E+02 1.07E+02 24 1.00E+02 4.42E+01 2.70E+00 

841-06-5 2 3.46E+03 1.03E+02 18 6.70E+02 5.25E+01 5.17E+00 

756-79-6 2 5.73E+03 9.40E+01 7 1.39E+03 4.47E+01 4.12E+00 

143-08-8 2 9.36E+03 9.26E+01 7 3.42E+03 4.47E+01 2.74E+00 

634-93-5 2 1.68E+03 8.85E+01 20 3.32E+02 4.71E+01 5.08E+00 

1330-20-7 2 3.02E+03 8.72E+01 18 6.06E+02 5.18E+01 4.98E+00 

75-85-4 2 1.42E+03 8.69E+01 19 2.84E+02 6.78E+01 5.02E+00 

58138-08-2 2 1.05E+03 8.66E+01 20 2.31E+02 4.53E+01 4.55E+00 

333-43-7 2 3.23E+01 8.64E+01 29 1.76E+01 2.21E+01 1.84E+00 

95-93-2 2 4.82E+03 8.28E+01 16 8.93E+02 5.23E+01 5.40E+00 

124-09-4 2 5.39E+02 8.21E+01 20 1.38E+02 4.28E+01 3.90E+00 

1918-02-1 2 2.83E+03 8.11E+01 18 6.33E+02 6.89E+01 4.47E+00 

24096-53-5 2 6.29E+02 8.07E+01 20 1.56E+02 4.34E+01 4.03E+00 

104-87-0 2 2.26E+03 7.96E+01 18 6.29E+02 5.07E+01 3.59E+00 

542-56-3 2 2.90E+02 7.96E+01 22 9.04E+01 4.46E+01 3.21E+00 

674-82-8 2 5.66E+02 7.96E+01 22 1.87E+02 4.68E+01 3.03E+00 

1484-13-5 2 7.07E+01 7.96E+01 20 2.35E+01 3.19E+01 3.01E+00 

109-79-5 2 2.12E+03 7.96E+01 18 5.99E+02 5.04E+01 3.54E+00 

17754-90-4 2 1.60E+03 7.96E+01 20 3.20E+02 4.69E+01 5.00E+00 

57-62-5 2 1.06E+03 7.96E+01 18 3.39E+02 3.98E+01 3.13E+00 

67564-91-4 2 4.24E+03 7.79E+01 18 5.58E+02 8.92E+01 7.60E+00 

98-06-6 2 6.17E+03 7.62E+01 18 7.16E+02 9.16E+01 8.62E+00 

1014-69-3 2 9.86E+02 7.60E+01 20 2.21E+02 4.50E+01 4.47E+00 

29171-20-8 2 2.22E+03 6.59E+01 19 4.86E+02 5.03E+01 4.58E+00 

96489-71-3 2 4.10E+02 6.42E+01 22 1.19E+02 4.59E+01 3.44E+00 

80-00-2 2 1.94E+03 6.32E+01 18 5.57E+02 4.99E+01 3.49E+00 

150-19-6 2 4.32E+02 6.02E+01 22 1.24E+02 4.61E+01 3.47E+00 

51218-45-2 2 1.59E+03 6.01E+01 20 3.22E+02 4.69E+01 4.95E+00 

10540-29-1 2 2.97E+03 5.89E+01 18 6.05E+02 5.17E+01 4.91E+00 

2223-93-0 2 8.15E+02 5.89E+01 20 1.92E+02 4.43E+01 4.24E+00 

834-12-8 2 7.00E+02 5.75E+01 22 2.19E+02 4.77E+01 3.19E+00 

562-10-7 2 3.43E+02 5.38E+01 19 1.06E+02 2.39E+01 3.23E+00 

101-54-2 2 3.39E+02 5.36E+01 22 1.03E+02 4.51E+01 3.29E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

2425-66-3 2 1.44E+02 5.31E+01 24 5.27E+01 4.11E+01 2.73E+00 

89-72-5 2 4.38E+02 5.29E+01 23 1.16E+02 7.82E+01 3.79E+00 

99-87-6 2 2.32E+03 5.22E+01 19 5.06E+02 5.05E+01 4.58E+00 

95-68-1 2 3.42E+02 5.17E+01 22 1.04E+02 4.52E+01 3.29E+00 

75-60-5 2 8.79E+02 5.09E+01 22 2.61E+02 4.87E+01 3.36E+00 

98-07-7 2 9.55E+02 4.89E+01 20 2.19E+02 4.49E+01 4.37E+00 

71-41-0 2 2.72E+02 4.86E+01 22 8.69E+01 4.43E+01 3.13E+00 

60-35-5 2 9.50E+03 4.75E+01 6 4.33E+03 3.20E+01 2.19E+00 

818-61-1 2 4.05E+02 4.49E+01 22 1.19E+02 4.58E+01 3.40E+00 

150-68-5 2 1.42E+03 4.44E+01 19 4.16E+02 5.09E+01 3.42E+00 

302-79-4 2 1.48E+03 4.36E+01 20 3.08E+02 4.66E+01 4.82E+00 

108-05-4 2 2.15E+03 4.27E+01 19 4.81E+02 5.02E+01 4.48E+00 

7398-69-8 2 5.28E+03 4.19E+01 18 6.63E+02 9.07E+01 7.97E+00 

2533-82-6 2 1.34E+02 4.09E+01 27 5.38E+01 3.43E+01 2.49E+00 

60168-88-9 2 3.35E+03 4.09E+01 18 4.92E+02 8.79E+01 6.82E+00 

1319-77-3 2 1.08E+03 4.07E+01 20 2.42E+02 4.53E+01 4.47E+00 

85-70-1 2 9.38E+03 4.02E+01 6 4.31E+03 3.19E+01 2.17E+00 

1114-71-2 2 1.23E+03 4.00E+01 19 3.95E+02 4.81E+01 3.12E+00 

924-16-3 2 1.61E+03 3.97E+01 19 3.21E+02 7.41E+01 5.00E+00 

597-25-1 2 4.42E+03 3.96E+01 18 8.30E+02 5.35E+01 5.32E+00 

107-11-9 2 7.62E+01 3.94E+01 27 3.26E+01 3.05E+01 2.34E+00 

590-28-3 2 1.12E+03 3.86E+01 20 2.50E+02 4.55E+01 4.50E+00 

71-73-8 2 1.56E+02 3.78E+01 24 6.39E+01 4.20E+01 2.44E+00 

77458-01-6 2 3.15E+02 3.71E+01 24 1.12E+02 4.48E+01 2.83E+00 

122-03-2 2 1.80E+03 3.70E+01 18 5.17E+02 4.95E+01 3.49E+00 

110-83-8 2 1.73E+03 3.67E+01 18 5.01E+02 4.94E+01 3.45E+00 

50-24-8 2 2.90E+03 3.59E+01 18 6.04E+02 5.16E+01 4.81E+00 

91-23-6 2 9.81E+02 3.49E+01 20 2.85E+02 4.52E+01 3.45E+00 

25321-14-6 2 9.87E+02 3.22E+01 18 2.13E+02 4.49E+01 4.64E+00 

13752-51-7 2 6.84E+03 3.19E+01 18 7.96E+02 9.25E+01 8.60E+00 

106-99-0 2 4.19E+03 2.93E+01 18 8.05E+02 5.33E+01 5.21E+00 

69581-33-5 2 2.27E+02 2.86E+01 24 8.56E+01 4.35E+01 2.65E+00 

56425-91-3 2 5.44E+02 2.81E+01 20 1.44E+02 4.28E+01 3.77E+00 

66-25-1 2 6.37E+03 2.81E+01 18 7.63E+02 9.20E+01 8.34E+00 

121-82-4 2 7.68E+01 2.80E+01 27 3.31E+01 3.05E+01 2.32E+00 

598-56-1 2 4.03E+02 2.78E+01 22 1.20E+02 4.57E+01 3.36E+00 

95-57-8 2 3.38E+02 2.69E+01 24 1.17E+02 4.51E+01 2.88E+00 

24307-26-4 2 6.02E+02 2.66E+01 22 1.91E+02 4.70E+01 3.15E+00 
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96-23-1 2 6.25E+01 2.64E+01 27 2.79E+01 2.98E+01 2.24E+00 

108-69-0 2 5.46E+02 2.64E+01 20 1.45E+02 4.28E+01 3.77E+00 

110-12-3 2 3.29E+03 2.58E+01 18 6.71E+02 5.21E+01 4.90E+00 

111-48-8 2 5.12E+03 2.54E+01 7 3.14E+03 3.68E+01 1.63E+00 

1871-57-4 2 1.94E+02 2.52E+01 24 7.53E+01 4.28E+01 2.57E+00 

142-62-1 2 3.87E+03 2.52E+01 18 5.52E+02 8.89E+01 7.01E+00 

1582-09-8 2 2.48E+03 2.42E+01 18 6.53E+02 5.09E+01 3.80E+00 

109-77-3 2 2.44E+01 2.32E+01 27 1.28E+01 2.66E+01 1.91E+00 

94-62-2 2 4.23E+02 2.27E+01 22 1.25E+02 4.59E+01 3.38E+00 

96-45-7 2 2.34E+03 2.25E+01 18 6.23E+02 5.07E+01 3.76E+00 

94-58-6 2 2.89E+03 2.25E+01 18 6.77E+02 5.41E+01 4.27E+00 

110-93-0 2 3.08E+03 2.24E+01 18 6.40E+02 5.18E+01 4.81E+00 

124-02-7 2 4.53E+02 2.17E+01 22 1.32E+02 4.61E+01 3.43E+00 

80-15-9 2 4.35E+02 2.07E+01 22 1.28E+02 4.60E+01 3.39E+00 

5064-31-3 2 8.66E+02 2.06E+01 20 2.08E+02 4.44E+01 4.15E+00 

3204-27-1 2 7.87E+01 2.05E+01 27 3.05E+01 3.51E+01 2.58E+00 

28434-00-6 2 3.17E+02 2.04E+01 22 1.00E+02 4.47E+01 3.17E+00 

106-48-9 2 5.31E+02 2.02E+01 22 1.72E+02 4.65E+01 3.08E+00 

3478-94-2 2 1.97E+03 1.96E+01 18 4.73E+02 8.42E+01 4.17E+00 

55-22-1 2 3.95E+03 1.95E+01 18 7.78E+02 5.29E+01 5.08E+00 

76578-14-8 2 1.86E+03 1.85E+01 18 5.20E+02 4.96E+01 3.59E+00 

120-82-1 2 6.00E+02 1.85E+01 20 1.58E+02 4.31E+01 3.80E+00 

88283-41-4 2 2.15E+03 1.84E+01 18 5.79E+02 5.02E+01 3.71E+00 

108-89-4 2 4.41E+02 1.84E+01 22 1.30E+02 4.60E+01 3.39E+00 

2079-00-7 2 1.27E+01 1.83E+01 27 8.44E+00 2.87E+01 1.51E+00 

107-14-2 2 1.75E+02 1.82E+01 24 6.28E+01 4.17E+01 2.78E+00 

56-35-9 2 6.92E+01 1.81E+01 27 3.06E+01 3.01E+01 2.26E+00 

106-40-1 2 3.63E+02 1.78E+01 22 1.12E+02 4.52E+01 3.25E+00 

111-25-1 2 2.63E+03 1.74E+01 18 5.72E+02 5.11E+01 4.60E+00 

3296-90-0 2 1.50E+03 1.70E+01 20 3.21E+02 4.66E+01 4.69E+00 

79-43-6 2 4.43E+03 1.61E+01 18 6.15E+02 8.98E+01 7.20E+00 

7227-91-0 2 2.49E+02 1.59E+01 23 8.91E+01 4.57E+01 2.79E+00 

629-11-8 2 2.99E+03 1.58E+01 18 6.32E+02 5.16E+01 4.73E+00 

121-29-9 2 1.61E+02 1.52E+01 24 5.91E+01 4.13E+01 2.73E+00 

79-00-5 2 4.68E+02 1.49E+01 22 1.37E+02 4.62E+01 3.42E+00 

98-86-2 2 1.19E+03 1.45E+01 20 2.69E+02 4.57E+01 4.42E+00 

75-89-8 2 2.96E+02 1.44E+01 24 1.05E+02 4.46E+01 2.83E+00 

114-07-8 2 3.73E+03 1.43E+01 19 7.50E+02 7.98E+01 4.97E+00 

103-11-7 2 5.43E+03 1.42E+01 7 2.97E+03 4.07E+01 1.83E+00 

5392-40-5 2 4.02E+03 1.42E+01 18 7.96E+02 5.30E+01 5.05E+00 

115-96-8 2 1.51E+03 1.39E+01 18 4.40E+02 4.87E+01 3.45E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

15263-52-2 2 2.03E+02 1.38E+01 24 7.16E+01 4.35E+01 2.84E+00 

103-84-4 2 9.84E+02 1.36E+01 20 2.77E+02 4.51E+01 3.56E+00 

614-00-6 2 1.84E+02 1.29E+01 25 8.41E+01 6.73E+01 2.18E+00 

60-11-7 2 2.45E+02 1.29E+01 24 8.98E+01 4.38E+01 2.73E+00 

64-19-7 2 4.05E+03 1.29E+01 18 5.86E+02 8.93E+01 6.92E+00 

1713-12-8 2 7.48E+02 1.26E+01 20 1.89E+02 4.39E+01 3.95E+00 

2008-39-1 2 5.12E+02 1.23E+01 23 1.53E+02 3.17E+01 3.34E+00 

7292-16-2 2 7.41E+01 1.17E+01 27 3.38E+01 3.16E+01 2.19E+00 

156-60-5 2 2.57E+03 1.15E+01 18 5.69E+02 5.09E+01 4.52E+00 

96-22-0 2 2.60E+03 1.15E+01 18 6.61E+02 5.11E+01 3.93E+00 

117-80-6 2 3.63E+02 1.14E+01 23 1.32E+02 4.66E+01 2.74E+00 

2489-77-2 2 2.61E+02 1.14E+01 23 9.30E+01 4.58E+01 2.80E+00 

142-59-6 2 4.79E+02 1.13E+01 22 1.57E+02 4.61E+01 3.06E+00 

108-85-0 2 3.39E+03 1.11E+01 18 5.24E+02 8.83E+01 6.47E+00 

77-78-1 2 1.69E+02 1.11E+01 24 6.18E+01 4.15E+01 2.74E+00 

60-29-7 2 1.46E+03 1.06E+01 18 4.24E+02 4.85E+01 3.44E+00 

139-65-1 2 7.47E+02 1.05E+01 20 1.90E+02 4.39E+01 3.93E+00 

554-12-1 2 4.16E+03 1.02E+01 18 7.94E+02 5.60E+01 5.24E+00 

92-87-5 2 2.57E+02 1.02E+01 23 9.22E+01 4.57E+01 2.79E+00 

1067-33-0 2 3.84E+01 9.89E+00 27 2.10E+01 2.82E+01 1.82E+00 

2212-67-1 2 4.42E+02 9.84E+00 22 1.47E+02 4.57E+01 3.01E+00 

68411-30-3 2 1.14E+03 9.83E+00 20 3.06E+02 4.56E+01 3.72E+00 

3567-25-7 2 8.98E+02 9.71E+00 20 2.55E+02 4.47E+01 3.52E+00 

140-66-9 2 3.84E+03 9.70E+00 18 7.78E+02 5.28E+01 4.94E+00 

57018-04-9 2 4.18E+03 9.51E+00 18 7.98E+02 5.60E+01 5.24E+00 

13366-73-9 2 8.37E+00 9.51E+00 26 6.03E+00 2.94E+01 1.39E+00 

518-47-8 2 5.64E+03 9.09E+00 7 3.00E+03 4.08E+01 1.88E+00 

923-02-4 2 3.36E+02 9.09E+00 23 1.24E+02 4.63E+01 2.71E+00 

56-04-2 2 1.79E+03 9.02E+00 18 4.92E+02 4.94E+01 3.63E+00 

10350-81-9 2 4.88E+02 8.94E+00 22 1.58E+02 4.61E+01 3.09E+00 

90-13-1 2 1.30E+03 8.81E+00 20 2.92E+02 4.60E+01 4.43E+00 

42576-02-3 2 5.40E+03 8.55E+00 7 2.89E+03 4.07E+01 1.87E+00 

396-01-0 2 3.38E+02 8.50E+00 22 1.07E+02 4.49E+01 3.15E+00 

25013-15-4 2 2.67E+03 8.42E+00 18 6.69E+02 5.12E+01 3.99E+00 

144-21-8 2 9.72E+02 8.40E+00 20 2.70E+02 4.50E+01 3.60E+00 

108-67-8 2 5.92E+03 8.37E+00 18 7.66E+02 9.18E+01 7.72E+00 

118-95-6 2 5.32E+01 8.37E+00 27 2.50E+01 2.92E+01 2.13E+00 

98-92-0 2 2.96E+03 8.37E+00 18 6.39E+02 5.16E+01 4.63E+00 
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121-69-7 2 1.22E+03 8.19E+00 20 3.21E+02 4.59E+01 3.80E+00 

98-85-1 2 4.72E+02 8.18E+00 22 1.54E+02 4.60E+01 3.07E+00 

109-99-9 2 1.95E+03 8.14E+00 18 3.75E+02 8.28E+01 5.20E+00 

101-72-4 2 9.50E+02 8.14E+00 20 2.65E+02 4.49E+01 3.59E+00 

1300-21-6 2 5.77E+02 8.02E+00 20 1.57E+02 4.29E+01 3.67E+00 

111-55-7 2 5.82E+03 7.88E+00 6 4.00E+03 2.51E+01 1.46E+00 

108-77-0 2 4.12E+02 7.84E+00 22 1.26E+02 4.56E+01 3.28E+00 

10034-93-2 2 5.11E+02 7.81E+00 22 1.49E+02 4.65E+01 3.44E+00 

51-79-6 2 2.13E+03 7.71E+00 18 5.61E+02 5.01E+01 3.79E+00 

95-63-6 2 5.87E+03 7.64E+00 18 7.66E+02 9.18E+01 7.67E+00 

19406-51-0 2 1.12E+03 7.45E+00 20 3.00E+02 4.56E+01 3.74E+00 

540-72-7 2 5.53E+02 7.27E+00 22 1.58E+02 4.68E+01 3.49E+00 

3566-10-7 2 4.62E+02 7.20E+00 22 1.51E+02 4.59E+01 3.06E+00 

123-05-7 2 3.04E+03 7.14E+00 18 6.86E+02 5.43E+01 4.43E+00 

542-75-6 2 5.48E+02 7.02E+00 22 1.72E+02 4.66E+01 3.18E+00 

1634-78-2 2 1.84E+02 6.99E+00 24 7.10E+01 4.27E+01 2.59E+00 

64-67-5 2 7.55E+02 6.97E+00 20 1.94E+02 4.39E+01 3.88E+00 

122-99-6 2 1.08E+03 6.67E+00 20 2.57E+02 4.53E+01 4.22E+00 

77-06-5 2 7.32E+03 6.63E+00 7 3.13E+03 4.25E+01 2.34E+00 

124-68-5 2 2.50E+03 6.62E+00 18 5.65E+02 5.08E+01 4.42E+00 

1912-26-1 2 6.89E+02 6.55E+00 25 4.49E+02 3.13E+01 1.54E+00 

156-51-4 2 1.81E+02 6.53E+00 24 6.61E+01 4.30E+01 2.74E+00 

86-87-3 2 8.62E+02 6.52E+00 20 2.16E+02 4.44E+01 4.00E+00 

103-69-5 2 4.31E+02 6.44E+00 22 1.42E+02 4.56E+01 3.03E+00 

101-83-7 2 4.32E+02 6.36E+00 22 1.43E+02 4.56E+01 3.03E+00 

112-07-2 2 2.77E+03 6.15E+00 18 6.82E+02 5.13E+01 4.06E+00 

144-02-5 2 6.93E+02 6.15E+00 22 2.06E+02 4.76E+01 3.36E+00 

11067-82-6 2 1.41E+03 5.99E+00 19 4.11E+02 4.85E+01 3.42E+00 

111-27-3 2 2.15E+03 5.96E+00 18 5.61E+02 5.02E+01 3.83E+00 

503-74-2 2 1.19E+03 5.94E+00 20 3.12E+02 4.58E+01 3.82E+00 

25812-30-0 2 2.55E+03 5.92E+00 18 5.77E+02 5.09E+01 4.43E+00 

536-33-4 2 1.15E+03 5.77E+00 20 2.70E+02 4.55E+01 4.25E+00 

67306-00-7 2 1.66E+03 5.58E+00 21 5.24E+02 3.63E+01 3.16E+00 

1456-28-6 2 3.21E+02 5.52E+00 4 2.51E+02 1.85E+01 1.28E+00 

872-50-4 2 4.48E+03 5.52E+00 18 6.49E+02 9.01E+01 6.90E+00 

12663-46-6 2 5.72E+00 5.50E+00 22 4.33E+00 3.36E+01 1.32E+00 

100-02-7 2 2.47E+02 5.46E+00 24 8.91E+01 4.38E+01 2.77E+00 

5259-88-1 2 1.43E+03 5.39E+00 22 4.26E+02 3.83E+01 3.35E+00 

106-94-5 2 4.11E+03 5.38E+00 18 6.14E+02 8.96E+01 6.69E+00 

302-95-4 2 1.20E+03 5.36E+00 20 2.80E+02 4.57E+01 4.28E+00 

60-80-0 2 1.49E+03 5.28E+00 20 3.32E+02 4.66E+01 4.50E+00 



Appendices 

166 

Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

105-60-2 2 1.06E+03 5.27E+00 20 2.55E+02 4.52E+01 4.16E+00 

4170-30-3 2 9.12E+01 5.24E+00 27 3.94E+01 3.23E+01 2.31E+00 

1330-78-5 2 3.42E+03 5.24E+00 18 7.44E+02 5.48E+01 4.59E+00 

591-80-0 2 5.35E+02 5.19E+00 22 1.68E+02 4.65E+01 3.19E+00 

103-65-1 2 5.92E+03 5.10E+00 7 3.05E+03 4.10E+01 1.94E+00 

95-49-8 2 2.71E+03 4.93E+00 18 6.66E+02 5.12E+01 4.07E+00 

928-96-1 2 6.17E+03 4.90E+00 18 8.07E+02 9.22E+01 7.65E+00 

108-94-1 2 1.59E+03 4.89E+00 20 3.48E+02 4.68E+01 4.56E+00 

768-94-5 2 7.94E+02 4.89E+00 20 2.04E+02 4.41E+01 3.88E+00 

101-02-0 2 9.53E+02 4.88E+00 20 2.61E+02 4.49E+01 3.65E+00 

141-97-9 2 4.51E+03 4.82E+00 18 6.56E+02 9.02E+01 6.87E+00 

1214-39-7 2 1.47E+03 4.72E+00 20 3.29E+02 4.65E+01 4.47E+00 

25606-41-1 2 1.77E+03 4.65E+00 19 4.43E+02 4.93E+01 4.00E+00 

109-70-6 2 1.14E+03 4.65E+00 20 3.00E+02 4.56E+01 3.81E+00 

5989-27-5 2 4.96E+03 4.58E+00 18 7.01E+02 9.08E+01 7.09E+00 

127-07-1 2 6.50E+03 4.58E+00 18 8.37E+02 9.26E+01 7.76E+00 

76-29-9 2 3.95E+03 4.56E+00 18 7.76E+02 5.57E+01 5.09E+00 

57-14-7 2 1.38E+02 4.53E+00 24 5.59E+01 4.16E+01 2.46E+00 

2570-26-5 2 5.86E+02 4.51E+00 20 1.62E+02 4.30E+01 3.61E+00 

443-48-1 2 3.38E+03 4.45E+00 18 7.35E+02 5.48E+01 4.60E+00 

583-78-8 2 1.06E+03 4.45E+00 20 2.57E+02 4.52E+01 4.14E+00 

2227-13-6 2 4.45E+03 4.41E+00 18 6.53E+02 9.02E+01 6.82E+00 

57808-65-8 2 2.94E+02 4.38E+00 24 1.02E+02 4.46E+01 2.88E+00 

8027-00-7 2 5.34E+02 4.37E+00 22 1.67E+02 4.65E+01 3.20E+00 

619-15-8 2 5.81E+02 4.33E+00 22 1.78E+02 4.69E+01 3.26E+00 

465-73-6 2 7.85E+00 4.24E+00 26 6.51E+00 2.71E+01 1.21E+00 

72-55-9 2 7.85E+02 4.24E+00 20 2.04E+02 4.40E+01 3.86E+00 

5137-55-3 2 2.50E+02 4.21E+00 24 8.97E+01 4.39E+01 2.78E+00 

99-65-0 2 6.67E+01 4.21E+00 27 3.27E+01 3.02E+01 2.04E+00 

75-07-0 2 1.01E+03 4.20E+00 20 2.47E+02 4.50E+01 4.08E+00 

645-62-5 2 3.97E+03 4.16E+00 18 7.81E+02 5.57E+01 5.09E+00 

93-89-0 2 2.35E+03 4.14E+00 18 4.33E+02 7.84E+01 5.43E+00 

96-05-9 2 6.32E+01 3.66E+00 27 2.94E+01 2.98E+01 2.15E+00 

2814-20-2 2 2.44E+03 3.64E+00 18 5.64E+02 5.07E+01 4.32E+00 

577-11-7 2 3.22E+03 3.60E+00 18 7.06E+02 5.46E+01 4.56E+00 

3380-34-5 2 4.09E+03 3.59E+00 18 6.23E+02 8.97E+01 6.57E+00 

10443-70-6 2 1.28E+03 3.59E+00 20 2.99E+02 4.60E+01 4.29E+00 

4342-36-3 2 1.19E+02 3.55E+00 24 4.78E+01 4.00E+01 2.50E+00 
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51218-49-6 2 1.99E+03 3.55E+00 18 4.83E+02 4.98E+01 4.12E+00 

100-44-7 2 1.36E+03 3.48E+00 20 3.39E+02 4.63E+01 4.01E+00 

94-09-7 2 2.76E+03 3.45E+00 18 6.21E+02 5.12E+01 4.44E+00 

54-64-8 2 8.26E+01 3.39E+00 27 3.63E+01 3.20E+01 2.27E+00 

95266-40-3 2 4.91E+03 3.38E+00 18 7.05E+02 9.08E+01 6.97E+00 

555-89-5 2 6.38E+03 3.34E+00 6 3.80E+03 2.91E+01 1.68E+00 

98-95-3 2 5.37E+02 3.32E+00 22 1.67E+02 4.65E+01 3.22E+00 

119-84-6 2 1.60E+03 3.25E+00 18 3.42E+02 8.20E+01 4.68E+00 

94-59-7 2 2.14E+03 3.25E+00 18 5.49E+02 5.01E+01 3.90E+00 

98-73-7 2 5.18E+02 3.18E+00 22 1.62E+02 4.64E+01 3.20E+00 

107-92-6 2 1.37E+03 3.16E+00 20 3.15E+02 4.62E+01 4.34E+00 

140-67-0 2 1.37E+03 3.11E+00 20 3.15E+02 4.62E+01 4.34E+00 

2475-46-9 2 1.47E+03 2.99E+00 19 4.16E+02 4.86E+01 3.53E+00 

74051-80-2 2 4.22E+03 2.97E+00 18 6.51E+02 8.16E+01 6.48E+00 

87-62-7 2 7.71E+02 2.97E+00 20 2.03E+02 4.40E+01 3.80E+00 

121-44-8 2 5.01E+02 2.95E+00 22 1.57E+02 4.62E+01 3.18E+00 

589-16-2 2 4.59E+02 2.92E+00 27 2.26E+02 2.77E+01 2.03E+00 

3252-43-5 2 2.66E+02 2.84E+00 24 9.37E+01 4.42E+01 2.84E+00 

3090-35-5 2 2.12E+02 2.84E+00 24 7.82E+01 4.33E+01 2.71E+00 

602-01-7 2 9.88E+02 2.79E+00 20 2.63E+02 4.50E+01 3.75E+00 

2034-22-2 2 3.69E+01 2.79E+00 27 1.98E+01 2.80E+01 1.86E+00 

94-81-5 2 7.38E+02 2.79E+00 20 2.10E+02 4.39E+01 3.51E+00 

87-65-0 2 2.30E+03 2.76E+00 18 5.44E+02 5.04E+01 4.23E+00 

5216-25-1 2 7.58E+02 2.72E+00 20 2.01E+02 4.39E+01 3.77E+00 

6062-26-6 2 6.48E+02 2.65E+00 20 1.78E+02 4.33E+01 3.63E+00 

51333-22-3 2 2.63E+03 2.65E+00 18 6.40E+02 5.10E+01 4.11E+00 

608-93-5 2 1.09E+03 2.64E+00 20 2.83E+02 4.54E+01 3.84E+00 

109-87-5 2 6.16E+03 2.63E+00 7 3.23E+03 3.10E+01 1.91E+00 

74-97-5 2 4.64E+03 2.59E+00 18 7.46E+02 9.11E+01 6.22E+00 

98319-26-7 2 4.51E+02 2.59E+00 22 1.44E+02 4.58E+01 3.12E+00 

75-91-2 2 3.44E+02 2.50E+00 22 1.12E+02 4.48E+01 3.07E+00 

1966-58-1 2 1.74E+03 2.47E+00 19 4.46E+02 4.92E+01 3.90E+00 

75-65-0 2 3.33E+03 2.47E+00 18 5.59E+02 8.04E+01 5.94E+00 

12427-38-2 2 2.79E+03 2.47E+00 18 6.34E+02 5.13E+01 4.41E+00 

108-60-1 2 6.00E+02 2.45E+00 22 1.80E+02 4.70E+01 3.32E+00 

66246-88-6 2 2.28E+03 2.42E+00 18 5.71E+02 5.04E+01 3.99E+00 

288-88-0 2 1.45E+03 2.40E+00 20 3.32E+02 4.65E+01 4.36E+00 

75-25-2 2 1.00E+03 2.40E+00 20 2.65E+02 4.50E+01 3.78E+00 

98-87-3 2 1.99E+03 2.40E+00 18 4.89E+02 4.98E+01 4.07E+00 

95-64-7 2 7.58E+02 2.40E+00 20 2.02E+02 4.39E+01 3.75E+00 

57966-95-7 2 1.03E+03 2.31E+00 19 2.53E+02 8.14E+01 4.05E+00 
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Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

65-85-0 2 1.82E+03 2.30E+00 18 4.79E+02 4.94E+01 3.79E+00 

91-53-2 2 1.48E+03 2.27E+00 19 4.16E+02 4.86E+01 3.57E+00 

124-22-1 2 1.09E+03 2.25E+00 20 2.82E+02 4.54E+01 3.86E+00 

89-98-5 2 2.03E+03 2.25E+00 18 4.97E+02 4.98E+01 4.08E+00 

115-02-6 2 1.60E+02 2.20E+00 24 6.08E+01 4.10E+01 2.63E+00 

110-62-3 2 6.02E+00 2.17E+00 22 4.52E+00 3.38E+01 1.33E+00 

2595-53-1 2 5.45E+01 2.17E+00 25 2.69E+01 2.26E+01 2.03E+00 

2282-34-0 2 4.71E+01 2.15E+00 29 2.40E+01 2.26E+01 1.96E+00 

26952-21-6 2 1.57E+03 2.14E+00 19 4.34E+02 4.88E+01 3.62E+00 

2634-33-5 2 1.08E+03 2.13E+00 20 2.80E+02 4.53E+01 3.86E+00 

104-88-1 2 1.48E+03 2.10E+00 20 3.40E+02 4.66E+01 4.36E+00 

75-18-3 2 3.49E+03 2.06E+00 18 7.42E+02 5.49E+01 4.71E+00 

124-30-1 2 2.32E+03 2.04E+00 18 5.75E+02 5.04E+01 4.02E+00 

96-80-0 2 8.14E+02 2.01E+00 20 2.14E+02 4.42E+01 3.79E+00 

39515-51-0 2 2.09E+03 2.01E+00 18 5.11E+02 5.00E+01 4.10E+00 

87-59-2 2 8.83E+02 2.00E+00 20 2.28E+02 4.45E+01 3.87E+00 

67-72-1 2 4.71E+03 1.98E+00 18 7.21E+02 8.82E+01 6.53E+00 

106-24-1 2 3.32E+03 1.96E+00 18 7.13E+02 5.47E+01 4.65E+00 

12771-68-5 2 4.74E+03 1.94E+00 18 7.06E+02 9.08E+01 6.72E+00 

111-96-6 2 5.69E+03 1.94E+00 18 7.96E+02 9.19E+01 7.15E+00 

62-75-9 2 2.95E+01 1.91E+00 28 2.05E+01 4.61E+01 1.44E+00 

98-00-0 2 1.68E+02 1.89E+00 24 6.35E+01 4.25E+01 2.65E+00 

121-73-3 2 3.99E+02 1.88E+00 22 1.27E+02 4.54E+01 3.15E+00 

150-78-7 2 3.43E+03 1.87E+00 18 7.47E+02 5.22E+01 4.58E+00 

119-38-0 2 1.03E+01 1.85E+00 27 7.50E+00 2.97E+01 1.37E+00 

13181-17-4 2 1.05E+03 1.83E+00 19 2.68E+02 6.57E+01 3.91E+00 

85-43-8 2 3.15E+03 1.83E+00 18 7.26E+02 5.18E+01 4.34E+00 

7287-19-6 2 2.04E+03 1.82E+00 18 5.20E+02 4.99E+01 3.92E+00 

135-23-9 2 1.91E+02 1.81E+00 24 7.02E+01 4.30E+01 2.72E+00 

540-88-5 2 4.30E+03 1.80E+00 18 6.63E+02 9.02E+01 6.48E+00 

78-93-3 2 2.87E+03 1.78E+00 18 6.75E+02 5.14E+01 4.25E+00 

35572-78-2 2 1.46E+03 1.74E+00 19 4.06E+02 4.85E+01 3.58E+00 

1634-04-4 2 3.83E+03 1.74E+00 18 7.74E+02 5.54E+01 4.95E+00 

121-54-0 2 3.53E+02 1.71E+00 22 1.15E+02 4.49E+01 3.06E+00 

302-01-2 2 6.26E+01 1.71E+00 27 3.04E+01 2.99E+01 2.06E+00 

513-37-1 2 8.53E+02 1.68E+00 20 2.31E+02 4.44E+01 3.69E+00 

78-70-6 2 2.68E+03 1.68E+00 18 6.20E+02 5.11E+01 4.32E+00 

107-20-0 2 8.54E+01 1.68E+00 27 3.85E+01 3.10E+01 2.22E+00 
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123-42-2 2 3.31E+03 1.67E+00 18 7.52E+02 5.21E+01 4.40E+00 

610-39-9 2 7.76E+02 1.63E+00 20 2.08E+02 4.40E+01 3.73E+00 

109-89-7 2 5.20E+02 1.63E+00 22 1.56E+02 4.65E+01 3.33E+00 

2797-51-5 2 1.31E+03 1.62E+00 20 3.11E+02 4.61E+01 4.20E+00 

96-29-7 2 9.64E+02 1.58E+00 20 2.54E+02 4.49E+01 3.80E+00 

780-11-0 2 4.87E+02 1.57E+00 19 1.36E+02 2.45E+01 3.58E+00 

127-19-5 2 4.46E+03 1.57E+00 18 6.84E+02 9.04E+01 6.52E+00 

40487-42-1 2 1.01E+03 1.57E+00 20 2.56E+02 4.50E+01 3.96E+00 

100-00-5 2 4.56E+02 1.55E+00 22 1.41E+02 4.59E+01 3.23E+00 

4116-10-3 2 7.25E+02 1.55E+00 20 2.04E+02 4.38E+01 3.56E+00 

120-72-9 2 1.03E+03 1.53E+00 20 2.68E+02 4.51E+01 3.87E+00 

96-48-0 2 1.51E+03 1.52E+00 20 3.48E+02 4.67E+01 4.33E+00 

3813-05-6 2 3.10E+03 1.50E+00 18 7.13E+02 5.18E+01 4.34E+00 

591-78-6 2 2.51E+03 1.50E+00 18 5.92E+02 5.08E+01 4.24E+00 

50-44-2 2 2.68E+02 1.49E+00 23 9.87E+01 4.56E+01 2.72E+00 

133-90-4 2 3.61E+03 1.48E+00 18 7.55E+02 5.51E+01 4.78E+00 

79-08-3 2 9.70E+01 1.47E+00 27 4.08E+01 3.25E+01 2.38E+00 

110488-70-5 2 3.60E+03 1.42E+00 18 7.53E+02 5.51E+01 4.78E+00 

4342-03-4 2 2.09E+03 1.42E+00 18 5.15E+02 5.00E+01 4.05E+00 

151-67-7 2 5.84E+03 1.41E+00 18 8.45E+02 8.97E+01 6.91E+00 

77-74-7 2 7.30E+02 1.41E+00 20 2.04E+02 4.38E+01 3.58E+00 

126-33-0 2 1.95E+03 1.41E+00 18 4.89E+02 4.97E+01 3.99E+00 

81334-34-1 2 1.46E+03 1.40E+00 20 3.48E+02 4.65E+01 4.20E+00 

60-24-2 2 2.50E+02 1.39E+00 24 8.84E+01 4.40E+01 2.83E+00 

25319-90-8 2 7.70E+02 1.39E+00 20 2.08E+02 4.40E+01 3.70E+00 

305-03-3 2 7.80E+01 1.38E+00 27 3.64E+01 3.07E+01 2.14E+00 

118-96-7 2 6.77E+02 1.38E+00 20 1.88E+02 4.35E+01 3.59E+00 

106-43-4 2 1.95E+03 1.37E+00 18 4.89E+02 4.97E+01 3.98E+00 

961-11-5 2 4.10E+03 1.36E+00 18 6.51E+02 8.99E+01 6.30E+00 

75-27-4 2 4.40E+02 1.33E+00 22 1.40E+02 4.57E+01 3.15E+00 

78-94-4 2 2.73E+01 1.31E+00 27 1.52E+01 2.69E+01 1.80E+00 

108-78-1 2 3.23E+03 1.30E+00 18 7.33E+02 5.19E+01 4.41E+00 

92-70-6 2 8.16E+02 1.28E+00 20 2.18E+02 4.42E+01 3.74E+00 

57-97-6 2 3.33E+02 1.28E+00 23 1.19E+02 4.64E+01 2.80E+00 

13826-35-2 2 2.08E+03 1.27E+00 18 5.15E+02 4.99E+01 4.04E+00 

75-74-1 2 1.07E+02 1.27E+00 27 4.63E+01 5.33E+01 2.31E+00 

52918-63-5 2 1.96E+01 1.26E+00 27 1.15E+01 2.59E+01 1.71E+00 

3268-49-3 2 1.65E+03 1.22E+00 19 4.37E+02 4.90E+01 3.77E+00 

3244-90-4 2 4.43E+02 1.22E+00 23 1.41E+02 3.11E+01 3.14E+00 

75-35-4 2 1.97E+02 1.21E+00 24 7.25E+01 4.31E+01 2.72E+00 

108-21-4 2 6.85E+03 1.20E+00 7 3.36E+03 3.14E+01 2.04E+00 



Appendices 

170 

Chemical Experimental dataset Combined dataset  

CAS m HD50Ex,x UFstat,Ex,x n+
m 

HD50Co,x UFstat,Co,x UFsys,x 

  (mg·kgwwt
-1

)  (mg·kgwwt
-1

)  

556-52-5 2 4.25E+02 1.18E+00 22 1.36E+02 4.56E+01 3.14E+00 

563-80-4 2 2.96E+03 1.18E+00 18 6.84E+02 5.15E+01 4.33E+00 

51-03-6 2 2.62E+03 1.13E+00 18 4.94E+02 7.93E+01 5.31E+00 

86-30-6 2 1.84E+03 1.13E+00 18 4.75E+02 4.94E+01 3.88E+00 

24151-93-7 2 3.27E+02 1.12E+00 23 1.17E+02 4.64E+01 2.80E+00 

79-39-0 2 4.55E+02 1.12E+00 22 1.42E+02 4.59E+01 3.20E+00 

1929-77-7 2 1.21E+03 1.11E+00 20 2.99E+02 4.58E+01 4.05E+00 

3344-14-7 2 3.17E+02 1.10E+00 23 1.14E+02 4.63E+01 2.79E+00 

117-39-5 2 1.60E+02 1.08E+00 24 6.16E+01 4.23E+01 2.60E+00 

90-05-1 2 6.17E+02 1.07E+00 22 1.81E+02 4.72E+01 3.41E+00 

75-52-5 2 9.45E+02 1.07E+00 20 2.47E+02 4.48E+01 3.83E+00 

57-63-6 2 9.55E+02 1.07E+00 20 2.48E+02 4.48E+01 3.86E+00 

80-43-3 2 4.98E+03 1.05E+00 18 7.49E+02 9.12E+01 6.65E+00 

131-11-3 2 6.82E+03 1.05E+00 6 3.84E+03 2.94E+01 1.78E+00 

503-87-7 2 4.18E+02 1.05E+00 22 1.33E+02 4.56E+01 3.14E+00 

30516-87-1 2 3.07E+03 1.05E+00 18 6.99E+02 5.17E+01 4.39E+00 

109-01-3 2 1.44E+03 1.04E+00 20 3.42E+02 4.65E+01 4.23E+00 

732-26-3 2 1.60E+03 1.04E+00 19 4.30E+02 4.89E+01 3.73E+00 

111-13-7 2 3.09E+03 1.02E+00 18 7.04E+02 5.17E+01 4.39E+00 

41394-05-2 2 1.45E+03 1.01E+00 20 3.42E+02 4.65E+01 4.23E+00 

142-04-1 2 8.40E+02 1.01E+00 20 2.25E+02 4.43E+01 3.74E+00 

50-07-7 2 4.52E+01 1.00E+00 27 2.29E+01 2.86E+01 1.97E+00 

5836-10-2 2 5.00E+03 1.00E+00 18 7.52E+02 9.13E+01 6.65E+00 

107-87-9 2 1.60E+03 1.00E+00 19 4.30E+02 4.89E+01 3.72E+00 

112-05-0 2 5.00E+03 1.00E+00 18 7.52E+02 9.13E+01 6.65E+00 

119-34-6 2 1.47E+03 1.00E+00 20 3.46E+02 4.66E+01 4.25E+00 

140-57-8 2 3.90E+03 1.00E+00 18 6.55E+02 8.73E+01 5.96E+00 

142-08-5 2 1.24E+02 1.00E+00 24 5.04E+01 4.00E+01 2.46E+00 

14235-86-0 2 7.00E+01 1.00E+00 20 2.80E+01 2.24E+01 2.50E+00 

151-56-4 2 1.50E+01 1.00E+00 27 9.13E+00 2.51E+01 1.64E+00 

161050-58-4 2 5.00E+03 1.00E+00 18 7.52E+02 9.13E+01 6.65E+00 

2235-25-8 2 4.80E+01 1.00E+00 27 2.41E+01 2.89E+01 1.99E+00 

26628-22-8 2 2.70E+01 1.00E+00 27 1.49E+01 2.69E+01 1.81E+00 

471-25-0 2 1.00E+02 1.00E+00 27 4.16E+01 3.27E+01 2.40E+00 

627-30-5 2 2.30E+03 1.00E+00 18 5.61E+02 5.04E+01 4.10E+00 

6959-48-4 2 3.16E+02 1.00E+00 23 1.13E+02 4.62E+01 2.79E+00 

72-56-0 2 6.60E+03 1.00E+00 7 3.11E+03 4.16E+01 2.12E+00 

78-51-3 2 3.00E+03 1.00E+00 18 5.49E+02 8.57E+01 5.46E+00 



C. Appendix to chapter 5 

171 

924-42-5 2 4.00E+02 1.00E+00 22 1.29E+02 4.54E+01 3.11E+00 

99-56-9 2 6.81E+02 1.00E+00 20 1.91E+02 4.35E+01 3.56E+00 
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D1 The Model OMEGA 

The model OMEGA estimates accumulation of organic compounds and metals in 
aquatic and terrestrial food chains. Here, a brief explanation of main processes 
and equations on accumulation of organic substances is given. More detailed 
information can be found in Hendriks and others [176] and Hendriks and 
Heikens [257]. Standard food chains in OMEGA consist of four trophic levels. 
The mass of organisms in such food chains results from four basic flows (see 
Figure D1):  

1) absorption and excretion of water  

2) ingestion and egestion of food 

3) (re)production of mass  

4) mortality of tissues 

 

 
absorption 

ingestion  egestion 

excretion 

respiration 
transformation 

(re)production 
depletion 

concentration 
dilution 

water concentration 

food density 

mortality 

lipid layer  

water layer  
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food concentration 

 

Figure D1 The densities of organisms and of their food are determined by metabolic 
flows at rate constants for absorption and excretion of water, ingestion and egestion of 
food, (re)production, respiration and mortality of mass. The concentrations in organisms 
and their food are determined by the lipid and water resistance as well as by the 
metabolic flows that carry substances into and out of organisms. 

 

OMEGA calculates steady-state substance residues in biota as the sum of influx 
via water and uptake of food divided by the total elimination rate (Equation S1). 
Symbols are explained in Table S1. Different routes of elimination exist: efflux 
via water, food and biomass (growth dilution). Mostly, metabolic transformation 
is not explicitly accounted for, but in this study rate constants for metabolic 
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transformation were based on the data of Arnot et others [178]. Furthermore, 
uptake and elimination via air were taken into account based on the calculations 
of Veltman and others [177]. 

The concentration in an organism (Cx,i) is determined by a trophic-level-specific 
combination of all routes of uptake and elimination described in Equation D1.  

 






i,out,a,xi,out,m,xi,out,p,xi,out,f,xi,out,w,x

a,xi,in,a,x1i,xi,in,f,xw,xi,in,w,x

i,x
kkkkk

CkCkCk
C   (D1) 

Values for the rate constants in Equation S1 are derived by Hendriks and others 
(2001) and Veltman and others [177]. Rate constants for influx and efflux are 
predicted based on species-weight following allometric relationships. For 
organic substances, these constants are inversely proportional to resistances 
substances encounter in water and lipid layers and specific flows.  

Defining the uptake and elimination rate constants requires taking into account 
the partitioning between the tissue or blood of an organism and the exchange 
compartments air or water. This partitioning depends on the fractions of water, 
proteins, polar and neutral lipids in the tissue or blood [175, 177]. The 
relationships between these tissue or blood components and the Kow of a 
substance differ for polar and nonpolar substances [175]. For nonpolar 
substances (i.e. substances not containing H-bonding groups [258]), the tissue-
water partition coefficient was defined as:  

0

owtH2O,
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owt,g

0.63
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owtpl,owtnl,tw KpKpKpKpKpK          

     (D2) 

and for polar substances (i.e. substances containing H-bonding groups [258]) as: 
  

0

owtH2O,

63.0

owt,g

0.63

owtp,

0.94

owtpl,owtnl,tw

KpKp9.2

Kp9.2Kp2Kp04.0K




  (D3) 

Abbreviations are explained in Table D1. Using the fractions of water, proteins, 
polar and neutral lipids in blood instead of tissue, the blood-water partition 
coefficient can be calculated in a similar way. 

The outflux rate constants kx,w,out and kx,f,out were calculated by multiplying the 
influx, as described by Hendriks and others [176], with the inverse of tissue-
water partition coefficient. 

The affinity of substances for water, proteins and different lipids in the food was 
defined similar to the substances’ affinity for these components in the tissue. 
Instead of the fractions of different components found in the trophic level of 
interest, the fractions of the trophic level below, i.e. i-1 were used. The affinity 
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for these food components was used in the calculation of the influx rate 
constant kx,f,in and the outflux rate constant kx,f,out according to the work of 
Hendriks et al [176] adjusted as described above. 

Uptake and excretion via water were described by: 
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Uptake from food and egestion with faeces were described by:   
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The outflux rate constant for growth dilution equaled: 
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We used the outflux rate constant for biotransformation (kx,m,out) in fish of the 
third trophic level presented by Arnot et al [178] in EPI Suite ™ 4.0. The model 
calculates kx,m,out as a whole body value, namely the fraction of the mass in the 
whole body biotransformed per unit of time. The biological half-life, on which 
kx,m,out is based, is normalized to a 10 g fish at 15 °C. The study-specific kx,m,out can 
be calculated from the normalized one: 
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For inhalation and exhalation via air, kx,a,in and kx,a,out the concentration in the 
organism was calculated depending on the blood-air partition coefficient (Kba) 
and the tissue-air partition coefficient (Kta) as described by Veltman et al [177].   
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The bioaccumulation factor due to direct fresh water uptake and indirect (i.e. 
via food) was calculated for each trophic level separately in order to determine 
the higher predators’ intake via food. For trophic level 1 the BF was calculated 
as: 
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k
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Species from higher trophic levels also take up chemicals from the water via 
food. For trophic level 2 the BF was defined as: 
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and for trophic level 3 as: 
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In these equations BFx is the bioaccumulation factor of substance x in organism 
for trophic levels 1, 2 and 3, due to uptake from the fresh water compartment, 
i.e. water or food (m3·kgwwt

-1),  kx,w,in is the influx rate constant for water 
absorption of substance x per trophic level (L·kgwwt

-1·d-1), kx,f,in is the influx rate 
constant for assimilation of substance x from food per trophic level (L·kgwwt

-1·d-

1), and ∑kx,out is the sum of the rate constants for the different elimination routes 
per trophic level (all in d-1). These elimination routes are excretion and growth 
dilution for each trophic level, egestion for trophic levels 2 and 3, and 
biotransformation for trophic level 3.  
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Table D1 Factors used in equations with typical values for parameters 

Symbol Description Unit Typical value Ref. 

AA Alveolar surface area per kg body 
weight 

dm
2
·kg

−1
 equation D15 [177] 

βA Diffusion distance across alveolar cells dm equation D13 [177] 

BFx Bioaccumulation Factor of substance x 
in organisms per trophic level in the 
water compartment 

L·kgwwt
-1

 equations  
S19 – S21 

 

Cx,a Concentration of substance x in the 
air 

kg·L
-1

 USES-LCA 2.0 [5] 

Cx,i Concentration of substance x in 
organisms of trophic level i 

kg·kgwwt
-1

 equation D1 [176, 
177] 

Cx,w Concentration of substance x in the 
water 

kg·L
-1

 USES-LCA 2.0 [5] 

dw Aqueous diffusion in cytosol dm
2
·d

−1
 equation D14 [177] 

γw Water absorption – excretion 
coefficient 
Tropic level 1-3 
Trophic level 4 

kg
κ
·d

-1 

 
 
 
200 
0.2 

[176] 

γp Biomass (re)production coefficient kg
κ
·d

-1 
0.0006 [176] 

γf Food ingestion coefficient kg
κ
·d

-1 
0.005 
(i ≥ 2) 

[176] 

GA Alveolar ventilation rate dm
3
·kg

−1
· 

d
−1 

equation D12 [177] 

GB

  
Cardiac output dm

3
·kg

−1
· 

d
−1

 
equation D17 [177] 

kx,a,in Rate constant for inhalation L·kg
-1

·d
-1

 equation D12 [177] 

kx,a,out Rate constant for exhalation L·kg
-1

·d
-1

 equation D10 [177] 

kx,f,in Rate constant for assimilation L·kg
-1

·d
-1 

equation D6  

kx,f,out Rate constant for egestion with faeces kg·kg
-1

·d
-1

 
= d

-1 
equation D7  

kx,m,out Rate constant for metabolic 
transformation 

kg·kg
-1

·d
-1

 
= d

-1 
equation D9 [178] 

kx,m,out,n

  
Normalized rate constant for 
metabolic transformation 

kg·kg
-1

·d
-1

 
= d

-1
 

 [178] 

kx,p,out Rate constant for dilution of biomass 
by reproduction or growth 

kg·kg
-1

·d
-1

 
= d

-1 
equation D8 [176] 

kx,w, in Rate constant for absorption L·kg
-1

·d
-1 

equation D4 [176] 

kx,w,out Rate constant for excretion kg·kg
-1

·d
-1

 
= d

-1 
equation D5  

Kaw Air – water partition coefficient at 310 
°K 

[-] USES-LCA 2.0 [5] 

Kba Blood – air partition coefficient [-] equation D16 [177] 
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Kbw Blood – water partition coefficient 
Nonpolar substances  
Polar substances 

 
[-] 
[-] 

 
equation D2  
equation D3 

[175, 
177] 

Kow Octanol – water partition coefficient 
at 298 °K 

[-] USES-LCA 2.0 [5] 

Kta Tissue – air partition coefficient [-] equation D18 [177] 

Ktw Tissue – water partition coefficient 
Nonpolar substances  
Polar substances 

 
[-] 
[-] 

 
equation D2 
equation D3 

[175, 
177] 

κ Rate exponent [-] 0.25 [259, 
260] pf Fraction of ingested food assimilated 

Herbivores 
Carnivores 

 
kg·kg

-1 

kg·kg
-1

 

 
0.4  
0.8  

[260] 

pg Fraction of lignin in organism kg·kg
-1

 Table D2  

pH2O Fraction of water in tissues (t) or 
blood (b)  

kg·kg
-1

 Table D2  

pnl Fraction of  neutral lipids in tissues (t) 
or blood (b) 

kg·kg
-1

 Table D2  

pp Fraction of proteins in tissues (t) or 
blood (b) 

kg·kg
-1

 Table D2  

ppl Fraction of polar lipids in tissues (t) or 
blood (b) 

kg·kg
-1

 Table D2  

qT Temperature correction factor 
Cold-blooded species 
Warm-blooded species 

kg·kg
-1

  
1 
10 

[260] 

ρCH2,i Lipid layer permeation resistance 
plants 
animals 

d·kg
-κ 

 
4.6·10

3 

68 

[176] 

ρH2O,w Water layer resistance from / to water d·kg
-κ 

2.8·10
-3

 [176] 

ρH2O,f Water layer resistance from / to food d·kg
-κ 

1.1·10
-5

 [176] 

T System temperature in model °K 285 [5] 

Tn Normalized water temperature °K 288 [178] 

x Substance [-]   

w* Reference mass kg 1  

wi Species wet weight 
Trophic level 1 – 3 
 
Trophic level 4 

 
kg 
 
kg 

 
1.0·10

-12
 – 

1.0·10
-2

 
3.0 
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Table D2 Fractions of different components in tissue and blood per trophic level 

Trophic 
level 

Body part pH2O (a) pnl ppl pp pg 

1 Tissue 0.93 0  0.01 
c
 0.05 

c
 0.01 

c
 

2 Tissue 0.88 0.01 
c,d

 0.01 
c
 0.10 

c
 0 

3 Tissue 0.77  0.04 
c
 0.01 

c
 0.18 

c
 0 

4 Tissue  0.70 
c
 0.09 

c
 0.01 

c
 0.20 

c
 0 

4 (b) Blood 0.80 
e
 0.002 

e
 0.002 

e
 0.20 

e
 0 

a) The water fractions are considered to be the remaining fractions after subtracting the 
other components, b) based on data for mammals, c) [175], d) [176], e) [177] 
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Table D3 Chemical properties of the example chemicals highlighted 

Property name Symbol Unit Acephate Aldicarb Lindane DDT 

Type of chemical - - polar polar nonpolar nonpolar 

Octanol-water  
partition 
coefficient 

Kow - 1.00·10-1 1.26·101 5.01·103 1.55·106 

Air-water  
partition 
coefficient 

Kaw - 2.04·10-11 5.12·10-8 6.01·10-5 5.20·10-4 

Organic carbon-
water partition 
coefficient 

Koc L·kg-1 2.00·100 1.66·101 9.55·102 4.27·105 

Rate constant for 
degradation in air 

kdeg(air) s-1 2.55·10-5 3.38·10-5 3.47·10-6 1.81·10-6 

Rate constant for 
degradation in 
water 

kdeg(water) s-1 1.53·10-7 1.07·10-7 1.10·10-7 1.66·10-7 

Rate constant for 
degradation in soil 

kdeg(soil) s-1 3.65·10-6 9.44·10-8 7.09·10-8 3.93·10-9 

Rate constant for 
degradation in 
sediment 

kdeg(sed) s-1 1.19·10-6 4.58·10-8 5.50·10-7 9.06·10-8 

Normalized rate 
constant for 
biotransformation 
in fish of the third 
trophic level 

kx,m,out  s-1 1.08·10-3 1.23·10-4 1.60·10-7 9.49·10-8 

Orally hazardous 
dose that is lethal 
to 50 percent of 
the individuals in 
50 percent of the 
predator species 

HD50predator mg· 
kgBW

-1 
2.34·102 2.03·100 9.81·101 8.11·102 
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(a) 

(b) 

(c) 

Figure D2 The contribution of uptake via air to the chemicals’ CB was positively 
correlated with the chemicals’ Kaw for an emission to air (a, R

2
=0.09), fresh water (b, 

R
2
=0.89), and agricultural soil (c, R

2
=0.89), respectively. Acephate (◊), Aldicarb (□), 

Lindane (Δ), and DDT (O) are highlighted. The dotted line shows the linear fit for the 
data. 
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(a) 

(b) 

Figure D3 Correlation between our new CFs for warm-blooded predators and CFs for 
cold-blooded species, primary producers, and decomposers calculated according to 
existing methodologies, for an emission to air (a, R

2
=0.16), and agricultural soil (b, 

R
2
=0.18), respectively. Acephate (◊), Aldicarb (□), Lindane (Δ), and DDT (O) are 

highlighted. The dashed line indicates the 1:1 relation, whereas the dotted line shows 
the linear fit for the data. 
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D2 Enhancing data availability for a missing pathway 

Because of the new insights obtained in this thesis, chapter 5 and chapter 6 
were combined to derive new CTPs with higher validity and less uncertainty for 
the impact of chemical emissions on warm-blooded predators. In chapter 5 was 
demonstrated that interspecies correlation estimation models can be useful to 
increase the number of species in a sample, and to obtain a more representative 
sample of species. By combining experimental data with ICE model predictions, 
the validity of the hazardous dose can be improved and high statistical 
uncertainty can be reduced, particularly in cases of limited toxicity data, i.e. 
data for mammals only or a sample size of n ≤ 4. 

As much as 71 percent of the 329 characterization factors for the impact 
assessment of chemical emissions on warm-blooded predators in freshwater 
food chains that were provided by Golsteijn et al. [164] (see also chapter 5) 
were based on samples of n ≤ 4 (see also chapter 6). Consequently, they are 
highly uncertain. Therefore, I derived new CTPs for a list of 779 non-ionic 
chemicals with limited toxicity data. If a sample size was composed of at least 5 
species of which at least 1 bird species, I used solely experimental data to derive 
the CTP. If birds were not present in the experimental dataset and/or n ≤ 4, I 
combined experimental data with ICE model predictions in order to derive new 
CTPs.  

The characterization factors can be found in Table D4. CTPs ranged from 4.5·10-

21 to 8.0·10-13 yr·kg-1 for an emission to rural air, from 2.6·10-20 to 9.9·10-8 yr·kg-1 
for an emission to agricultural soil, and from 3.3·10-20 to 5.2·10-11 yr·kg-1 for an 
emission to fresh water. For details on the reduction of statistical uncertainty in 
the effect factor, we refer to chapter 5. In accordance with the conclusions 
drawn earlier in chapter 6, the correlation between CTPs for cold-blooded 
species, primary producers, and decomposers and warm-blooded species was 
low (R2 <0.41), which means that a high relative impact on these species groups 
does not necessarily indicate a high relative impact on warm-blooded predators. 
However, whereas earlier in chapter 6 was found that CTPs for cold-blooded 
species, primary producers, and decomposers were typically over 4 orders of 
magnitude higher than CTPs for warm-blooded predators, the current approach 
resulted in a difference of nearly 4 orders of magnitude. In other words, the 
new CTPs for warm-blooded species are higher. This can be explained by the 
larger diversity in wildlife species underlying the new CTPs, because as a group 
birds are more sensitive than mammals for the effects of chemicals [168-170], 
and rodents are most often among the least sensitive species [19]. 
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Table D4 Comparative toxicity potentials for warm-blooded predators, based on an 
experimental effect dataset enhanced with interspecies correlation estimates. 

 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

035400-43-2 1.094E-15 2.104E-13 1.012E-16 

021609-90-5 2.282E-15 1.707E-13 7.266E-17 

034643-46-4 1.657E-16 9.901E-14 7.669E-17 

001689-99-2 1.302E-18 3.277E-17 5.738E-20 

033089-61-1 1.237E-17 6.546E-15 7.649E-18 

000101-05-3 1.223E-17 2.659E-16 1.482E-18 

013121-70-5 4.452E-16 2.563E-14 5.721E-18 

006988-21-2 1.888E-18 2.550E-17 3.567E-18 

024353-61-5 7.509E-16 1.526E-13 9.767E-15 

003766-81-2 5.673E-17 1.669E-15 7.842E-17 

005234-68-4 7.840E-19 3.410E-17 3.574E-18 

052918-63-5 4.464E-17 1.622E-15 8.127E-19 

000083-79-4 2.358E-16 1.105E-14 1.039E-16 

000732-11-6 3.175E-17 2.483E-15 9.480E-17 

000608-73-1 1.594E-14 7.298E-13 8.595E-15 

002032-59-9 3.271E-18 4.718E-16 4.772E-17 

001918-16-7 1.114E-17 4.150E-16 2.812E-17 

000054-11-5 5.600E-19 2.888E-17 3.993E-18 

000143-50-0 1.555E-14 9.408E-13 4.119E-15 

025875-51-8 2.979E-17 1.928E-15 4.200E-17 

024017-47-8 1.414E-14 1.034E-12 8.129E-14 

013071-79-9 3.302E-16 3.264E-13 4.500E-15 

000060-35-5 1.176E-19 3.261E-20 4.456E-21 

000555-89-5 6.455E-17 7.696E-15 2.437E-17 

000085-70-1 8.315E-20 1.540E-18 1.053E-20 

000680-31-9 2.060E-18 7.344E-17 1.083E-17 

000071-55-6 4.364E-18 8.790E-18 3.372E-18 

000131-11-3 7.170E-20 1.405E-18 4.216E-20 

000106-93-4 1.046E-16 5.217E-16 6.135E-17 

000111-55-7 2.626E-20 1.521E-19 1.993E-20 

001698-60-8 5.808E-19 5.903E-17 2.187E-18 

000084-66-2 4.612E-19 1.579E-17 4.890E-19 

000563-12-2 3.528E-17 2.506E-14 2.272E-17 

000640-15-3 3.418E-17 3.545E-15 8.097E-17 

000080-33-1 2.010E-16 1.145E-14 1.170E-16 

025311-71-1 1.344E-16 4.633E-14 4.176E-16 
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021923-23-9 1.694E-15 8.355E-13 5.240E-16 

005598-13-0 6.339E-18 1.540E-15 9.401E-18 

003347-22-6 2.194E-16 3.997E-15 2.940E-16 

015662-33-6 2.220E-15 2.612E-14 3.934E-15 

002686-99-9 3.859E-17 1.385E-15 8.902E-17 

001912-24-9 5.125E-18 4.096E-16 4.561E-17 

000109-87-5 8.120E-19 1.305E-18 4.848E-19 

000103-11-7 6.026E-19 1.533E-17 3.057E-19 

000108-21-4 2.904E-19 1.225E-18 1.577E-19 

000103-65-1 3.820E-18 5.017E-17 1.933E-18 

000143-08-8 1.760E-18 5.225E-17 9.486E-19 

000097-17-6 3.130E-16 1.241E-13 2.195E-16 

000759-94-4 6.224E-19 3.852E-17 7.520E-19 

000072-56-0 1.534E-16 2.012E-14 1.406E-17 

000057-74-9 9.518E-15 1.279E-12 2.480E-15 

001113-02-6 3.013E-18 3.772E-18 5.161E-19 

042576-02-3 8.394E-18 2.929E-16 3.644E-18 

000947-02-4 8.274E-16 3.296E-14 4.393E-15 

000101-42-8 5.946E-20 1.866E-18 2.679E-19 

041083-11-8 8.179E-15 5.737E-13 8.887E-16 

052645-53-1 3.781E-17 2.463E-15 3.344E-18 

000533-74-4 2.782E-19 2.569E-17 3.448E-18 

001397-94-0 5.508E-17 7.930E-16 2.394E-18 

120068-37-3 2.374E-15 9.917E-14 2.715E-15 

000108-62-3 6.521E-18 2.587E-16 2.556E-17 

023103-98-2 7.369E-18 8.574E-16 7.250E-17 

000299-84-3 3.873E-17 1.126E-14 2.999E-17 

029973-13-5 9.128E-18 2.465E-16 2.241E-17 

001194-65-6 2.072E-16 6.306E-15 3.909E-16 

000298-04-4 3.540E-16 1.533E-13 1.534E-15 

002597-03-7 3.362E-18 2.783E-16 2.780E-18 

000300-76-5 1.346E-17 2.745E-16 1.921E-17 

000900-95-8 2.824E-17 1.209E-15 4.500E-18 

000086-50-0 2.858E-16 3.317E-14 6.979E-16 

008065-36-9 1.165E-16 6.556E-15 1.034E-16 

004824-78-6 3.741E-16 1.910E-13 7.020E-17 

000050-29-3 4.148E-15 2.428E-13 6.368E-16 

012407-86-2 3.871E-17 1.389E-15 8.931E-17 

000327-98-0 3.577E-15 1.576E-12 2.827E-15 

000298-02-2 1.652E-16 6.812E-14 6.325E-16 

010265-92-6 3.270E-17 2.013E-16 2.387E-17 
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 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

010605-21-7 2.356E-18 8.156E-17 7.128E-18 

000297-97-2 1.174E-15 1.255E-13 7.303E-15 

022781-23-3 8.081E-17 2.150E-15 2.184E-16 

013194-48-4 2.184E-15 1.546E-13 1.619E-14 

000095-74-9 4.357E-17 1.163E-14 4.619E-16 

000115-29-7 8.717E-16 5.806E-14 1.168E-16 

000944-22-9 1.496E-16 4.675E-14 4.244E-16 

030560-19-1 1.002E-18 9.167E-18 1.023E-18 

000298-00-0 3.953E-15 4.966E-13 9.636E-15 

005377-20-8 4.091E-17 1.252E-15 9.582E-17 

000076-44-8 5.825E-16 2.267E-13 3.006E-16 

014816-18-3 3.689E-17 5.954E-15 2.470E-17 

000062-73-7 8.955E-17 4.050E-16 2.798E-17 

000121-75-5 5.322E-17 7.734E-15 7.976E-17 

000956-90-1 4.238E-16 6.883E-15 5.394E-16 

000786-19-6 1.286E-15 3.927E-13 4.425E-16 

000950-37-8 1.283E-17 1.004E-15 6.858E-17 

000122-14-5 4.212E-16 3.207E-14 5.991E-16 

008065-48-3 1.760E-14 4.447E-12 2.672E-13 

010380-28-6 1.959E-17 3.431E-16 3.010E-17 

000056-72-4 4.003E-14 2.709E-12 1.266E-13 

056073-10-0 3.217E-12 2.875E-11 5.168E-15 

000084-74-2 9.421E-18 4.127E-16 4.615E-18 

000297-78-9 4.114E-13 3.132E-11 3.747E-13 

007786-34-7 4.951E-18 3.282E-16 3.726E-18 

000116-06-3 2.754E-15 1.227E-13 1.769E-14 

000080-62-6 3.196E-19 9.140E-18 2.782E-19 

003383-96-8 8.319E-15 7.304E-13 1.689E-16 

000063-25-2 6.133E-19 3.474E-17 1.468E-18 

000301-12-2 1.012E-18 1.127E-17 9.117E-19 

000115-90-2 6.036E-15 5.569E-13 3.713E-14 

000072-20-8 1.047E-13 5.155E-11 8.000E-13 

051207-31-9 1.041E-13 5.548E-12 2.339E-14 

000064-17-5 1.256E-18 3.294E-19 6.001E-19 

000095-93-2 5.394E-18 2.018E-16 2.748E-18 

000141-66-2 3.168E-17 1.074E-16 1.475E-17 

000470-90-6 6.459E-15 2.650E-13 1.424E-14 

024691-80-3 3.260E-18 1.165E-16 8.458E-18 
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000315-18-4 5.148E-17 3.535E-15 2.058E-16 

000309-00-2 3.650E-16 6.216E-14 8.938E-16 

000058-89-9 3.952E-14 2.028E-12 7.401E-14 

016752-77-5 4.931E-16 1.056E-14 1.390E-15 

000311-45-5 6.354E-16 2.226E-14 1.777E-15 

001461-25-2 6.254E-15 4.291E-15 3.011E-15 

000109-79-5 5.763E-19 2.686E-17 3.232E-19 

000109-69-3 1.399E-17 9.311E-17 8.006E-18 

000109-86-4 2.248E-18 2.459E-18 1.374E-18 

000092-52-4 6.546E-17 1.569E-18 3.129E-17 

000067-64-1 3.830E-18 2.972E-18 2.015E-18 

000540-88-5 5.260E-18 1.458E-17 2.700E-18 

000067-63-0 1.341E-18 2.772E-18 7.120E-19 

000098-06-6 4.818E-17 6.274E-16 2.421E-17 

000108-20-3 2.171E-18 2.820E-17 1.519E-18 

000078-93-3 3.921E-18 6.140E-18 2.134E-18 

000108-10-1 2.416E-18 2.936E-17 1.477E-18 

000646-06-0 1.162E-18 2.256E-18 7.506E-19 

005989-27-5 4.275E-18 1.654E-15 2.415E-18 

000067-56-1 2.285E-18 1.014E-18 1.180E-18 

000554-12-1 1.461E-18 2.927E-18 7.810E-19 

000109-99-9 2.673E-18 1.802E-17 2.087E-18 

000068-12-2 3.971E-19 2.310E-19 8.153E-20 

000078-92-2 2.163E-18 2.098E-17 1.763E-18 

002227-13-6 3.330E-15 3.300E-13 2.157E-16 

000071-23-8 2.458E-18 7.009E-18 1.578E-18 

000141-78-6 1.079E-18 2.201E-18 5.714E-19 

000098-82-8 2.572E-17 3.025E-16 1.294E-17 

000110-83-8 5.961E-19 6.340E-17 4.282E-19 

000060-29-7 8.621E-19 9.020E-18 7.449E-19 

001330-20-7 1.288E-17 3.167E-16 6.894E-18 

000110-82-7 6.129E-18 1.326E-16 3.530E-18 

000096-22-0 5.648E-18 2.810E-17 3.816E-18 

000111-25-1 2.098E-17 2.053E-16 1.049E-17 

000108-67-8 5.607E-18 5.038E-16 3.153E-18 

000591-78-6 3.755E-18 3.616E-17 2.431E-18 

000563-80-4 4.511E-18 2.039E-17 3.021E-18 

000097-99-4 6.182E-19 2.679E-18 3.864E-19 

001634-04-4 6.430E-18 2.746E-17 5.354E-18 

000095-49-8 1.601E-17 1.073E-16 8.099E-18 

000078-83-1 4.549E-18 3.879E-17 3.589E-18 
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 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

000100-66-3 3.066E-18 5.507E-17 1.774E-18 

000075-65-0 7.120E-18 4.201E-17 6.038E-18 

000110-12-3 3.983E-18 7.778E-17 3.306E-18 

000095-63-6 4.027E-18 2.193E-16 2.087E-18 

000106-94-5 9.487E-18 5.253E-17 5.590E-18 

001639-66-3 1.439E-18 2.065E-17 7.555E-20 

000112-34-5 2.682E-19 6.576E-18 8.165E-19 

000051-79-6 1.839E-19 5.112E-19 7.711E-20 

000151-67-7 1.852E-17 5.309E-17 1.190E-17 

000111-27-3 3.971E-18 9.278E-17 3.811E-18 

000112-36-7 1.417E-18 2.836E-17 3.677E-18 

000156-60-5 1.348E-17 1.057E-16 1.198E-17 

000928-96-1 5.173E-19 6.652E-17 2.400E-18 

000106-43-4 1.610E-17 1.075E-16 8.152E-18 

000103-76-4 2.890E-19 8.463E-19 1.299E-19 

000107-41-5 1.398E-18 2.157E-17 3.134E-18 

000111-13-7 5.012E-18 7.396E-17 2.934E-18 

000541-85-5 3.202E-18 7.004E-17 2.233E-18 

000821-55-6 9.366E-18 1.499E-16 4.968E-18 

000071-43-2 2.732E-17 1.413E-16 2.061E-17 

000104-87-0 1.203E-17 3.933E-16 1.290E-17 

001330-78-5 6.078E-17 2.950E-15 1.574E-17 

000122-03-2 2.624E-17 8.274E-16 1.683E-17 

083164-33-4 2.099E-16 1.172E-14 2.796E-17 

000141-97-9 3.253E-19 8.426E-19 2.053E-19 

000074-97-5 1.514E-17 4.186E-17 8.825E-18 

000078-51-3 1.023E-18 6.984E-17 4.691E-19 

000094-96-2 1.531E-18 3.588E-17 3.248E-18 

000111-70-6 5.472E-18 1.482E-16 4.537E-18 

002814-20-2 3.156E-18 1.900E-16 1.311E-17 

000066-25-1 2.058E-18 5.875E-17 1.495E-18 

000075-18-3 3.362E-18 9.200E-18 1.853E-18 

000123-42-2 1.124E-18 3.991E-18 7.807E-19 

000150-78-7 7.852E-18 2.816E-16 1.108E-17 

000079-01-6 1.122E-17 9.864E-17 9.619E-18 

000075-15-0 2.874E-18 1.705E-17 2.195E-18 

000104-76-7 5.455E-18 1.392E-16 4.125E-18 

000111-15-9 3.760E-19 3.174E-18 3.603E-19 
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000108-86-1 7.423E-18 3.882E-17 3.788E-18 

000067-72-1 1.592E-15 4.691E-15 8.014E-16 

000093-89-0 4.310E-18 3.643E-17 2.406E-18 

000110-49-6 2.388E-19 9.051E-19 1.539E-19 

000108-78-1 1.100E-18 5.517E-19 8.452E-20 

000096-45-7 6.463E-20 1.357E-18 1.333E-19 

000108-85-0 3.129E-17 4.507E-16 1.701E-17 

000076-29-9 2.996E-17 1.390E-15 3.646E-17 

000126-33-0 1.383E-18 3.912E-18 6.003E-19 

000106-24-1 2.358E-18 5.654E-16 3.257E-18 

026444-49-5 2.614E-17 8.258E-16 5.694E-19 

001071-83-6 6.200E-19 8.359E-19 4.825E-21 

000121-33-5 1.693E-18 3.665E-17 3.936E-18 

000627-30-5 3.394E-18 4.185E-17 5.186E-18 

000078-59-1 4.656E-19 1.138E-16 5.564E-18 

000115-96-8 7.931E-18 5.332E-16 3.723E-17 

002307-68-8 2.143E-17 1.748E-15 1.151E-17 

000590-86-3 1.398E-18 2.264E-17 8.833E-19 

000110-93-0 1.246E-18 5.193E-16 2.221E-17 

000868-77-9 1.131E-19 1.280E-18 1.464E-19 

039515-51-0 2.436E-17 1.271E-15 2.066E-17 

000868-85-9 5.353E-18 3.371E-18 2.736E-18 

000127-07-1 1.897E-18 4.447E-19 6.699E-20 

000127-18-4 1.621E-17 7.266E-17 1.227E-17 

000056-23-5 5.691E-17 8.565E-17 4.958E-17 

018181-80-1 6.310E-17 2.431E-15 4.728E-18 

074051-80-2 2.237E-17 1.878E-15 1.082E-17 

014088-71-2 1.791E-15 1.255E-13 1.413E-16 

057018-04-9 3.609E-18 6.129E-16 4.709E-18 

000085-68-7 2.598E-18 9.819E-17 6.622E-19 

013826-35-2 6.101E-18 2.336E-16 5.421E-18 

000134-20-3 3.261E-19 1.729E-17 8.676E-19 

001336-36-3 8.423E-15 1.013E-12 2.758E-15 

000079-21-0 3.195E-17 1.180E-18 1.019E-17 

000051-03-6 7.739E-18 2.086E-15 6.294E-18 

000443-48-1 8.408E-19 6.073E-18 9.217E-19 

012771-68-5 8.424E-17 1.712E-15 2.027E-16 

004658-28-0 1.221E-17 2.584E-16 1.268E-17 

016118-49-3 2.242E-19 8.477E-18 8.127E-19 

000089-98-5 2.960E-17 1.330E-15 4.254E-17 

000086-30-6 4.613E-18 5.687E-16 8.492E-18 
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 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

000097-53-0 1.128E-18 1.989E-16 1.023E-17 

066246-88-6 1.163E-15 8.063E-14 3.659E-16 

002655-19-8 3.078E-17 2.625E-15 5.345E-18 

001582-09-8 2.087E-17 9.434E-15 3.445E-17 

039148-24-8 1.316E-16 2.353E-19 3.717E-20 

018181-70-9 1.139E-16 2.551E-14 2.348E-17 

000616-45-5 4.890E-19 3.840E-19 4.952E-20 

001836-75-5 6.546E-16 3.680E-14 2.196E-16 

000140-66-9 7.822E-18 1.185E-15 2.668E-18 

000094-09-7 1.937E-18 7.002E-17 7.828E-18 

000148-24-3 5.852E-19 1.854E-16 1.281E-17 

000061-73-4 6.355E-19 4.080E-17 6.164E-18 

076578-14-8 1.046E-17 4.469E-16 3.037E-18 

110488-70-5 7.942E-17 1.705E-15 1.241E-16 

000841-06-5 6.531E-18 2.925E-16 2.181E-17 

023950-58-5 2.169E-17 1.945E-15 5.853E-17 

023184-66-9 1.818E-17 2.343E-15 1.095E-17 

055219-65-3 3.040E-16 6.052E-15 3.412E-16 

019937-59-8 1.673E-17 4.754E-16 6.076E-17 

055268-74-1 5.595E-18 9.236E-17 8.271E-18 

000080-05-7 5.810E-17 4.326E-15 6.782E-17 

001401-55-4 3.287E-19 4.285E-19 6.216E-20 

002691-41-0 1.031E-18 5.435E-17 8.151E-18 

013674-87-8 3.637E-17 1.271E-15 3.269E-17 

000139-40-2 1.086E-17 5.073E-16 3.331E-17 

000080-00-2 1.517E-16 4.037E-15 1.445E-16 

000135-88-6 3.467E-18 1.691E-15 9.685E-18 

003380-34-5 1.882E-16 1.682E-14 6.583E-17 

000052-68-6 1.132E-17 8.045E-17 5.074E-18 

002104-96-3 5.404E-17 1.550E-14 3.386E-17 

012122-67-7 2.183E-18 4.617E-17 2.506E-18 

051707-55-2 8.672E-19 1.078E-17 1.332E-18 

000140-57-8 1.018E-16 1.752E-14 6.379E-17 

002104-64-5 1.314E-15 1.996E-13 5.772E-16 

000121-87-9 5.166E-17 8.404E-16 9.811E-17 

000101-21-3 2.833E-17 1.602E-15 1.055E-16 

088283-41-4 2.063E-16 7.708E-15 1.814E-16 

007287-19-6 1.012E-17 7.388E-16 2.303E-17 
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161050-58-4 2.048E-16 6.868E-15 1.625E-16 

060168-88-9 2.026E-15 4.830E-14 2.696E-15 

000098-92-0 2.127E-19 3.490E-19 4.532E-20 

000961-11-5 1.202E-17 3.751E-16 1.155E-17 

000060-51-5 2.511E-17 1.865E-15 2.077E-16 

051218-49-6 1.059E-17 1.292E-15 1.252E-17 

000067-45-8 3.280E-19 3.711E-18 5.688E-19 

000107-21-1 8.021E-19 3.438E-19 1.077E-19 

000099-87-6 3.815E-17 1.250E-15 1.943E-17 

000075-85-4 9.475E-18 1.218E-16 1.109E-17 

000107-87-9 5.726E-18 3.625E-17 4.163E-18 

026952-21-6 7.358E-18 1.122E-16 3.955E-18 

000123-91-1 1.391E-18 9.744E-18 1.402E-18 

000540-59-0 9.327E-18 7.918E-17 8.010E-18 

000108-05-4 3.760E-19 4.154E-18 2.216E-19 

001114-71-2 3.408E-18 1.269E-16 1.859E-18 

000632-22-4 6.296E-19 4.310E-18 6.269E-19 

002216-51-5 7.817E-19 3.241E-17 5.446E-19 

000141-32-2 3.118E-18 4.947E-17 1.740E-18 

000100-47-0 2.681E-17 2.285E-16 2.083E-17 

000108-90-7 1.244E-17 7.360E-17 7.607E-18 

000108-70-3 5.896E-16 5.068E-15 3.109E-16 

000120-51-4 1.384E-18 3.788E-17 4.216E-19 

000122-42-9 5.082E-19 4.399E-17 1.143E-18 

000780-11-0 4.583E-17 2.066E-15 6.971E-17 

000131-17-9 8.800E-19 8.439E-17 1.469E-18 

002528-36-1 2.210E-18 1.474E-16 3.995E-19 

000091-53-2 2.437E-17 1.028E-14 1.181E-16 

000061-82-5 2.695E-18 5.119E-18 7.707E-19 

000126-72-7 1.541E-18 1.795E-16 1.314E-18 

000096-18-4 2.342E-16 1.312E-15 1.884E-16 

000732-26-3 2.461E-15 4.046E-13 2.594E-16 

000095-82-9 2.363E-18 2.242E-16 8.149E-18 

001966-58-1 9.056E-18 3.830E-16 1.695E-17 

000089-61-2 3.733E-16 9.047E-15 3.909E-16 

000118-74-1 1.277E-14 4.472E-13 9.457E-15 

002465-27-2 3.187E-17 4.385E-15 2.758E-16 

002475-46-9 4.349E-18 1.101E-16 3.813E-18 

000150-68-5 1.079E-17 2.296E-16 2.621E-17 

051235-04-2 2.415E-19 9.841E-18 1.193E-18 

000114-07-8 8.288E-18 1.468E-16 1.226E-17 
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 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

000097-77-8 1.114E-17 9.357E-15 1.199E-16 

000886-50-0 1.638E-17 7.731E-16 1.696E-17 

009006-42-2 4.894E-19 1.610E-18 2.679E-19 

000950-35-6 3.154E-16 4.090E-15 4.453E-16 

000133-07-3 4.847E-16 4.635E-14 1.622E-15 

000333-41-5 1.891E-15 3.297E-13 1.459E-14 

014484-64-1 2.226E-18 6.968E-18 1.167E-18 

001014-70-6 1.385E-17 4.110E-16 2.515E-17 

000098-07-7 2.671E-16 2.750E-19 4.847E-17 

013356-08-6 9.916E-08 1.900E-12 1.138E-15 

000095-53-4 1.254E-18 9.266E-17 8.768E-19 

000142-96-1 1.313E-17 3.994E-16 6.740E-18 

000098-51-1 9.891E-17 4.164E-15 4.951E-17 

000110-02-1 1.096E-17 1.498E-16 7.127E-18 

000075-09-2 4.220E-17 1.061E-16 2.365E-17 

001300-21-6 6.220E-17 2.004E-16 3.597E-17 

014235-86-0 2.974E-15 2.066E-14 6.183E-18 

000100-42-5 1.117E-17 8.988E-16 6.524E-18 

000110-43-0 1.164E-17 1.655E-16 7.153E-18 

000105-60-2 9.477E-19 1.165E-17 1.382E-18 

000115-19-5 4.347E-18 4.107E-17 4.911E-18 

000108-94-1 4.417E-18 3.311E-17 3.549E-18 

000077-74-7 1.869E-17 5.350E-16 2.943E-17 

000078-40-0 2.000E-18 5.191E-17 6.013E-18 

000109-06-8 1.423E-17 1.806E-16 1.669E-17 

000109-70-6 5.456E-17 3.109E-16 2.991E-17 

000075-07-0 6.431E-18 7.496E-18 3.338E-18 

000108-83-8 4.362E-18 2.302E-16 4.891E-18 

000128-37-0 7.635E-17 4.407E-15 3.968E-17 

000109-01-3 2.982E-19 6.042E-18 8.315E-19 

000101-02-0 2.260E-16 7.205E-15 7.891E-17 

000920-66-1 1.054E-17 9.597E-17 8.958E-18 

000096-09-3 2.086E-18 1.066E-17 1.180E-18 

000118-96-7 1.760E-18 5.823E-19 9.879E-20 

000096-29-7 7.511E-18 8.707E-17 9.870E-18 

000630-20-6 3.481E-16 1.387E-15 1.670E-16 

000100-51-6 9.306E-19 2.085E-17 1.843E-18 

000100-44-7 1.709E-17 1.036E-16 8.816E-18 
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000078-87-5 2.299E-17 1.106E-16 2.398E-17 

000098-86-2 1.396E-17 2.795E-16 1.587E-17 

000122-99-6 2.287E-18 5.519E-17 5.731E-18 

000140-88-5 1.375E-18 1.677E-17 7.816E-19 

031431-39-7 1.060E-17 2.031E-16 1.238E-17 

000075-25-2 7.388E-17 4.002E-16 4.380E-17 

000120-07-0 2.251E-19 1.335E-17 1.979E-18 

000095-48-7 1.363E-17 8.698E-16 2.733E-17 

000100-52-7 2.044E-17 3.715E-16 1.982E-17 

000120-82-1 4.503E-15 3.784E-14 2.316E-15 

000112-53-8 3.166E-17 1.598E-15 5.415E-18 

000589-18-4 1.382E-17 3.030E-16 3.219E-17 

000088-72-2 5.138E-17 4.071E-16 4.266E-17 

000103-84-4 1.861E-18 2.824E-17 3.034E-18 

000115-86-6 6.448E-18 2.241E-16 7.577E-19 

000095-94-3 8.785E-15 9.832E-14 4.498E-15 

000085-01-8 2.414E-16 3.071E-15 7.373E-17 

000103-90-2 8.646E-19 8.186E-18 1.028E-18 

000087-62-7 1.540E-18 6.032E-16 3.325E-17 

000693-21-0 4.018E-18 5.838E-17 7.006E-18 

058138-08-2 8.448E-16 1.414E-14 4.231E-16 

025586-43-0 2.920E-16 1.127E-14 1.716E-16 

000106-92-3 2.558E-18 6.739E-17 5.010E-18 

077732-09-3 2.648E-17 2.733E-16 4.093E-17 

000134-62-3 1.619E-17 9.481E-16 6.707E-17 

000075-87-6 5.341E-17 6.351E-16 9.031E-17 

000108-69-0 1.438E-18 6.728E-16 2.126E-17 

000072-43-5 1.096E-16 1.415E-15 5.536E-18 

000090-13-1 2.558E-16 9.870E-15 1.503E-16 

025319-90-8 9.940E-17 7.850E-15 8.411E-17 

000144-21-8 2.968E-14 1.720E-18 2.686E-19 

000091-23-6 2.309E-17 4.418E-16 4.402E-17 

000957-51-7 3.214E-17 7.375E-16 4.275E-17 

000099-08-1 6.667E-17 7.256E-16 7.499E-17 

000105-67-9 1.465E-18 1.550E-16 7.139E-18 

000121-69-7 1.199E-18 4.195E-16 2.588E-17 

001929-77-7 5.024E-18 4.738E-16 5.329E-18 

000099-99-0 1.490E-17 3.434E-16 1.984E-17 

000087-59-2 1.091E-18 5.730E-16 2.211E-17 

002163-80-6 6.522E-15 6.243E-18 9.656E-19 

000060-54-8 5.282E-18 3.099E-18 5.243E-19 
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 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

002223-93-0 1.321E-16 1.691E-15 1.353E-17 

000129-00-0 3.203E-17 1.585E-16 5.492E-18 

010443-70-6 2.516E-17 1.598E-15 1.128E-17 

001134-23-2 6.627E-18 9.171E-16 1.008E-17 

000122-60-1 4.384E-18 2.669E-16 2.155E-17 

000121-79-9 1.166E-19 5.612E-18 4.842E-19 

000095-95-4 9.526E-17 4.729E-16 4.974E-17 

000140-11-4 9.879E-19 1.688E-17 9.262E-19 

000081-81-2 2.101E-16 8.930E-15 6.867E-16 

000104-88-1 4.515E-17 2.677E-15 1.179E-16 

023947-60-6 4.440E-19 4.576E-17 4.511E-18 

000098-09-9 3.645E-17 3.869E-16 2.266E-17 

001319-77-3 1.696E-17 1.749E-15 1.090E-16 

000056-75-7 1.745E-18 1.814E-17 2.657E-18 

024096-53-5 3.352E-16 4.604E-15 6.749E-16 

041394-05-2 6.471E-18 1.160E-16 8.251E-18 

000099-56-9 2.366E-18 4.893E-17 7.076E-18 

076738-62-0 1.555E-15 3.614E-14 1.754E-15 

000608-93-5 1.581E-14 3.387E-13 9.647E-15 

000634-93-5 6.478E-16 1.511E-14 4.963E-16 

000059-50-7 3.778E-18 3.569E-16 1.016E-17 

056425-91-3 1.825E-15 8.564E-14 3.453E-15 

000119-34-6 1.451E-18 2.052E-17 2.946E-18 

000089-83-8 7.115E-18 1.566E-15 4.428E-17 

005103-74-2 5.004E-14 1.123E-11 2.549E-14 

000140-89-6 2.542E-16 1.772E-17 2.738E-18 

001214-39-7 3.377E-18 4.004E-17 5.280E-18 

000626-17-5 5.988E-17 6.404E-16 9.197E-17 

000095-64-7 1.526E-18 6.783E-16 3.986E-17 

022212-55-1 2.389E-17 1.090E-15 7.587E-18 

015457-05-3 3.729E-16 1.261E-14 3.248E-16 

000583-78-8 5.039E-17 2.179E-15 6.935E-17 

007696-12-0 2.647E-17 7.215E-15 2.231E-17 

000122-39-4 4.123E-17 8.297E-15 1.894E-16 

000554-00-7 4.592E-17 2.576E-15 1.114E-16 

000072-55-9 9.127E-15 9.496E-13 5.847E-15 

017754-90-4 1.568E-18 2.772E-16 1.593E-17 

000115-31-1 2.135E-17 1.125E-15 1.649E-17 
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000090-04-0 2.460E-18 4.735E-16 3.596E-17 

000088-04-0 4.509E-18 8.618E-16 2.187E-17 

000099-54-7 1.185E-16 3.060E-15 1.298E-16 

002164-17-2 6.191E-17 1.213E-15 1.237E-16 

015972-60-8 8.187E-18 7.018E-16 1.696E-17 

000082-68-8 1.527E-16 2.620E-15 7.033E-17 

000104-94-9 3.490E-18 2.033E-16 2.599E-17 

000097-23-4 5.786E-17 2.630E-15 2.430E-17 

002439-01-2 3.680E-17 1.430E-15 2.288E-17 

038260-54-7 1.784E-17 2.033E-15 5.393E-17 

000260-94-6 4.978E-17 4.342E-15 1.105E-16 

000120-72-9 1.688E-17 3.917E-15 2.655E-16 

000610-39-9 1.190E-17 2.492E-16 1.767E-17 

040487-42-1 1.601E-17 1.471E-15 2.698E-17 

010453-86-8 3.294E-18 1.248E-15 4.345E-19 

028434-01-7 1.425E-18 5.471E-16 4.784E-19 

000099-30-9 7.929E-17 1.465E-15 1.082E-16 

000602-01-7 3.218E-17 6.767E-16 5.036E-17 

002634-33-5 2.833E-17 4.753E-16 6.981E-17 

001014-69-3 1.353E-17 1.336E-15 9.555E-17 

001948-33-0 5.971E-18 4.235E-16 2.122E-17 

000050-65-7 4.309E-17 2.146E-15 1.180E-17 

002797-51-5 2.326E-16 6.556E-15 6.865E-16 

000623-25-6 1.211E-16 3.153E-15 8.507E-17 

051218-45-2 5.690E-17 3.545E-15 3.424E-16 

021564-17-0 7.970E-18 8.913E-16 2.964E-17 

000057-63-6 8.770E-18 3.251E-16 8.013E-18 

000136-25-4 4.837E-16 2.173E-15 2.697E-17 

000150-50-5 3.476E-16 1.710E-14 2.606E-17 

000085-44-9 1.346E-17 4.655E-18 4.104E-20 

000075-05-8 5.524E-17 6.625E-17 3.240E-17 

055512-33-9 1.383E-16 7.688E-15 4.653E-18 

000563-47-3 3.394E-18 1.895E-16 2.298E-18 

000078-30-8 2.726E-16 1.323E-14 7.063E-17 

000126-73-8 1.932E-18 1.620E-16 7.093E-19 

000099-97-8 4.911E-18 2.072E-15 3.211E-17 

000054-85-3 6.346E-18 1.679E-17 2.572E-18 

050512-35-1 1.303E-19 6.335E-18 1.085E-19 

005221-53-4 6.693E-19 1.383E-16 3.621E-18 

000090-43-7 1.402E-17 5.516E-16 1.104E-17 

016423-68-0 3.478E-17 2.322E-16 5.141E-17 
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 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

001918-13-4 7.475E-17 3.029E-15 1.548E-16 

000510-15-6 1.723E-16 1.036E-14 4.188E-17 

000120-80-9 7.000E-19 3.987E-17 1.530E-18 

069806-50-4 2.219E-17 1.239E-15 5.828E-18 

000090-15-3 1.433E-17 4.285E-15 2.323E-16 

000148-79-8 1.571E-17 6.422E-16 5.297E-17 

002303-17-5 2.848E-17 6.063E-15 5.052E-17 

028249-77-6 6.126E-16 3.990E-14 1.119E-15 

068694-11-1 3.760E-16 1.169E-14 1.740E-15 

014324-55-1 2.803E-17 2.733E-15 1.206E-16 

000731-27-1 8.009E-16 6.227E-14 1.040E-15 

071751-41-2 7.144E-13 3.943E-11 2.589E-13 

008001-35-2 2.294E-14 2.627E-13 3.097E-14 

000101-27-9 1.143E-17 2.376E-17 4.075E-20 

000071-36-3 1.499E-17 1.548E-16 1.293E-17 

000542-75-6 1.278E-17 4.849E-17 6.390E-18 

000107-05-1 4.253E-18 9.911E-17 2.536E-18 

000111-76-2 3.340E-18 5.294E-17 4.609E-18 

000071-41-0 1.976E-17 3.634E-16 2.028E-17 

000077-73-6 1.581E-17 2.835E-15 1.071E-17 

024602-86-6 6.558E-18 1.572E-15 1.077E-18 

000075-56-9 2.814E-17 3.332E-17 1.553E-17 

000075-27-4 1.295E-16 5.062E-16 9.574E-17 

000107-06-2 8.946E-17 3.065E-16 6.265E-17 

000075-97-8 2.234E-17 9.540E-17 1.371E-17 

000108-89-4 2.443E-17 3.932E-16 3.393E-17 

000124-48-1 9.440E-17 4.217E-16 5.721E-17 

000108-99-6 1.462E-17 2.182E-16 1.904E-17 

000102-27-2 8.796E-18 2.257E-15 4.162E-17 

000079-00-5 6.924E-17 3.134E-16 5.484E-17 

000094-62-2 3.069E-17 3.929E-15 3.909E-17 

067485-29-4 3.544E-15 2.031E-13 5.770E-17 

000110-62-3 2.833E-16 5.588E-15 2.096E-16 

000091-20-3 1.807E-16 5.429E-15 1.090E-16 

000556-52-5 6.849E-18 2.101E-18 2.914E-18 

000106-46-7 9.224E-16 5.135E-15 5.707E-16 

025154-52-3 2.654E-19 4.547E-17 2.514E-19 

002303-16-4 5.214E-17 8.309E-15 4.088E-17 
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000095-50-1 1.165E-15 6.725E-15 8.168E-16 

000150-19-6 2.300E-18 2.167E-16 2.025E-17 

000106-40-1 2.962E-17 3.103E-15 1.365E-16 

000090-05-1 4.011E-18 1.419E-16 9.591E-18 

000095-68-1 2.178E-18 8.582E-16 4.404E-17 

024307-26-4 1.273E-16 5.040E-18 7.775E-19 

002212-67-1 4.461E-18 2.682E-16 4.906E-18 

000095-16-9 2.369E-17 9.000E-16 5.620E-17 

000103-69-5 1.088E-17 1.597E-15 6.345E-17 

000098-95-3 4.311E-17 7.635E-16 4.738E-17 

000093-78-7 5.893E-16 2.722E-14 2.781E-16 

000302-17-0 1.358E-17 2.169E-16 2.248E-17 

000090-02-8 1.021E-17 4.488E-16 1.951E-17 

000108-68-9 3.906E-18 7.920E-16 4.651E-17 

000095-87-4 4.958E-18 9.303E-16 4.857E-17 

000075-47-8 7.567E-18 7.077E-17 4.545E-18 

000645-56-7 2.205E-17 2.851E-15 7.978E-17 

039300-45-3 5.871E-17 3.262E-15 1.394E-18 

000299-86-5 7.932E-16 5.533E-14 1.958E-15 

000095-54-5 7.846E-19 3.903E-17 5.713E-18 

000106-48-9 9.414E-17 3.480E-15 2.227E-16 

034014-18-1 8.719E-18 1.278E-16 1.572E-17 

000121-54-0 1.157E-15 4.747E-14 6.887E-16 

001610-18-0 9.996E-18 5.360E-16 2.661E-17 

000121-73-3 2.679E-16 4.910E-15 2.776E-16 

000098-16-8 6.942E-17 3.978E-15 1.625E-16 

051338-27-3 1.863E-16 1.513E-14 5.667E-17 

005259-88-1 1.011E-18 1.927E-17 2.890E-18 

000095-65-8 7.197E-18 9.117E-16 6.221E-17 

000100-00-5 2.000E-16 2.907E-15 2.637E-16 

000709-98-8 2.085E-16 5.538E-15 2.485E-16 

000080-15-9 8.714E-17 2.057E-15 1.818E-16 

000094-11-1 2.556E-16 1.305E-14 1.703E-16 

000818-61-1 7.106E-19 2.236E-18 2.938E-19 

000120-32-1 1.705E-16 1.242E-14 1.013E-16 

000135-19-3 6.049E-17 7.679E-15 4.914E-16 

000116-29-0 8.834E-15 5.000E-13 3.930E-15 

008027-00-7 2.744E-15 2.018E-13 6.044E-16 

000619-15-8 4.716E-17 9.960E-16 7.366E-17 

000089-63-4 6.365E-17 1.365E-15 1.036E-16 

096489-71-3 6.892E-16 1.418E-13 1.055E-16 
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 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

119168-77-3 4.813E-16 2.927E-14 1.475E-16 

028434-00-6 2.747E-17 7.983E-15 2.281E-17 

000097-74-5 1.143E-19 5.043E-18 6.264E-19 

116255-48-2 2.220E-15 5.064E-14 2.362E-15 

000095-76-1 6.572E-17 3.483E-15 2.722E-16 

000101-54-2 1.320E-17 1.159E-15 1.380E-16 

000834-12-8 2.866E-17 1.228E-15 7.631E-17 

002921-88-2 1.097E-15 3.814E-13 1.265E-15 

023031-36-9 5.660E-18 3.532E-15 1.618E-17 

014437-17-3 4.049E-17 9.770E-16 2.606E-17 

000077-47-4 3.793E-15 1.170E-16 1.811E-15 

002227-17-0 1.321E-13 1.027E-12 8.342E-16 

002489-77-2 6.943E-19 1.483E-17 1.113E-18 

001445-75-6 1.383E-18 1.298E-16 6.302E-18 

000111-36-4 7.042E-17 4.273E-16 3.605E-17 

000096-33-3 2.362E-18 1.126E-17 1.283E-18 

033820-53-0 2.937E-18 2.087E-16 8.717E-19 

026087-47-8 1.791E-18 2.120E-16 3.688E-18 

000057-15-8 3.992E-16 1.070E-14 8.137E-16 

000094-80-4 5.416E-16 3.314E-14 1.516E-16 

003244-90-4 1.353E-16 5.634E-14 1.329E-17 

000091-64-5 2.723E-17 5.077E-16 4.611E-17 

000103-85-5 1.173E-17 3.036E-16 3.614E-17 

000115-32-2 5.715E-15 3.693E-13 4.729E-16 

000088-73-3 2.303E-16 4.594E-15 2.887E-16 

000050-44-2 5.532E-19 2.309E-17 3.485E-18 

025366-23-8 2.134E-17 2.903E-16 3.875E-17 

034681-23-7 7.626E-18 2.289E-17 3.561E-18 

008004-87-3 3.116E-16 2.640E-15 4.059E-16 

000055-91-4 1.230E-16 1.863E-14 1.094E-15 

060207-31-0 1.525E-15 2.296E-14 2.546E-15 

000089-72-5 1.848E-17 2.488E-15 4.260E-17 

000092-87-5 3.350E-17 1.509E-15 1.208E-16 

003942-54-9 4.886E-17 1.097E-15 9.051E-17 

000576-26-1 8.097E-18 2.198E-15 1.491E-16 

043121-43-3 9.437E-16 1.569E-14 1.235E-15 

000058-14-0 8.765E-17 6.916E-15 5.778E-16 

002631-40-5 4.918E-17 1.096E-15 8.052E-17 
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002497-07-6 1.866E-16 1.572E-14 1.465E-15 

000554-84-7 1.422E-16 2.306E-15 2.466E-16 

000500-28-7 3.639E-17 3.195E-15 8.589E-17 

000097-02-9 3.219E-17 4.610E-16 5.450E-17 

005103-71-9 9.751E-14 1.924E-11 4.907E-14 

000584-79-2 4.716E-18 1.371E-15 3.917E-18 

001085-98-9 3.996E-16 1.565E-14 3.692E-16 

000117-80-6 5.778E-16 1.471E-14 7.475E-16 

033245-39-5 1.607E-17 1.847E-15 1.451E-17 

000099-35-4 3.282E-17 3.756E-16 5.549E-17 

000548-62-9 4.004E-16 3.800E-15 6.873E-16 

000077-58-7 4.950E-12 3.915E-14 2.785E-14 

000077-78-1 2.739E-17 1.398E-18 8.915E-18 

000123-96-6 2.721E-17 5.918E-16 1.623E-17 

000106-44-5 4.276E-18 3.316E-17 1.093E-18 

000109-09-1 1.116E-16 1.220E-15 1.164E-16 

000075-35-4 8.444E-18 2.139E-16 1.334E-17 

000120-83-2 1.501E-17 1.143E-17 6.997E-18 

000597-64-8 8.077E-17 1.105E-14 4.068E-17 

000067-66-3 3.782E-16 1.325E-15 2.546E-16 

000098-00-0 1.358E-18 3.219E-17 3.592E-18 

000081-82-3 3.338E-16 6.546E-15 3.818E-16 

000606-20-2 1.212E-17 3.402E-17 5.549E-18 

000127-00-4 2.046E-17 2.022E-16 2.347E-17 

000060-24-2 1.542E-18 8.484E-18 1.121E-18 

000107-22-2 2.931E-17 3.725E-18 7.806E-19 

000075-89-8 4.633E-17 1.611E-16 3.372E-17 

000050-00-0 1.133E-17 7.808E-17 8.383E-18 

000055-18-5 5.691E-18 1.229E-16 1.084E-17 

008003-19-8 1.416E-16 5.737E-16 7.894E-17 

004005-51-0 7.980E-19 5.446E-18 8.238E-19 

000055-63-0 3.062E-18 7.521E-17 1.511E-18 

000057-43-2 8.440E-18 1.141E-16 1.238E-17 

002782-70-9 2.423E-16 2.342E-14 5.407E-17 

018854-01-8 6.764E-16 1.460E-13 1.277E-15 

000121-14-2 6.191E-17 2.539E-16 4.012E-17 

000078-48-8 3.966E-17 8.132E-15 2.575E-17 

001871-57-4 4.597E-17 2.309E-15 2.839E-17 

069581-33-5 1.226E-17 1.700E-16 2.466E-17 

000618-85-9 8.829E-17 1.455E-15 1.323E-16 

000123-31-9 5.802E-19 6.177E-19 5.700E-20 



Appendices 

202 

 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

000066-76-2 4.632E-17 5.487E-16 4.217E-17 

000095-57-8 2.509E-16 1.293E-14 4.548E-16 

001929-82-4 5.250E-16 1.140E-14 4.254E-16 

001129-41-5 5.574E-17 1.057E-15 1.102E-16 

000055-37-8 1.094E-16 1.857E-14 4.868E-17 

000100-63-0 4.492E-17 1.501E-15 2.005E-16 

069409-94-5 1.312E-16 3.421E-15 1.042E-18 

041814-78-2 6.759E-17 1.479E-15 1.848E-16 

002698-41-1 1.887E-15 4.244E-14 2.643E-15 

000999-61-1 4.078E-19 3.562E-18 4.435E-19 

000107-14-2 9.058E-17 2.211E-16 5.799E-17 

006923-22-4 2.227E-17 9.881E-17 1.341E-17 

002425-10-7 8.179E-17 1.816E-15 1.687E-16 

000057-14-7 4.093E-17 5.276E-17 7.478E-18 

000057-06-7 1.376E-17 5.642E-16 1.295E-17 

027304-13-8 3.274E-14 2.878E-12 1.609E-14 

004342-36-3 2.027E-16 2.138E-14 4.333E-17 

000319-84-6 8.301E-14 3.440E-12 8.334E-14 

000072-54-8 1.866E-13 1.706E-11 6.305E-14 

002155-70-6 1.415E-16 1.707E-14 9.767E-17 

003252-43-5 2.405E-17 1.323E-16 2.151E-17 

002425-66-3 8.553E-17 6.895E-16 7.553E-17 

015263-52-2 3.209E-18 6.639E-18 1.036E-18 

041198-08-7 9.202E-16 1.113E-13 3.796E-16 

000123-03-5 9.681E-16 2.696E-14 3.502E-15 

077458-01-6 6.299E-16 2.498E-14 4.095E-16 

000075-86-5 2.290E-16 1.452E-15 2.162E-16 

000106-51-4 3.695E-17 1.180E-16 2.590E-17 

000137-30-4 2.513E-17 9.476E-16 1.367E-16 

015263-53-3 4.496E-18 9.302E-18 1.451E-18 

001563-66-2 1.322E-15 7.577E-14 8.187E-15 

001634-78-2 1.252E-17 9.324E-17 1.101E-17 

000481-39-0 1.083E-16 2.428E-15 2.762E-16 

000130-15-4 4.530E-16 6.714E-15 8.162E-16 

000121-29-9 4.190E-18 1.663E-15 1.096E-17 

000512-56-1 7.079E-19 7.376E-19 1.080E-19 

000111-69-3 2.498E-17 1.091E-16 1.647E-17 

002385-85-5 3.285E-14 1.909E-12 1.106E-14 



D. Appendix to chapter 6 

203 

000629-40-3 4.640E-17 5.154E-16 7.231E-17 

000050-06-6 1.410E-17 1.618E-16 2.194E-17 

000070-69-9 1.604E-17 1.439E-15 1.531E-16 

000052-60-8 5.753E-16 2.683E-13 2.381E-16 

002540-82-1 1.542E-17 4.148E-16 4.302E-17 

000088-74-4 4.804E-17 1.122E-15 1.113E-16 

000111-30-8 6.959E-18 2.330E-17 4.403E-18 

001461-22-9 2.160E-16 1.435E-14 1.089E-16 

001912-26-1 5.149E-18 5.349E-16 1.648E-17 

000591-27-5 1.968E-19 1.116E-17 1.623E-18 

000299-85-4 8.054E-17 9.085E-14 6.320E-16 

056073-07-5 5.522E-15 8.166E-13 1.332E-16 

000096-12-8 1.225E-16 9.782E-16 6.973E-17 

002636-26-2 2.407E-16 2.418E-14 6.063E-16 

008003-34-7 6.540E-18 3.965E-15 1.427E-18 

000741-58-2 1.677E-17 3.014E-15 2.383E-17 

000465-73-6 2.618E-14 1.426E-11 8.859E-15 

000639-58-7 7.256E-16 9.725E-15 3.154E-16 

000107-12-0 2.025E-16 3.728E-16 1.261E-16 

000544-25-2 1.567E-17 2.011E-15 1.210E-17 

000096-24-2 1.032E-17 1.384E-17 2.272E-18 

000075-21-8 1.109E-16 1.169E-16 5.846E-17 

000111-44-4 1.104E-16 5.853E-16 8.497E-17 

002275-14-1 9.630E-16 8.410E-13 4.470E-16 

000075-74-1 3.829E-18 9.266E-17 2.781E-18 

000107-13-1 1.651E-16 3.003E-16 9.020E-17 

007292-16-2 8.122E-17 7.214E-15 7.440E-17 

002275-23-2 2.013E-18 1.734E-17 2.358E-18 

000111-91-1 1.099E-16 3.452E-15 2.655E-16 

000107-07-3 4.446E-17 8.202E-17 2.484E-17 

004170-30-3 2.738E-17 4.267E-16 3.075E-17 

000106-89-8 5.769E-17 1.562E-16 3.364E-17 

000098-01-1 1.120E-17 1.410E-16 1.310E-17 

000096-05-9 1.046E-17 4.476E-16 6.953E-18 

000110-65-6 4.827E-18 4.950E-18 6.303E-19 

000123-54-6 1.414E-17 1.067E-16 1.459E-17 

001757-18-2 3.911E-15 2.775E-12 1.626E-15 

000919-86-8 1.167E-17 3.110E-16 3.612E-17 

010311-84-9 4.955E-15 5.002E-13 1.687E-15 

000124-63-0 6.831E-17 5.931E-16 5.796E-17 

000589-16-2 1.961E-18 6.534E-16 2.694E-17 
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 Emission to air Emissions to fresh 
water 

Emission to 
agricultural soil 

CAS number CTP (yr) CTP (yr) CTP (yr) 

000107-20-0 1.052E-16 1.268E-16 5.727E-17 

000062-53-3 6.144E-18 3.827E-16 4.164E-17 

000079-19-6 4.173E-17 1.434E-17 7.275E-18 

000105-39-5 1.348E-17 4.325E-17 7.468E-18 

000100-43-6 3.392E-17 2.585E-15 1.331E-16 

000091-15-6 5.637E-16 6.820E-15 8.500E-16 

000619-72-7 4.306E-16 5.046E-15 6.855E-16 

000112-56-1 1.915E-17 8.711E-16 7.428E-17 

000485-31-4 2.686E-17 1.924E-15 8.655E-18 

000107-19-7 1.901E-17 2.460E-17 1.041E-17 

000481-42-5 4.586E-16 1.548E-14 1.233E-15 

000054-64-8 1.485E-15 1.533E-16 2.427E-17 

002595-54-2 9.880E-17 7.250E-15 4.652E-16 

000107-18-6 1.588E-17 1.046E-16 1.214E-17 

002445-07-0 5.557E-17 3.472E-15 4.944E-16 

000121-82-4 2.662E-17 6.070E-16 8.957E-17 

000078-34-2 2.447E-16 1.814E-14 2.719E-16 

008022-00-2 1.287E-17 3.428E-16 3.981E-17 

002034-22-2 1.090E-15 3.561E-14 4.656E-15 

000123-88-6 1.153E-18 1.167E-16 8.795E-18 

001646-88-4 2.631E-17 9.025E-17 1.409E-17 

000096-23-1 1.194E-16 1.634E-15 1.762E-16 

000056-38-2 5.667E-16 1.255E-13 3.936E-16 

000099-65-0 7.591E-16 8.594E-15 1.447E-15 

000119-38-0 1.916E-16 1.150E-14 1.474E-15 

000532-27-4 2.622E-16 5.737E-15 4.825E-16 

000683-18-1 2.671E-17 8.739E-16 3.378E-17 

001024-57-3 6.763E-14 3.516E-12 4.031E-14 

001420-06-0 3.477E-17 6.551E-15 6.512E-17 

000078-94-4 5.304E-17 4.202E-16 4.546E-17 

002235-25-8 6.665E-18 2.003E-17 3.151E-18 

000056-36-0 1.345E-16 8.241E-15 1.078E-16 

068359-37-5 6.667E-16 2.793E-14 1.637E-17 

001067-33-0 4.664E-17 9.436E-16 8.791E-17 

059669-26-0 2.280E-16 7.826E-15 7.142E-16 

000056-35-9 5.743E-15 3.105E-13 1.900E-15 

005827-05-4 3.526E-17 4.763E-15 3.614E-16 

000502-39-6 5.438E-17 2.376E-17 3.826E-18 
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002642-71-9 2.549E-15 6.187E-13 2.637E-14 

000062-75-9 4.697E-17 2.456E-17 2.463E-17 

002074-50-2 1.530E-15 7.633E-15 1.180E-15 

000953-17-3 3.058E-16 2.836E-13 6.992E-16 

082657-04-3 1.682E-15 1.295E-13 1.176E-16 

070124-77-5 1.403E-16 4.198E-15 1.399E-18 

039515-41-8 7.995E-17 5.430E-15 5.038E-18 

000055-38-9 5.550E-16 9.004E-14 1.724E-15 

052315-07-8 2.510E-14 4.953E-13 3.456E-14 

000087-68-3 7.143E-14 4.735E-13 3.582E-14 

003811-49-2 6.016E-18 7.550E-16 1.625E-17 

002310-17-0 1.864E-16 1.314E-14 3.982E-17 

013067-93-1 1.443E-15 2.984E-13 1.989E-15 

082560-54-1 1.428E-16 1.819E-14 1.201E-16 

002255-17-6 1.804E-15 2.769E-14 2.596E-15 

000064-00-6 3.467E-16 1.659E-14 6.666E-16 

000973-21-7 3.204E-16 1.506E-14 2.425E-16 

063284-71-9 6.428E-15 1.388E-13 6.938E-15 

000060-57-1 2.124E-14 3.032E-12 2.898E-14 

007745-89-3 1.740E-16 4.645E-14 1.845E-15 

094361-06-5 2.589E-15 6.427E-14 4.439E-15 

000106-49-0 4.272E-18 1.839E-15 2.268E-16 

000079-06-1 2.000E-18 1.374E-18 5.546E-20 

000504-29-0 5.242E-18 9.060E-17 1.288E-17 

000119-12-0 6.393E-17 1.382E-15 3.007E-17 

000106-47-8 5.859E-17 4.155E-15 3.634E-16 

001162-65-8 3.058E-17 5.291E-16 7.644E-17 

013171-21-6 4.469E-17 8.080E-16 1.032E-16 

000106-50-3 8.963E-19 2.233E-17 2.898E-18 

002274-67-1 5.500E-16 2.666E-14 1.133E-15 

000062-38-4 4.726E-17 4.944E-16 7.491E-17 

002032-65-7 4.147E-16 2.213E-14 1.345E-15 
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E1 Time-dependent intake fraction 

Hellweg and others [28] described a single-compartment box model to estimate 
the intake fractions, based on the number of people exposed (N), the inhalation 
rate of air of an individual (IR in m3·h-1), the volume of the room (V in m3), the 
dimensionless mixing factor correcting for incomplete mixing (m), and the air 
exchange rate (kex in h-1): 

ex

inh,indoor,x
kmV

IR
NiF


      

In contrast, the time-dependent intake fraction corrected for the use of 
protection measures can be described by: 
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Where N is the number of people exposed; IR is the inhalation rate of air of an 
individual (m3·h-1); V is the volume of the room (m3); m is the dimensionless 
mixing factor correcting for incomplete mixing; kex is the air exchange rate (h-1);  
pencl is the fraction of the chemical emission remaining in the air corrected for 
enclosure; pLEV is the fraction of the chemical emission remaining in the air 
corrected for local exhaust ventilation; pRPE is the fraction of the chemical 
emission remaining in the air corrected for respiratory protective equipment; t 
is the time (h), ranging from a to b (i.e. interval a ≤ t ≤ b) with 
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ex being the time weighted average fraction of maximum 

exposure, which can be solved according to Reinke and Keil [220]:
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E2 Details on the exposure scenarios of the case study 

Within REACH, an exposure scenario is a.o. described by the product category 
(PC), which gives information about the types of chemical products (substances 
as such or mixtures) the substance is finally contained when it is supplied to 
end-users [261]. For the case of metal degreasing, all processes fall under PC35 
‘washing and cleaning products’ [219]. Moreover, for occupational uses the 
process category (PROC) describes the application technique or type of process 
[261].  

 

Table E1 Process categories of the exposure scenarios 

User Process category  Title and description of scenario 

Industrial 
worker 

PROC 13: Treatment of 
articles by dipping and 
pouring (Industrial or 
non industrial setting) 

Treatment of articles by dipping and 
pouring  
Manually operated metal cleaning machines 
are batch-loaded machines with non-boiling 
solvent degreasers. They are mainly applied 
in maintenance and manufacturing. This 
way of metal cleaning includes a.o. the 
treatment of articles by dipping and pouring 
[221, 223].  

Industrial 
worker 

PROC 0: other process 
or activity, treatment 
of articles by bringing 
it into contact with 
vapor [262] 

Treatment of articles in hooded cleaning 
machines  
Conveyorised degreasers are continuously 
loaded and are in most cases hooded or 
enclosed, which leads to lower exposure 
levels compared to other technologies. They 
can operate with cold solvents as well as 
with vaporised solvent. We assessed the 
scenario of manually operated vapor 
degreasing with local exhaust ventilation 
[221, 223].  

Industrial 
worker 

PROC 2: Use in closed, 
continuous process 
with occasional 
controlled exposure 
(e.g. sampling) 
(Industrial setting) 

Use in closed, continuous process with 
occasional controlled exposure 
A modern technique of metal degreasing is 
the sealed cleaning equipment, with 
occasional controlled exposure. These 
machines are designed to wash the parts by 
flooding liquid solvent and then by vapor 
degreasing in the same cleaning chamber. 
We assessed this enclosed, automated 
vapor degreasing with local exhaust 
ventilation [221, 223].  
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User Process category  Title and description of scenario 

Professional 
worker 
outside of 
industrial 
setting 

PROC 11: Spraying 
outside industrial 
settings or 
applications 

Professional spraying with respiratory 
protective equipment 
Spraying by professionals with respiratory 
protective equipment outside of industrial 
settings [221, 223] refers to e.g. 
maintenance by garage mechanics.  

Home 
consumer 

n.a. Consumer use of degreasing products 
(kitchen) 
Consumer use of metal cleaner applied with 
use of a cloth in a kitchen [221-223] refers 
to e.g. the cleaning of an oven or a stainless 
steel working top. 

Home 
consumer 

n.a. Consumer use of degreasing products 
(garage) 
Consumer use of metal cleaner applied with 
use of a cloth in a garage [221-223] refers to 
do it yourself activities such as the building, 
modifying, or repairing of an object.   

 

E3 Data collection for the case study 

E3.1 Intake fractions 

On average 3.2 workers are exposed during (automated) vapour degreasing 
(near field average 1.3, far field average 5), whereas on average 4.4 workers are 
exposed during (manually operated) vapour degreasing (near field average 2.25, 
far field average 6.5) [227]. Following the same line of reasoning, manually 
operated cold metal cleaning leads to exposure of on average 4.4 workers. We 
assume that chemical use by professionals outside industrial settings and 
consumers leads to exposure of 1 person. 

For workers, we implemented an inhalation rate of 48 m3·day-1, corresponding 
to a medium activity level [215-217]. For consumers, we implemented an 
inhalation rate of 32 m3·day-1, corresponding to a lower activity level than 
workers [215-217, 228]. 

Production hall volumes can vary from 300 up to several 1000 m3. Here, we 
applied 600 m3 for industrial settings [227]. For professional users, we assume 
the volume of the room is 300 m3. For consumers, the default room value for a 
kitchen is 15 m3 [221, 229] and for a garage to 34 m3 [230].  

Based on Von Grote and others [227] and ECETOC-TRA [219], we consider that 
industrial settings are equipped with engineered mechanical ventilation 
resulting in enhanced general ventilation with 6 air changes per hour (ACH). For 
professional users, we take an exposure scenario with good general ventilation 
corresponding to 4 ACH [219]. For consumer use in the kitchen, ventilation 
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efficacy of 2.5 ACH applies [229], whereas in the garage a ventilation efficacy of 
1.5 ACH applies [230]. 

Following Hellweg and others [28] and  ECETOC-TRA [219], perfect mixing of air 
(i.e. m=1) was assumed. For some exposure scenarios it was recommended to 
supplement the general ventilation by local exhaust ventilation to points where 
emissions occur. For professional users of cold cleaners, a full face respirator 
(minimum of 90% efficacy, see Table E6) is needed.  

For metal degreasing by professional workers in and outside of industrial 
settings, we implemented a duration of 8 hours. Except for manually operated 
metal cleaning, for which the exposure scenario recommend a shorter exposure 
time (i.e 1 hour). For consumer use, we implemented a duration of 1 hour, 
based on ConsExpo [229]. Note that the exposure scenarios not only have a 
different duration, but also correspond to a different number of functional 
units.  

 

E3.2 Effects 

Human health effect factors of dichloromethane were taken from the USEtox™ 
consensus model [4, 195, 196]. The inhalation EF for carcinogenetic effects of 
dichloromethane is 1.9·10-3 cases/kgintake, whereas the inhalation EF for non-
carcinogenic effects of dichloromethane is 2.2·10-2 cases/kgintake. After 
multiplication with the intake fraction, the total CF can be calculated as the sum 
of the CF for carcinogenetic and non-carcinogenetic effects. 

 

E4 Details on the inventory 

 

Table E2 Processes included in the life cycle assessment of metal degreasing with DCM 
(dichloromethane), in high-density polyethylene (HDPE) package material, with the 
names of the corresponding data in Ecoinvent v2.2 database [29, 225, 233] 

Resources Name of corresponding data in Ecoinvent v2.2 
database 

Use of metal degreaser  

- of which DCM Dichloromethane, at plant/RER U 

- of which Methanol Methanol, at plant/GLO U 

- of which Acetone Acetone, liquid, at plant/RER U 

Use of HDPE package material Polyethylene, HDPE, granulate, at plant/RER U 

Electricity for pumps and ventilation Electricity, low voltage, production UCTE, at 
grid/UCTE U 

Natural gas for heating Natural gas, burned in industrial furnace 
>100kW/RER U 
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Transport by lorry Transport, lorry >16t, fleet average/RER U 

Transport by freight Transport, freight, rail/RER U 

Disposal process Name of corresponding data in Ecoinvent v2.2 
database 

HDPE recycled Recycling PE/RER U. This is an empty process 
because of the cut-off at recycling. The 
recycling benefit and costs are allocated to 
the production of the recycled PE. To include 
this benefit and cost the following data 
should be included: Polyethylene, HDPE, 
granulate should be used as avoided product 
and 0,6 kWh electricity medium voltage 
should be used as input from technosphere.  

HDPE sent to incinerator Disposal, polyethylene, 0.4% water, to 
municipal incineration/CH U 

HDPE landfilled Disposal, polyethylene, 0.4% water, to sanitary 
landfill/CH U 

DCM recovered from distillation Dichloromethane, at plant/RER U (avoided 
byproduct) 

Incineration of residues from 
distillation 

Disposal, solvents mixture, 16.5% water, to 
hazardous waste incineration/CH U 

Electricity for distillation Electricity, medium voltage, production UCTE, 
at grid/UCTE U 

Cooling water for distillation Water, cooling, well, in ground 

Steam for distillation Steam, for chemical processes, at plant/RER U 

Nitrogen for distillation Nitrogen, liquid, at plant/RER U 

Carbon dioxide emission (outlet air 
of distillation) 

Carbon dioxide 

Waste water treatment Treatment, sewage, to wastewater treatment, 
class 3/CH U 
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E5 Supporting figure and tables 

 

 

Figure E1 Bar chart showing the relative contribution of different substances to the 
human toxicity from metal degreasing per functional unit (i.e. 1 m

2
 of degreased metal 

surface). Six different exposure scenarios represent degreasing in industrial settings, by 
professional users, and by consumers. 

 

Table E3 Vapor pressure bands that can be used to estimate release to air [214] 

Default Vapor Pressure Band (non-spray) Default fraction released 
to air 

A: Vapor pressure ≥10 Pa 1 
B: Vapor pressure between 1 and 10 Pa 0.1 
C: Vapor pressure between 0.1 and 1 Pa 0.01 
D: Vapor pressure <0.1 Pa 0.001 

In the case of spray products it is assumed that 
substances are released fully and instantly into the air. 

1 
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Dichloromethane

Exposure scenarios:
1. Treatment of articles by dipping and pouring
2. Treatment of articles in hooded cleaning

machines

3. Use in closed, continuous process with 
occasional controlled exposure

4. Professional spraying with respiratory 
protective equipment

5. Consumer use of degreasing products (kitchen)
6. Consumer use of degreasing products (garage)
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Table E4 Ventilation efficacy [219] 

Type of general ventilation Air changes per hour  (kex) 

Outdoors 3 (3-5) 

Indoors  

 Basic natural ventilation 1 (1-3) 

 Good general ventilation (i.e. intentional opening 
of doors and windows, and/or non-engineered 
mechanical ventilation) 

3 (3-5) 

 Enhanced general ventilation (i.e. engineered 
mechanical ventilation) 
Note that combination with LEV is not possible for 
enhanced general ventilation in professional 
settings 

7 (5-10) 

 

Table E5 Local Exhaust Ventilation (LEV) efficacy [219] 

PROC Exposure Scenario pLEV in 
industrial 
settings 

pLEV in 
professional 

settings 

1 Use in closed process, no likelihood of 
exposure 

N/A N/A 

2 Use in closed continuous process with 
occasional controlled exposure 

0.10 0.20 

3 Use in closed batch process (synthesis or 
formulation) 

0.10 0.20 

4 Use in batch and other process (synthesis) 
where opportunity for exposure arises 

0.10 0.20 

5 Mixing or blending in batch process 
(multistage and/or significant contact) 

0.10 0.20 

6 Calendering operations 0.10 0.20 
7 Industrial spraying 0.05 N/A 

8a Transfer of chemicals from/to vessels/large 
containers at non dedicated facilities 

0.10 0.20 

8b Transfer of chemicals from/to vessels/large 
containers at dedicated facilities 

0.05 0.10 

9 Transfer of chemicals into small containers 
(dedicated filling line) 

0.10 0.20 

10 Roller application or brushing 0.10 
a
 0.20

 a
 

11 Non-industrial spraying N/A 0.20 
12 Use as a blowing agent 0.10 0.20 
13 Treatment of articles by dipping and pouring 0.10 0.20 
14 Production of preparations or articles by 

tableting, compression, extrusion, 
pelletisation 

0.10 0.20 

15 Use of laboratory reagents in small scale 
laboratories 

0.10 0.20 

 



E. Appendix to chapter 7 

215 

16 Use of material as fuel sources (limited 
exposure to unburned product to be 
expected) 

0.10 0.20 

17 Lubrication at high energy conditions and in 
partly open process 

0.10 0.20 

18 Greasing at high energy conditions 0.10 0.20 
19 Hand-mixing with intimate contact (only PPE 

available) 
0.10* 0.20* 

20 Heat and pressure transfer fluids (closed 
systems) in dispersive use 

N/A 0.20 

a) For use in ECETOC TRA [219], a cut-off value applies for very low vapour pressure 
substances. In that case, the initial exposure estimate is replaced by a concentration of 1 
ppm. pLEV = is the fraction of chemical remaining in the air corrected for local exhaust 
ventilation, N/A = not applicable for this setting  

 

Table E6 Respiratory Protective Equipment (RPE) efficacy [214] 

Respiratory Protective Equipment (RPE) Fraction of the chemical that is 
remaining (pRPE) 

No RPE 1 
RPE with Actual Protection Factor (APF)

 a
 of 10x 0.1 

RPE with Actual Protection Factor (APF)
 a

 of 20x 0.05 

a) Information on the actual efficacy is limited, a.o. because the efficacy relies on 
personal behavior [263]. Therefore, the efficacy of RPE may be evaluated with an actual 
protection factor (APF), instead of a protection value assigned by the manufacturer 
[214]. The APF is lower than the value assigned by the manufacturer, and is a realistic 
measure of the protection offered in practice to a trained working population.  

 

Table E7 Inhalation rates (m
3
/day) depending on the level of activity [215-217] 

 Resting Light activity Medium 
activity 

Heavy activity 

Related to activity levels [215, 216] 

Adults 12 32 48  

Related to activity levels [217] 

Adult females 6.5-8.6 23-27 36 130 

Adult males 6.5-10.8 29-42 62 160 
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Table E8 Inhalatory intake fractions (iF, dimensionless) and characterization factors (CF, 
in disease cases/kgemitted) of indoor air emissions for six different occupational and 
consumer exposure scenarios 
The influence of time-dependency and a correction for protective measures is shown 
separately as well as combined. 

Time-
dep. 

Corr. 
prot.  metric 

Treatment 
of articles 
by dipping 
and 
pouring 

Treatment 
of articles 
in hooded 
cleaning 

machines 

Use in 
closed, 
continuous 
process 
with 
occasional 
controlled 
exposure 

Profession
al spraying 
with 
respiratory 
protective 
equipment 

Consumer 
use of 
degreasing 
products 
(kitchen) 

Consumer 
use of 
degreasing 
products 
(garage) 

Yes Yes iF n.a. 2.4E-04 8.7E-05 1.6E-04 n.a. n.a. 

  CF n.a. 5.6E-06 2.1E-06 3.8E-06 n.a. n.a. 

No Yes iF n.a. 2.4E-04 8.9E-05 1.7E-04 n.a. n.a. 

  CF n.a. 5.8E-06 2.1E-06 3.9E-06 n.a. n.a. 

Yes No iF 2.0E-03 2.4E-03 1.7E-03 1.6E-03 2.4E-02 1.4E-02 

  CF 4.8E-05 5.6E-05 4.1E-05 3.8E-05 5.8E-04 3.2E-04 

No No iF 
a
 2.4E-03 2.4E-03 1.8E-03 1.7E-03 3.9E-02 2.8E-02 

  CF 5.8E-05 5.8E-05 4.2E-05 3.9E-05 9.1E-04 6.7E-04 

a) Method of Hellweg and others [28], Time-dep. = time-dependency (included yes/no), 
Corr. prot. = correction for protective measures (included yes/no), iF = dimensionless 
inhalation intake fraction, CF= characterization factor (cases/kgemitted) 

 

Table E9 Human toxicity (disease cases) per 1 m
2
 of degreased metal surface for six 

different occupational and consumer exposure scenarios 

  

Treatment of articles 
by dipping and 
pouring 

Treatment of articles 
in hooded cleaning 
machines 

Use in closed, 
continuous process 
with occasional 
controlled exposure 

Disease cases 2.8E-04 1.3E-05 2.5E-06 

  

Professional spraying 
with respiratory 
protective equipment 

Consumer use of 
degreasing products 
(kitchen) 

Consumer use of 
degreasing products 
(garage) 

Disease cases 1.4E-07 6.1E-07 3.4E-07 
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Table E10 Sensitivity analysis of the scenario Treatment of articles by dipping and 
pouring 

 Treatment of articles by dipping and pouring 

 Used values Default Relative 
decrease iF 

Relative 
increase iF 

Number of exposed 
persons 

4.4 2.25-6.5 -49% +48% 

Inhalation rate 2 m
3
·h

-1
 1.45-2 m

3
·h

-1
 -28%   

Enclosure None       

Local exhaust 
ventilation 

None       

Respiratory 
protective equipment 

None       

Room volume 600 m
3
 300-700 m

3
 -14% +100% 

Mixing of air 1 0.1-1 
a)

   +900% 

Ventilation rate  6 h
-1

 1-10 h
-1

 -35% +165% 

Exposure duration  1 h 1 h     

a) A factor between 0 and 1 may be applied as a correction factor for partial mixing. In 
this sensitivity analysis, we tested the sensitivity for a mixing of air between 0.1 and 1. 

 

Table E11 Sensitivity analysis of the scenario Treatment of articles in hooded cleaning 
machines 

 Treatment of articles in hooded cleaning machines 

 Used values Default Relative 
decrease iF 

Relative 
increase iF 

Number of exposed 
persons 

4.4 2.25-6.5 -49% +48% 

Inhalation rate 2 m
3
·h

-1
 1.45-2 m

3
·h

-1
 -28%   

Enclosure None       

Local exhaust 
ventilation 

Efficacy 90% Efficacy 75-
95% 

-50% +150% 

Respiratory 
protective equipment 

None       

Room volume 600 m
3
 300-700 m

3
 -14% +100% 

Mixing of air 1 0.1-1 
a)

   +900% 

Ventilation rate  6 h
-1

 1-10 h
-1

 -39% +436% 

Exposure duration  8 h 1-8 h -15%   

a) A factor between 0 and 1 may be applied as a correction factor for partial mixing. In 
this sensitivity analysis, we tested the sensitivity for a mixing of air between 0.1 and 1. 
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Table E12 Sensitivity analysis of the scenario Use in closed, continuous process with 
occasional controlled exposure 

 Use in closed, continuous process with occasional 
controlled exposure 

 Used values Default Relative 
decrease iF 

Relative 
increase iF 

Number of exposed 
persons 

3.2 1-5 -69% +56% 

Inhalation rate 2 m
3
·h

-1
 1.45-2 m

3
·h

-1
 -28%   

Enclosure Efficacy 50% Efficacy 23-
86% 

-72% +54% 

Local exhaust 
ventilation 

Efficacy 90% Efficacy 75-
95% 

-50% +150% 

Respiratory 
protective equipment 

None       

Room volume 600 m
3
 300-700 m

3
 -14% +100% 

Mixing of air 1 0.1-1 
a)

   +900% 

Ventilation rate  6 h
-1

 1-10 h
-1

 -39% +436% 

Exposure duration  8 h 1-8 h -15%   

a) A factor between 0 and 1 may be applied as a correction factor for partial mixing. In 
this sensitivity analysis, we tested the sensitivity for a mixing of air between 0.1 and 1. 

 

Table E13 Sensitivity analysis of the scenario Professional spraying with respiratory 
protective equipment 

 Professional spraying with respiratory protective equipment 

 Used values Default Relative 
decrease iF 

Relative 
increase iF 

Number of exposed 
persons 

1 Not available     

Inhalation rate 2 m
3
·h

-1
 1.45-2 m

3
·h

-1
 -28%   

Enclosure None       

Local exhaust 
ventilation 

None       

Respiratory 
protective equipment 

Efficacy 90% Efficacy 90-
95% 

-50%   

Room volume 300 m
3
 300-700 m

3
 -57%   

Mixing of air 1 0.1-1 
a)

   +900% 

Ventilation rate  4 h
-1

 1-10 h
-1

 -59% +261% 

Exposure duration  8 h 1-8 h -22%   

a) A factor between 0 and 1 may be applied as a correction factor for partial mixing. In 
this sensitivity analysis, we tested the sensitivity for a mixing of air between 0.1 and 1. 
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Table E14 Sensitivity analysis of the scenario Consumer use of degreasing products 
(kitchen) 

 Consumer use of degreasing products (kitchen) 

 Used values Default Relative 
decrease iF 

Relative 
increase iF 

Number of exposed 
persons 

1 Not available     

Inhalation rate 1.45 m
3
·h

-1
 1.45-2 m

3
·h

-1
   +38% 

Enclosure None       

Local exhaust 
ventilation 

None       

Respiratory 
protective equipment 

None       

Room volume 15 m
3
 20 m

3
 -25%   

Mixing of air 1 0.1-1 
a)

   +900% 

Ventilation rate  2.5 h
-1

 1-5 h
-1

 -37% +45% 

Exposure duration  1 h 1 h     

a) A factor between 0 and 1 may be applied as a correction factor for partial mixing. In 
this sensitivity analysis, we tested the sensitivity for a mixing of air between 0.1 and 1. 

 

Table E15 Sensitivity analysis of the scenario Consumer use of degreasing products 
(garage) 

 Consumer use of degreasing products (garage) 

 Used values Default Relative 
decrease iF 

Relative 
increase iF 

Number of exposed 
persons 

1 Not available     

Inhalation rate 1.45 m
3
·h

-1
 1.45-2 m

3
·h

-1
   +38% 

Enclosure None       

Local exhaust 
ventilation 

None       

Respiratory 
protective equipment 

None       

Room volume 34 m
3
 20 m

3
   +70% 

Mixing of air 1 0.1-1 
a)

   +900% 

Ventilation rate  2.5 h
-1

 1-5 h
-1

 -50% +14% 

Exposure duration  1 h 1 h     

a) A factor between 0 and 1 may be applied as a correction factor for partial mixing. In 
this sensitivity analysis, we tested the sensitivity for a mixing of air between 0.1 and 1. 
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LCA is a tool to assess the environmental impact of a product or service over its 
entire life cycle. The potential effects of all relevant inputs and emissions are 
quantified in the Life Cycle Impact Assessment (LCIA) phase. The objective of 
this thesis is to improve the toxic impact modeling of chemical emissions in LCIA 
in two ways: 

1. by determining the applicability of several estimation methods to 
predict missing data (see chapters 2-5), and  

2. by including potentially relevant impact pathways that are commonly 
neglected at present (see chapters 6 and 7). 

In the LCIA phase, the (eco)toxicological effects are quantified per chemical with 
a Comparative Toxicity Potential (CTP). This is a chemical-specific measure that 
is the product of a chemical’s environmental fate, exposure, and effects. In 
many cases, the CTP suffers from uncertainty because of lacking data on the 
physicochemical and toxic properties of the chemicals of interest. To enhance 
limited experimental datasets, measurement data can be extrapolated e.g. 
between chemicals, environmental media, or animal species.  

The extrapolation of measured physicochemical or toxic properties between 
different chemicals can be done on the basis of their similarity in chemical 
structure with quantitative structure-activity relationships (QSARs). QSAR 
predictions are often given as point estimates, and little is known about the 
accompanying uncertainty that is introduced into the assessment.  

In chapter 2, QSAR-related uncertainty is studied in the overall persistence (Pov) 
and long-range transport potential (LRTP) of five polybrominated diphenyl 
ethers (PBDEs). Including photolysis, the 90% confidence intervals span 1.6–2.5 
orders of magnitude for the predictive uncertainty in the overall persistence. 
The median LRTP ranged from 0.04 to 0.49 with an uncertainty range of up to 
0.6 orders of magnitude. The QSARs developed specifically for PBDEs have a 
relatively low contribution to uncertainty in Pov and LRTP, whereas uncertainty 
in direct photolysis and in aquatic biodegradation dominates. 

In chapter 3, the influence of predictive uncertainty is studied in the CTP of eight 
triazoles. Physicochemical and toxic properties are predicted with QSARs, and 
degradation half-lives are based on a probability distribution representing 
experimental half-lives of triazoles. Moreover, the uncertainty related to the 
species’ sample size, that is present in the prediction of the hazardous aquatic 
concentration, is also included. The 90% confidence interval of the CTPs span 
typically nearly 4 orders of magnitude. Uncertainty in species-specific toxicity 
predictions contributes relatively little to the CTP uncertainty. In contrast, soil 
sorption and soil degradation rates are the main sources of uncertainty, 
together with the small number of species sampled. 
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With use of the so-called equilibrium partitioning (EP) method, a chemical’s 
concentration distribution between pore water and soil particles can be 
modeled on the basis of its sorption equilibrium. Since a chemical’s terrestrial 
ecotoxicity typically depends on the dissolved concentration in pore water for 
soil-dwelling species, freshwater toxicity estimates can be extrapolated to soil 
with the EP method. Chapter 4 analyses the statistical uncertainty of this 
method for 47 organic chemicals. Average hazardous concentrations (HC50s) in 
the soil are used to derive porewater HC50s. These porewater HC50s are 
subsequently compared to freshwater HC50 from standard aquatic toxicity 
tests. For most chemical groups, porewater HC50s are approximately a factor of 
3 higher than freshwater HC50s. However, the large overall statistical 
uncertainty in the HC50 calculations is generally more prominent than possible 
systematic deviations between the HC50s of aquatic and terrestrial species. In 
the case of lacking terrestrial toxicological data, the EP-method may be applied 
cautiously in LCIA. 

Interspecies Correlation Estimation (ICE) regressions can be used to extrapolate 
a measured chemical property, such as toxicity, from one species to another. 
This way, ICE predictions can be used to enlarge the number of species-specific 
data underlying a toxic impact assessment. The goal of chapter 5 is to quantify 
the possible gain in reliability of chemicals’ hazardous dose (HD50) for warm-
blooded wildlife species after enlargement of the sample size with ICE 
predictions. For 1137 chemicals, a comparison was made between HD50 values 
based on experimental data and HD50 values based on datasets combining 
experimental data and ICE predictions. Systematic uncertainty (related to the 
representativeness of the species sample) and statistical uncertainty (related to 
the number of species in the sample) were compared. The limited availability of 
experimental toxicity data, predominantly for mammals and not for birds, 
results in a systematic underestimation of the wildlife toxicity of a chemical 
(typically a factor of 3.5). By combining experimental data with ICE model 
predictions, the validity of the HD50 value can be improved and statistical 
uncertainty can be reduced. This holds particularly in cases of limited toxicity 
data, i.e. data for mammals only or a sample size of less than 5 species. 

In the methodologies that are currently available for an LCIA of (eco)toxicity, 
potentially relevant impact pathways are neglected. One of these pathways is 
the bioaccumulation of chemicals in aquatic food chains. In current LCIA, the 
focus of ecotoxicity is on cold-blooded species, primary producers, and 
decomposers, whereas the impact on warm-blooded predators at the end of a 
food chain may be different. Therefore, in chapter 6, a method is developed to 
calculate CTPs for the impact assessment of chemical emissions on warm-
blooded predators in freshwater food chains. The method is applied to 329 
organic chemicals (and in an addendum applied to an additional number of 779 
organic chemicals). CTPs for cold-blooded species, primary producers, and 
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decomposers are typically nearly 4 orders of magnitude higher than CTPs for 
warm-blooded predators. The correlation between both types of CTPs is low, 
which means that a high relative impact on cold-blooded species, primary 
producers, and decomposers does not necessarily indicate a high relative 
impact on warm-blooded predators. Depending on the weighing method to be 
considered, the inclusion of impacts on warm-blooded predators can change the 
relative ranking of toxic chemicals in a life cycle assessment. 

Another impact route which is often neglected at present is the human toxicity 
of indoor chemical emissions in occupational and consumer settings. In chapter 
7, a method is developed to include human toxicity from indoor chemical 
exposure in LCA, accounting for variation in exposure settings. As a case study, 
the human toxicity related to the degreasing of 1 m2 of metal is quantified for 
different exposure scenarios involving professional users within and outside of 
industrial settings, and home consumers. In every exposure scenario, the overall 
life cycle impacts for human toxicity are mainly caused by indoor exposure to 
metal degreaser (>60%), while ambient emissions have a small contribution. 
Particularly in the case of a short duration (≤1 hour) or when protective 
measures are taken (e.g. local exhaust ventilation), the use of the scenario-
specific approach described in chapter 7 is recommended. 

Finally, chapter 8 discusses in an integrated way the methods to predict missing 
data and the model frameworks for missing impact pathways. It is concluded 
that environmental degradation half-lives and a small sample size of species are 
the most important sources of uncertainty in a toxic impact assessment based 
on estimation methods, whereas the uncertainty related to the use of specific 
QSARs is generally of less influence. Regarding the effect assessment of 
chemicals, the application of estimation methods can have two important 
advantages: the increase in sample size, and the increase in diversity 
(representativeness) of the sample. The best way to enhance limited toxicity 
datasets underlying a toxic impact assessment is to supplement the 
experimental data with interspecies correlation estimates. The relevance of 
including warm-blooded predators in ecotoxic impact assessments for 
freshwater ecosystems appears to be dependent on the scope of the 
assessment and the chemical groups of interest. For an assessment of the life 
cycle impacts for human toxicity, toxicity from indoor chemical exposure is of 
major importance. Chapter 8 ends with recommendations for further research.



 

 

 
 

Samenvatting 
  



  

248 

Het uitvoeren van een levenscyclusanalyse (LCA) is een manier om de milieu-
impact van een product of een dienst in kaart te brengen voor zijn hele 
levenscyclus. De potentiële impact van alle relevante verbruikstromen en 
emissies wordt gekwantificeerd in de fase genaamd levenscyclus impactanalyse 
(LCIA).  

De doelstelling van dit proefschrift is om de modellering van de toxische impact 
van chemische emissies in LCIA op twee manieren te verbeteren: 

1. door de bruikbaarheid te bepalen van diverse schattingsmethoden voor 
ontbrekende data (zie hoofdstukken 2-5), en 

2. door impactroutes die mogelijk relevant zijn, maar in de huidige 
methodes niet meegenomen worden, mee te nemen (zie hoofdstukken 6 
en 7). 

In de LCIA fase worden de (eco)toxicologische effecten gekwantificeerd per stof 
met een karakterisatiefactor voor toxiciteit (CTP). Een CTP is een stofspecifiek 
getal dat het product is van de verspreiding in het milieu (ook wel fate 
genoemd), de blootstelling en de giftigheid (toxiciteit). Vaak is de CTP onzeker 
doordat data over de fysisch-chemische en toxische eigenschappen van 
chemicaliën niet (volledig) beschikbaar zijn. Om de beschikbaarheid van data te 
vergroten, kunnen gegevens worden geëxtrapoleerd, bijvoorbeeld tussen 
chemicaliën, milieucompartimenten of diersoorten. 

Het extrapoleren van gemeten fysisch-chemische of toxische eigenschappen 
tussen chemicaliën kan worden gedaan op basis van hun overeenkomsten in 
structuur. Daarvoor gebruikt men kwantitatieve regressies tussen de structuur 
en de chemische activiteit, zogenaamde QSARs. QSAR schattingen worden vaak 
gegeven als puntschattingen en er is maar weinig bekend over de bijbehorende 
onzekerheid die op deze manier geïntroduceerd wordt in de analyse.  

In hoofdstuk 2 is onderzoek gedaan naar de QSAR onzekerheid in de totale 
persistentie (Pov) en de potentie voor langeafstandstransport (LRTP) van vijf 
gebromeerde difenylethers (PBDEs). Wanneer fotolyse meegenomen wordt, 
reiken de 90% betrouwbaarheidsintervallen van  de schattingsonzekerheid in de 
Pov 1,6-2,5 grootordes. De mediane LRTP waardes liggen tussen 0,04 en 0,49 met 
een onzekerheid van maximaal 0,6 grootordes. De resultaten tonen aan dat de 
QSARs die speciaal voor PBDEs ontwikkeld zijn, relatief weinig bijdragen aan de 
onzekerheid in de Pov en LRTP, terwijl de onzekerheid in de directe fotolyse en in 
de biodegradatie in water domineren.  

In hoofdstuk 3 is onderzoek gedaan naar de invloed van schattingsonzekerheid 
in de CTP van triazolen. Fysisch-chemische en toxische eigenschappen zijn 
voorspeld met QSARs, en degradatie halfwaardetijden zijn gebaseerd op een 
kansverdeling die is opgebouwd uit experimentele halfwaardetijden van 
triazolen. Daarnaast is ook de onzekerheid in de schatting van de gemiddelde 
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toxiciteit, gerelateerd aan het kleine aantal soorten in de steekproef, 
meegenomen. De 90% betrouwbaarheidsintervallen van de CTPs reiken typisch 
bijna 4 grootordes. Onzekerheid in de soortspecifieke toxiciteitschattingen 
draagt relatief weinig bij aan de CTP onzekerheid. Daarentegen zijn onzekerheid 
in bodemsorptie en –degradatie de belangrijkste bronnen van onzekerheid, 
samen met het kleine aantal soorten in de steekproef. 

Met de zogeheten equilibrium partitie (EP) methode kan de concentratie van 
een stof in water en bodem worden gemodelleerd op basis van het sorptie 
evenwicht. Omdat de terrestrische ecotoxiciteit van een stof voor de meeste 
bodemsoorten afhankelijk is van de concentratie die is opgelost in poriewater, 
wordt de EP-methode veel gebruikt om de gemiddelde toxische concentratie 
(HC50) in de bodem te schatten uit aquatische toxiciteittesten. Hoofdstuk 4 
analyseert de statistische onzekerheid van deze methode voor 47 organische 
chemicaliën. Terrestrische HC50s zijn gebruikt om poriewater HC50s af te 
leiden. Vervolgens zijn deze poriewater HC50s vergeleken met zoetwater HC50s 
afgeleid van standaard aquatische toxiciteittesten. Voor de meeste stofgroepen 
blijkt dat poriewater HC50s circa factor 3 hoger zijn dan zoetwater HC50s. In het 
algemeen is de totale statistische onzekerheid in de HC50 berekeningen echter 
groter dan eventuele systematische afwijkingen tussen de HC50s van aquatische 
en terrestrische soorten. In het geval van ontbrekende terrestrische data kan de 
EP-methode voorzichtig worden toegepast in LCIA. 

Interspecies correlatie regressiemodellen (ICE) kunnen worden gebruikt om een 
gemeten stofeigenschap, bijvoorbeeld toxiciteit, te extrapoleren van de ene 
soort naar een andere. Op deze manier kunnen ICE schattingen gebruikt worden 
om het aantal soortspecifieke data in een toxiciteitanalyse te vergroten. Het 
doel van hoofdstuk 5 is het kwantificeren van de mogelijke winst in 
betrouwbaarheid van de toxische dosis (HD50) voor warmbloedige dieren door 
vergroting van de steekproef met ICE schattingen. Voor 1137 chemicaliën is een 
vergelijking gemaakt tussen de HD50 waardes gebaseerd op experimentele data 
en de HD50 waardes gebaseerd op gecombineerde datasets van experimentele 
data en ICE schattingen. Daarbij is gelet op de systematische onzekerheid 
(gerelateerd aan de representativiteit van de steekproef) en de statistische 
onzekerheid (gerelateerd aan de grootte van de steekproef). De beperkte 
beschikbaarheid van experimentele data (d.w.z. met name voor zoogdieren en 
niet voor vogels), resulteert in een systematische onderschatting van de 
toxiciteit voor warmbloedige dieren (typisch een factor 3.5). Het combineren 
van experimentele data met ICE schattingen maakt het mogelijk om de validiteit 
van de HD50 te verbeteren en de onzekerheid te reduceren. Dit geldt vooral 
voor gevallen met beperkte toxiciteitdata, dat wil zeggen data voor alleen 
zoogdieren of minder dan 5 diersoorten. 

In de huidige methodes voor een LCIA van (eco)toxiciteit worden impactroutes 
die mogelijk relevant zijn niet meegenomen. Eén van deze impactroutes is de 
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bioaccumulatie van stoffen in aquatische voedselketens. Momenteel ligt de 
focus van ecotoxiciteit in LCIA op koudbloedige soorten, primaire producenten 
en detrivoren terwijl de impact op warmbloedige dieren aan het einde van de 
voedselketen anders kan zijn. Daarom is in hoofdstuk 6 een methode 
ontwikkeld om CTPs te berekenen voor de impact van chemische emissies op 
warmbloedige predatoren in zoetwater voedselketens. Deze methode is 
toegepast op 329 organische chemicaliën (en daarnaast in een addendum 
toegepast op 779 organische chemicaliën). CTPs voor koudbloedige soorten, 
primaire producenten en detrivoren zijn typisch 4 grootordes hoger dan CTPs 
voor warmbloedige predatoren. De correlatie tussen beide soorten CTPs is laag. 
Dit betekent dat een relatieve grote impact op koudbloedige soorten, primaire 
producenten en detrivoren niet noodzakelijk ook een relatieve grote impact op 
warmbloedige predatoren betekent. Afhankelijk van de wegingmethode, kan 
het meenemen van warmbloedige predatoren de rangschikking van toxische 
chemicaliën in een LCA veranderen. 

Een andere impactroute die momenteel vaak niet meegenomen wordt in LCIA is 
de gezondheidsimpact van chemische emissies in de binnenlucht van 
werkplekken of huizen. Hoofdstuk 7 beschrijft daarom een methode om de 
humane toxiciteit van chemische emissies in de binnenlucht mee te nemen in 
LCA. De methode houdt rekening met variatie in het blootstellingscenario. Als 
case study is de humane toxiciteit gerelateerd aan het ontvetten van 1 m2 
metaal gekwantificeerd voor verschillende blootstellingscenario’s, namelijk voor 
werknemers in industriële en niet-industriële settings en voor consumenten 
thuis. In ieder blootstellingscenario wordt het grootste deel van de humane 
toxiciteit voor de totale levenscyclus van metaalontvetter bepaald door de 
blootstelling binnenshuis (>60%). Daarentegen dragen emissies naar de 
buitenlucht weinig bij. Met name voor scenario’s met een korte 
blootstellingduur (≤1 uur) of beschermende maatregelen (bijvoorbeeld een 
lokaal afzuigingsysteem) wordt het gebruik van de in hoofdstuk 7 beschreven 
scenariospecifieke methode aanbevolen. 

Tot slot bediscussieert hoofdstuk 8 op geïntegreerde wijze de schattings-
methoden voor ontbrekende data en de impactroutes die momenteel vaak niet 
meegenomen worden. Er wordt geconcludeerd dat degradatie halfwaardetijden 
en een kleine steekproefomvang de voornaamste bronnen van onzekerheid zijn 
in een toxische impact analyse gebaseerd op schattingsmethoden. De 
onzekerheid van specifieke QSARs heeft minder invloed. Wat betreft de 
effectanalyse kan het gebruik van schattingsmethoden twee belangrijke 
voordelen hebben: vergroting van de steekproefomvang en vergroting van de 
diversiteit (representativiteit) van de steekproef. De beste manier om kleine 
datasets voor toxiciteit te vergroten is om experimentele data aan te vullen met 
interspecies correlatie schattingen. Het belang van het meenemen van 
warmbloedige predatoren in een ecotoxische impactanalyse voor zoetwater 
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ecosystemen blijkt afhankelijk te zijn van het doel van de analyse en de 
chemische stofgroep waarin men geïnteresseerd is. Het is van cruciaal belang de 
toxische gezondheidsimpact van blootstelling aan chemicaliën binnenshuis mee 
te nemen in een LCA van humane toxiciteit. Hoofdstuk 8 sluit af met 
aanbevelingen voor vervolgonderzoek. 
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Milieukunde van de Radboud Universiteit in Nijmegen. Nu is het moment daar 
om de mensen te bedanken die dit proefschrift mede mogelijk hebben gemaakt, 
met hun investeringen – in welke vorm dan ook – in dit boekje of in mij. 

Om te beginnen natuurlijk mijn eerste promotor Mark en copromotor Rosalie. 
Mark, bedankt voor je altijd waardevolle commentaar! Het soms bizarre tijdstip 
van je e-mail was nooit af te leiden uit de bruikbaarheid van je reactie, iets waar 
ik veel respect voor heb. Rosalie, wat fijn dat ik altijd bij jou terecht kon voor 
zowel grote vragen als kleine frustraties. Het was een eer en een groot plezier 
om jouw eerste promovenda te zijn! Verder wil ik jullie allebei bedanken voor 
jullie vertrouwen en voor alle kansen die ik gekregen heb binnen verschillende 
EU-projecten en daarbuiten. Het was erg leuk om aan zo veel verschillende 
dingen te werken en ik heb veel geleerd van jullie constructieve feedback. 
Boven alles waardeer ik de betrokkenheid van jullie beiden enorm. Hoe druk het 
ook was, jullie waren er op de moments sûpremes, en jullie tomeloze 
enthousiasme werkt inspirerend.  

Ook wil ik mijn tweede promotor bedanken. Jan, bedankt voor je waardevolle 
commentaar op diverse hoofdstukken. Verder ben je een grootmeester in het 
maken van prikkelende opmerkingen tussen neus en lippen door, vooral als ik 
alleen maar even gauw een handtekening kwam vragen. Misschien heb ik daar 
wel het meest van geleerd. 

Furthermore, I would like to thank all my colleagues from the Department of 
Environmental Science for their valuable support, help, and lovely chats during 
lunch and other moments. Extra thanks to my fellow PhD students for the 
instant answers to questions, the practical computer help, and – of course – all 
the fun; to Gina for her secretarial help and personal interest; to Anastasia and 
Isabel, my “sticks behind the door” for going to sports; to An, Alessandra, and 
(again) Anastasia who make a perfect tour guide; and to Ligia, the person with 
whom I shared most rooms and trains – it was always a pleasure.  

I also would like to say thank you to all my coauthors. I felt privileged to learn so 
much from you and to benefit from your expertise!  

Tijdens mijn promotietraject mocht ik vier maanden te gast zijn bij Veolia 
Environnement Recherche & Innovation in Rueil-Malmaison (Frankrijk). Je tiens 
à vous remercier tous, mes collègues de Veolia, pour votre gentillesse et aide.  
Je vous assure que vous avez élargi mon horizon professionnel et social. J'ai 
beaucoup aimé travailler à l'extérieur de l'université pendant ma période de 
recherche, et j’ai pris goût aux tenants et aboutissants d'une organisation 
commerciale. Sandrine et Kemi, merci pour votre hospitalité professionnelle et 
sociale. Vous m’avez beaucoup donné. Merci beaucoup! 
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Verder wil ik graag mijn voormalige buurvrouw bedanken, Clara. Ik heb veel 
gehad aan onze goede gesprekken en ik profiteer nog bijna dagelijks van jouw 
wijsheid.  

Ook prijs ik mezelf gelukkig met mijn lieve vrienden en vriendinnen, waarbij ik 
altijd terecht kan voor een berg gezelligheid, of een luisterend oor en vrij-
blijvende adviezen. Dankjulliewel! De volgende mensen noem ik graag in het 
bijzonder. Stéphanie, je beweert dat je nog beter zou weten wat mijn werk 
inhoudt als ik naar het zuiden zou verhuizen, maar volgens mij heb je dat aardig 
in de smiezen en spelen er nog andere belangen bij die opmerking... Ik waardeer 
je betrokkenheid enorm! En dan Rianne, Karlijn en Anouk, jullie hoef ik niets te 
vertellen over het werkende leven van een promovenda. We konden eindeloos 
artikelen tellen en toekomstplannen smeden. Hopelijk lopen onze levens nog 
heel lang parallel. Debbie, mijn immer alerte correspondente in hartje Pey, ook 
jou wil ik bedanken voor je trouwe vriendschap. Tot slot Diede, dankzij jou 
waren de (lunch)pauzes de laatste drie maanden ook gezellig en heb ik met 
plezier mijn proefschrift thuis afgerond.  

Ik wil ook graag mijn familieleden bedanken, in het bijzonder mijn oma’s en de 
mensen thuis. Jullie hebben me een hoop wijsheden en liefde meegegeven en ik 
weet zeker dat jullie net zo trots op me zouden zijn als dit boekje niet bestond. 
Mijn ‘grote’ zusje Connie, omdat ze vol belangstelling het aantal Golsteijn et al. 
artikelen bijhoudt, maar vooral omdat ze me precies op de juiste momenten 
weet te verblijden met een berichtje. Mijn attente schoonzusje Donna, voor 
haar support op lange afstand. Pap en mam, omdat jullie me nooit gepusht, 
maar altijd gesteund hebben. Ik prijs me zeer gelukkig met jullie liefdevolle 
thuisbasis!  

Het meest wil ik bedanken mijn verloofde Robin. Jij slaagt er elke dag weer in 
om het fijnste thuis te creëren dat eenieder zich maar kan wensen. Je weet me 
te temperen als ik te veel hooi op mijn vork neem, maar me ook te 
enthousiasmeren als “het universum eventjes tegen mij is”. Lieve Robin, wat 
ben ik blij dat jij in mijn leven bent! Ik draag dit proefschrift op aan jou. 

 


