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Abstract 

Background: An Integrated Testing and Assessment Strategy (ITS) for aquatic toxicity of 16 thiochemicals to be 
registered under REACH revealed 12 data gaps, which had to be filled by experimental data. These test results are 
now available and offer the unique opportunity to subject previous estimates obtained by read-across (analogue and 
category approaches) to an external validation. The case study thiochemicals are so-called difficult substances due to 
instability and poor water solubility, challenging established ITS.

Results: The new experimental data confirm the previous predictions of acute aquatic toxicity with the new test 
results indicating a 2–5 times lower toxicity than previously predicted. The previous predictions thus are conservative 
and close to the new experimental results. The good agreement can be attributed to the fact that we had limited 
the extrapolations to narrow chemical groups with similar SH-group reactivities. The new experimental data further 
strengthen and externally validate the existing trends based on similarity in chemical structures, mode of action 
(MoA), water solubility and stability of source and target compounds in aquatic media. Based on the new experi-
mental data, reliable revised PNECs could be derived and the REACH requirements for these thiochemicals are largely 
fulfilled. Appropriately adapted ITS are therefore able to reduce in vivo tests with fish even for difficult substances and 
replace them with alternative information.

Conclusions: Both experimental and alternative information for difficult substances such as thiochemicals that are 
rapidly transformed in water are subject to considerable uncertainty. For example, the use of either nominal, initial 
or time-weighted average concentrations contributes to the variability of aquatic toxicity data. In the case of these 
thiochemicals, a weight-of-evidence (WoE) approach to determining aquatic toxicity based on nominal and time-
weighted average concentrations may be the most appropriate choice to reflect environmental conditions. Overall, 
uncertainties in historical test results and alternative information, here from read-across, have to be considered in rela-
tion to how much uncertainty is acceptable for environmental protection on the one hand and how much certainty 
is technically feasible on the other.

Keywords: Read-across, Mode of action (MoA), Evaluation of historical data, Chemical identity, Water solubility, 
Instability, Alternative information, Weight-of-evidence approach
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Background
The European legislation on registration, evaluation, 
authorization and restriction of chemicals (REACH) 
aims to protect human health and the environment from 
hazards of industrial chemicals [1]. For this purpose, 
producers, importers and downstream users need to 
demonstrate the safe manufacture and use of chemicals 
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throughout the supply chain. REACH requires hazard 
identification based on physicochemical, toxicological 
and ecotoxicological data with information requirements 
depending on the annual tonnage level. Similar proce-
dures are used in many industrial countries including 
USA and Japan. The OECD chemicals program allows 
information exchange between the different regulatory 
frameworks. In particular, the OECD guidelines support 
comparable hazard assessments based on tests that are 
performed under standardized conditions.

REACH promotes alternative methods for the assess-
ment of hazards of substances to avoid animal testing 
where possible. Integrated testing and assessment strate-
gies (ITS) and weight-of-evidence (WoE) approaches [2–
6] support a stepwise procedure (Box 1) for making best 
use of all available experimental data and to fill data gaps 
with alternative information like test results obtained 
with nonstandard organisms, deviations from standard 
test guidelines such as limit tests, in vitro assays, intra- or 
extrapolation from analogues (read-across), predictions 
from (quantitative) structure–activity relationships ((Q)
SARs), and extrapolations from acute to chronic data and 
vice versa [2, 7, 8]. Alternative information is acceptable 
for REACH registrations if it is equivalent to the results 
that would be obtained by standard testing and adequate 
to draw conclusions for classification and labelling, PNEC 
derivation, and PBT/vPvB assessment.

Both the determination of valid test data and even more 
so the proof of equivalence and adequacy of alternative 
information is a particular challenge for so-called difficult 
substances [9]. Their aquatic toxicity testing and assess-
ment is often limited by losses of test substance from the 
test medium due to instability, volatility and/or adsorption. 
Poor water solubility is another confounding factor. The con-
sequences are always the same: uncertainties about chemi-
cal identity and exposure concentration of the test item. 
These difficulties apply especially to historical data, where 
test guidelines and documentation frequently do not meet 
today’s standards. Often the requirements of OECD Guid-
ance Document 23 on Aquatic Toxicity Testing of Difficult 
Substances and Mixtures [9] are not fulfilled as the chemi-
cal was not identified as difficult substance in the past. More 
over, effect values may be difficult to compare if they are 
derived on the basis of nominal, initial or geometric (some-
times arithmetic) mean data. The testing difficulties also 
affect alternative methods such as read-across (analogue and 
category approach),1 which are generally based on existing 

experimental data. Being aware of the uncertainties of the 
underlying historical data, that are propagated on to these 
estimates, we aim to make best use of all the existing infor-
mation to avoid unnecessary animal testing.

In the present study, we investigate whether, despite the 
uncertainties mentioned above, it is possible to pragmati-
cally but critically apply the ITS procedure to difficult 
substances according to the 3Rs principles (replacement, 
reduction and refinement of animal testing) [11–13] 
instead of standard testing requirements. Following the 
procedure laid out in Box  1, we will demonstrate that 
substitution of in vivo aquatic toxicity testing, especially 
with fish, by in silico methods is also possible for difficult 
substances. Our case study are two groups of thiochemi-
cals, mercaptopropionates and mercaptans, which are 
relatively homogeneous substances with a limited num-
ber of functional groups, that are produced in the range 
of 1–100 t/year [14]. They are further processed or used 
directly in several downstream products (antioxidants in 
cosmetics, cleaners, polymers). Emerging fields are opti-
cal applications. These thiochemicals are considered dif-
ficult substances due to instability and/or very low water 
solubility, some of which show no effects up to the solu-
bility limit. 

Box 1: The REACH guidance documents [6] propose a scheme of 6 
flexible sequential steps for a WoE approach. For difficult substances, 
a number of special issues/difficulties have to be regarded in order to 
fulfil the requirements of REACH.

   Step 1: Characterization of the substance 

       Verification of structure 

       Physicochemical properties 

       Reactivity and degradation 

       Identification of metabolites 

   Step 2: Analysis of mode of action 

   Step 3: Identification and evaluation of possible analogues 

   Step 4: Evaluation of existing data (in-vivo, in-vitro, QSAR) 

   Step 5: WoE assessment 

   Step 6: Factors relevant for waiving 

We discuss the following available information 
(Table 1):

1. Existing experimental data on thiochemicals: Some 
of these so-called historical data are relatively uncer-
tain and often the methods have not been described 
adequately. However, they add information in the 
ITS procedure and might help to avoid testing espe-
cially with vertebrates if the combined information is 
equivalent to the results of standard testing.

2. Estimated data: Previous predictions were obtained 
by read-across applying category or analogue 
approaches [14, 15] after critical evaluation of the 

1 For applying “read-across”, we use the terms given by ECHA [10]: prereq-
uisite is that the substances to be compared are likely to be similar or follow 
a regular pattern and thus may be considered as a group. The term “category 
approach” is used when read-across is employed between several similar sub-
stances and a trend can be established (trend analysis). The properties of the 
members of this group will either be similar or follow a regular pattern. The 
term “analogue approach” is used when the grouping is based on a very lim-
ited number of chemicals, where trends in properties are not apparent.
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existing experimental data. This allowed data gaps 
to be filled for 13 mercaptopropionates and mercap-
tans to be registered in 2018 according to REACH 
requirements.

3. New experimental data: Remaining data gaps were 
closed by tests according to the relevant OECD test 
guidelines. The results of 11 new tests (5 algal, 4 
daphnia and 2 fish tests) for mercaptopropionates 
and mercaptans are now available and can be used 
to consolidate the regulatory endpoints (PNECs) and 
to decide whether a substance has to be classified as 
dangerous for the environment. This will determine 
what additional information, for example results 
from chronic studies, may still be needed.

 The information content of these data is considerably 
higher than that of historical data. However, instabil-
ity and/or low solubility of the thiochemicals in the 
test solution lead to problems that need to be dis-
cussed.

It is the objective of this study to use the new data to 
evaluate our previous predictions, in the sense of an 
external validation, and to update the ITS described in 
[14]. Moreover, we discuss in the light of the relevant 
ECHA guidance [6, 7, 10] under which conditions alter-
native information for difficult substances may be accept-
able in the REACH registration process. We try to reveal 
that the idea behind ITS to use all available informa-
tion in order to achieve a reliable hazard assessment is 
a better alternative for difficult substances compared to 
strictly following the test guidelines, especially in case of 
vertebrate tests.

Material and methods
The existing experimental, previously estimated and new 
experimental data for two groups of case study thio-
chemicals, mercaptopropionates and mercaptans, are 
presented in Table 1.

The octanol/water partition coefficients (log Kow) 
for the undissociated thiochemicals were calculated 
as the mean of the results from different independent 
algorithms (consolidated log Kow) [14, 15], including 
EpiSuite [16], ACD/Labs and ChemAxon from Chemspi-
der [17], XLOGP and ALOGP from T.E.S.T. [18], Con-
sensus, Read-across and LSER from ChemProp [19].

The new acute toxicity tests on algae [Pseudokirch-
neriella subcapitata, formerly known as Selenastrum 
capricornutum, and recently renamed as Raphidoce-
lis subcapitata, 72 h growth rate (OECD 201)], daphnia 
[Daphnia magna, 48  h mobility (OECD 202)] and fish 
[rainbow trout (Oncorhynchus mykiss), 96-h mortality 
(OECD 203)] were performed according to the guide-
lines using good laboratory practice (GLP). For sub-
stances of low stability and very low water solubility, the 

recommendations of OECD 23 were applied [9]. The 
algae tests have been performed under static conditions, 
those with daphnia and fish due to the instability of these 
thio chemicals mostly semistatically (Table  1). Chemical 
concentrations in test samples were quantified by liquid 
chromatography with UV detection (EHMP, HIDT), MS/
MS detection (TMPMP, TEMPIC) or fluorescence detec-
tion (TG). For quantification of ODMP gas chromatogra-
phy with MS detection was applied.

Results and discussion
Good environmental risk assessment practice for diffi-
cult substances is challenged by uncertainties about test 
item identity and exposure concentrations due to chemi-
cal instability and poor water solubility, or no measur-
able effects up to the limit of solubility. The assessment 
of our case study thiochemicals follows the flexible ITS 
framework (Box 1) based on integration of information 
from different sources and various aspects of uncertainty 
[6]. With the on-going filling of data gaps in the REACH 
registration process, we now have the opportunity to 
verify previous predictions with new measured values. 
This corresponds to an external validation and allows 
to learn which factors determine the quality of alterna-
tive information for difficult substances. In particular, 
we look at the influence of the chemical identity of the 
test item (see “Chemical identity” section), its physico-
chemical properties (see “Physicochemical properties” 
section), as well as the instability of the parent substance 
and effects of possible transformation products (see 
“Reactivity and degradation, identification of metabo-
lites” section). As a key factor, we consider the analysis 
of the mode of action (see “Analysis of mode of action 
(MoA)” section). The evaluation of previous predic-
tions against the new experimental data (see “Evaluation 
of previous predictions against new experimental data” 
section) leads to the revision and extension of trend 
analyses (see “Revision and extension of trend analy-
ses” section). The new experimental results also have an 
influence on regulatory endpoints (PNEC) (see “Influ-
ence on regulatory endpoints (PNEC)” section). Finally, 
we discuss limitations regarding the practical aspects of 
carrying out valid tests with difficult test chemicals, and 
consider targeted modifications or additions to standard 
testing procedures according to OECD 23 [9]. The ITS 
improvements and adaptations (see “ITS improvements 
and adaptations” section) are dedicated to using alterna-
tive information whenever appropriate.

Characterization of the test substance
The identification of the actual test item is critical for 
high-quality test results used in scientific and regula-
tory assessments. Key is the central difficulty according 
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to OECD 23 [9]: “Achieving, maintaining and measuring 
exposure concentrations”. If little is known about chemi-
cal identity and concentration in the test system over 
time, a causal interpretation of the observed effects is 
hardly possible. In practice, this information is not avail-
able for many historical data. We will discuss when read-
across and WoE may be feasible nevertheless.

Chemical identity
According to ECHA guidance [20], a well-defined substance 
is completely identified by its chemical composition, i.e. the 
chemical identity and the content of each constituent in the 
compound. For mono-constituent substances, verification of 
the structure relates to the main constituent (≥ 80%) includ-
ing the impurity profile. Multi-component substances have 
more than one main constituent (≥ 10% and < 80%) as the 
result of a manufacturing process. According to the above 
definitions, the case study thiochemicals are well-defined 
mono-constituent substances with impurities, depending on 
composition of the starting materials in the production pro-
cess. These include, for example, esters made with isomeric 
alcohols (e.g., isotridecyl alcohol, isooctyl alcohol), resulting 
in an isomeric mixture of esters. Reactions with polyvalent 
alcohols (4-valent: pentaerythritol, 3-valent: trimethylolpro-
pane or glycerine) also lead to an ester mixture, for example 
70% 3-valent, 15% 2-valent, 10% monovalent; remainder: 5% 
acid.

Physicochemical properties
Physicochemical properties determine the fate of a com-
pound, its partitioning into a specific phase or com-
partment and largely influence the bioavailability to 
organisms which is decisive in bioaccumulation and 
toxicity tests. Information on physicochemical proper-
ties can support confidence in test results and underpin 
the basis for read-across in predicting environmental fate 
and effects.

The case study thiochemicals are relatively small mole-
cules (average MW about 300, range 80–780) with mostly 
intermediate log Kow (average log Kow about 2.8, range 
-0.6–9). They are difficult substances because of their 
poor water solubility (Sw) and instability, while adsorp-
tion and volatility are not major problems. In historical 
test protocols for thiochemicals, it has been reported that 
the total organic carbon of the test substance remained 
constant during the exposure time. The case study chem-
icals are rather insoluble in water, mostly < 50 mg/L [14]. 
However, reported concentrations in test media are often 
much lower than their solubility in pure water. Reasons 
for these discrepancies may be a combination of inap-
propriate methods and experimental deficiencies, in 

particular of historical studies, including, for example, 
insufficient length of solution preparation, poor use of 
filtration or stable unnoticed emulsions for low-solubility 
liquids. Some of these problems could have been avoided 
by using flow-through regimes or passive-dosing meth-
ods, but even despite the considerable analytical vari-
ability of the historical data on thiochemicals, it is at least 
possible to estimate the range of test concentrations that 
led to (no) observed effects.

Reactivity and degradation, identification of metabolites
Instability of test substances may reduce their exposure 
concentrations in bioassays, and at the same time result 
in mixtures of transformation products. Depending on 
Disappearance Time 50 (DT50) of the parent compound, 
different testing regimes are recommended [6], for exam-
ple static, semi-static or flow-through. OECD 23 [9] 
provides advice to use geometric or arithmetic mean of 
concentrations at the beginning and the end of the exper-
iment if < 80% of initial concentration remains at the end 
of the testing/renewal period.

Transformation of thiochemicals can occur by hydroly-
sis of the ester bond, forming aliphatic alcohols and (in 
case of mercaptopropionates) 3-mercaptopropionic acid. 
Oxidation with dissolved oxygen can produce disulfides 
within minutes to hours, but not always and not with all 
substances. The transformation products, such as alco-
hols and disulfides, are less reactive and arguably less 
toxic than the parent thiochemicals (see “Analysis of 
mode of action (MoA)” section). Under certain condi-
tions, so-called glycolides/propionides can occur.

Transformation products with higher toxicity than the 
parent substances, for example by increasing their reac-
tivity through additional reactive substructures, or by the 
formation of specific structures that can interact with 
sensitive receptors, are very unlikely for the quite small 
and chemically simple thiochemicals. Thus, it can be 
assumed that the parent thiochemicals cause the maxi-
mum (worst-case) toxicity of the test item and that any 
degradation leads to a decrease in toxicity.

Looking at the initial measured concentrations, it is 
remarkable that only 50% or less of the nominal concen-
trations of the parent substances were found in almost 
all tests. During the experiments, further decrease was 
observed in most assays. The extent of transforma-
tion can vary for the different chemical substances and 
between different bioassays. For example, the concen-
tration of TG was moderately reduced in the static algae 
test (measured concentrations decreasing from 53 to 31% 
of nominal), but strongly in the semi-static daphnia test 
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(measured concentrations decreasing from 40% to 0.1% 
of nominal). The available information is not yet suf-
ficient to systematically understand the factors causing 
problems with achieving, maintaining, and measuring 
exposure concentrations of difficult thiochemicals, and 
further studies are needed.

Analysis of mode of action (MoA)
In addition to similarities of the chemical structures and 
physicochemical properties, knowledge on similar MoA 
of source and target substances is needed to derive valid 
alternative information. MoA is the result of interactions 
between a chemical substance and biomolecular targets 
in exposed organisms. The determination of MoA is 
based on a common set of physiological and behavioural 
signs that characterize an adverse biological response 
[21]. Representing the cellular, physiological or organ-
ism-level effects of exposure to (a group of ) chemicals, 
MoA is thus a descriptive, phenological term encom-
passing chemicals sharing certain effects. MoA grouping 
may also be based on an initial molecular interaction, for 
instance binding to membrane nucleophiles in the case of 
thiochemicals, with the remaining mechanisms by which 
these molecular initiating events (MIE) translate into 
organism-level effects being not necessarily known and 
can differ between chemicals with a similar MoA. The 
mechanism of action (MeoA) of a chemical, on the other 
hand, entails understanding the causal and temporal rela-
tionships between the steps leading to a particular effect, 
as well as the steps that lead to an effective dose of the 
chemical at the relevant biological target(s) of action [22]. 
Because knowledge of MeoA only exists for a limited 
number of compounds in ecotoxicology, the concept of 
MoA is used as a practical surrogate for grouping chemi-
cals into a smaller number of more manageable groups, 
which, nevertheless, are still scientifically meaningful and 
practically useful [21, 23].

MoA of thiochemicals has been considered in detail 
including characterization of MoA according to appro-
priate schemes and identification of structural alerts [14, 
15]. According to the Verhaar scheme [24], the parent 
thiochemicals are class 3 type compounds (unspecific 
reactivity) with at least tenfold excess toxicity above base-
line. In contrast, their transformation products such as 
alcohols and disulfides (see “Reactivity and degradation, 
identification of metabolites” section) are class 1 type 
compounds (narcosis or baseline toxicity).

In terms of functional similarity [25–28], the toxicolog-
ical grouping of the thiochemicals is assumed to follow 

the chemical grouping (Table 2).2 Their toxicity is caused 
by the reactivity of the sulfur groups interacting with 
nucleophiles in membranes. The resulting reactive toxic-
ity can significantly exceed so-called narcotic effects, i.e. 
the effects are much higher than estimated from thermo-
dynamic partitioning into membranes according to log 
Kow-dependent baseline QSARs [28]. Comparison of the 
experimental acute toxicity of thiochemicals with base-
line QSARs for algae [29], daphnia [30, 31], and fish [32, 
33] revealed excess toxicities of more than one order of 
magnitude with distinct pattern for the different groups 
of thiochemicals [14]. Figure  1 illustrates the reactive 
excess toxicity of three groups of thiochemicals to fish. 
Similar results are obtained with algae and daphnia.

Quantitative differences in toxicity between the groups 
of thiochemicals may be due to differences in reactivity 
of the respective sulfur moiety, i.e. toxicodynamic differ-
ences. Within each group, the thiochemicals are different 
with regard to partitioning between biophases related to 
hydrophobicity, i.e. toxicokinetic differences. As a conse-
quence, QSARs and read-across are limited to thiochem-
icals within the same group.

Evaluation of previous predictions against new 
experimental data
The quality of alternative information for difficult sub-
stances depends on issues discussed above, which are 
more or less addressed in the relevant guidelines, but are 
often neglected in practice or an adequate implementa-
tion is technically not feasible. Therefore, in the follow-
ing, we will discuss the discrepancies between measured 
toxicities and alternative information, as well as the con-
siderable uncertainties even of the best available experi-
mental data for difficult substances that inevitably affect 

Table 2 Chemical categories of case study thiochemicals

Chemical category Characteristic fragments of 
thiochemical categories

Thioglycolates

 

Mercaptopropionates

 

Mercaptans
 

2 The concept of functional similarity can support the MoA classification of 
chemicals by combining toxicological knowledge (which toxicity pathways 
are to be expected in which species under which exposure conditions) with 
chemical expertise (which parts of the chemical structures and physicochemi-
cal properties are involved in which interactions).
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the extrapolations derived from them by read-across. The 
errors propagated in this way can never be smaller than 
the uncertainties in the underlying test results.

Figure  2 presents a comparison of new measured 
aquatic toxicities for mercaptopropionates and mercap-
tans with those previously estimated but rated as not suf-
ficiently reliable according to the REACH requirements 
(Table 1). Since 3 tests revealed no effects up to the limit 
of solubility and predictions were impossible for another 
2 compounds, the diagram is limited to 6 data points 
from two groups of thiochemicals. The data points close 
to or above the 1:1 line illustrate that the previous pre-
dictions using read-across are conservative and do not 
underestimate the actual toxicities to significant extents. 
The only case of a lower estimate by a factor of two com-
pared to the new test result is the daphnia toxicity of TG, 

which, however, is particularly uncertain due to the large 
decrease of the test item during exposure (the initial con-
centration was 40% of nominal and declined to 0.1% after 
24 h).

The good agreement of the algae toxicities (green cir-
cles) over more than 2 orders of magnitude confirm the 
conservatism of the previous predictions by analogue 
(TG and HIDT) and category approaches (EHMP). Obvi-
ously, the similar reactivities underlying the same MoA 
within the substance groups are a relevant basis for reli-
able read-across. In the case of fish toxicity (blue cir-
cle), the only new value for TMPMP (0.16 mg/L), which 
is 4 times higher than the almost identical estimates 
by analogue approach (0.036  mg/L) and trend analy-
sis (0.034  mg/L), does not allow general conclusions to 
be drawn, but enables the extension of the correspond-
ing trend (see “Revision and extension of trend analyses” 
section).

Revision and extension of trend analyses
In accordance with step 4 (Box  1), the new test results 
provide the opportunity to further elaborate the trend 
analyses for the two individual substance groups. Since 
most of the new data relate to mercaptopropionates, 
this is where most of the opportunities for improve-
ment arise. This is exemplified by fish toxicity, for which 
there are two new experimental data. The extended data 
set (MPA, MMP, iOMP, EHMP, GDMP, TMPMP and 
PETMP) confirms the previously derived trend based 
on the carbon chain length (# C) as a proxy for molec-
ular size and hydrophobicity (Fig. 3). Similar results are 
obtained based on log Kow or MW, but with somewhat 
lower  r2, and are provided in Additional file 1.

Since TMPMP and PETMP, unlike the other mercap-
topropionates, contain 3 and 4 SH groups, respectively, 
the trends were calculated both with and without these 
two substances. As the correlations were almost identi-
cal (similar r2), both thiochemicals remained included. 
Excluded is TEMPIC as it is very different from the other 
mercaptopropionates in its core structure and reactivity. 
Overall, this trend is now better substantiated due to the 
larger database and can thus provide more reliable esti-
mates for further mercaptopropionates.

Regarding algal toxicity of mercaptopropionates, 
the new measured value for EHMP supports the previ-
ous trend based on only a few data, but is not sufficient 
to allow substantial improvements. The two new meas-
ured values for the algal toxicity of mercaptans (TG and 
HIDT) confirm the trend previously anticipated on the 
basis of only two substances (Fig. 4).

Fig. 1 MoA-related excess toxicity to fish of three categories 
of thiochemicals: thioglycolates (circles), mercaptopropionates 
(triangles) and mercaptans (squares) relative to the baseline QSAR by 
Könemann [32] (extended and updated with new experimental data 
from [15])

Fig. 2 Comparison of new test results with previous predictions [14] 
for algae (green circles), daphnia (red circles) and fish (blue circle)
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No trend of increasing or decreasing daphnia toxic-
ity of the mercaptans with # C, log Kow or MW can be 
observed, rather we see similar molar effect concentra-
tions over the entire range of substances (Fig.  5). The 
similar reactivities causing similar toxicities suggest real-
istic worst-case toxicity estimates in daphnids of about 
0.003 mmol/L for this substance group.

The good agreement of the new experimental data 
with our previous estimates using trend analyses conse-
quently leads to further strengthening of the trends and 
thus to their external validation. From these findings, 
we conclude that even trends based on limited data can 
provide relevant alternative information also for difficult 
substances if similarity in MoA, chemical structures and 

behaviour in aquatic media are adequately considered in 
terms of water solubility and stability of source and target 
compounds.

Influence on regulatory endpoints (PNEC)
In a WoE approach (step 5, Box  1) the new test results 
(Table  1) are used to derive valid PNECs for five sub-
stances, which replace uncertain ones (TMPMP, EHMP, 
HIDT, TG) or fill the gaps (TEMPIC) (Table 3).

The new data caused changes of C&L as hazardous for 
the environment only for HIDT that is now classified as 
category C2 (toxic to aquatic life with long lasting effects) 
instead of the former uncertain classification C1 (very 
toxic to aquatic life with long lasting effects). Regard-
ing the requirements of REACH for aquatic toxicity, the 
following conclusions can be drawn for the case study 
chemicals:

• For EHMP the uncertain estimate for algae is 
replaced by a valid test result: no further information 
requirements.

• For TMPMP a valid acute fish test and reliable esti-
mates for algae and daphnia are available: no further 
information requirements.

• For TEMPIC test results with algae, daphnia and fish 
are available: no further information requirements.

• For TG two uncertain estimates (algae and daph-
nia) are replaced by test results. The PNEC is based 
on the daphnia test (geometric mean) and is rather 
uncertain but conservative due to the decline of test 
concentration to 0.1% of the nominal concentration 
within 24  h. In case the resulting PEC/PNEC ratio 
indicates a risk, the daphnia test should be repeated 
under flow-through conditions. Read-across (ana-

Fig. 3 Trend in acute fish toxicity of mercaptopropionates 
depending on the carbon chain length (# C) as a proxy for molecular 
size and hydrophobicity, the new value for TMPMP (# C = 16) fits 
very well. Corresponding (similar) plots based on log Kow or MW are 
available in Additional file 1.

Fig. 4 Trend in algal toxicity of mercaptans depending on predicted 
log Kow, the new values for TG (log Kow = -0.57) and HIDT (log 
Kow = 3.77) fit very well. Corresponding (similar) plots based on # C 
or MW are available in the supplementary information files

Fig. 5 Similar daphnia toxicity of mercaptans independent of 
their MW, supporting worst-case estimates about 0.003 mmol/L. 
Corresponding (similar) plots based on log Kow or # C are available in 
Additional file 1
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logue approach) of the fish toxicity is possible from 
2-mercaptoethanol, being a substructure of TG, as 
well as from GMT. Both extrapolations indicate that 
TG is less toxic to fish than to daphnia. In order to 
avoid vertebrate testing, an acute fish test should only 
be considered if PEC/PNEC > 1.

• For HIDT two uncertain estimates (algae and daph-
nia) are replaced by tests leading to an about 20-fold 
increase of the PNEC. The estimated fish toxicity 
(analogue approach) is of a similar magnitude to that 
of daphnia. A fish test should only be performed in 
case of the PEC/PNEC ratio > 1 in order to avoid ver-
tebrate testing. Alternatively, a limit fish test at a con-
centration of 5 mg/L  (EC50 of algae) is proposed.

Since our previous estimates were generally conserva-
tive and the new experimental data confirm lower tox-
icities, most PNECs could be adjusted upwards. From 
this observation, we conclude that with relatively few 
additional tests reliable PNECs can also be obtained for 
difficult substances, and hence vertebrate studies can be 
avoided as much as possible.

ITS improvements and adaptations
REACH promotes the application of integrated testing 
and assessment strategies. By combining testing and non-
testing information in a WoE approach, an enhancement 
of the reliability of hazard assessment and at the same 
time reduction of (vertebrate) testing is intended. Such a 
procedure is especially important for difficult substances 
with considerably uncertain test results.

The regulatory acceptance of alternative information 
strongly depends on the extent to which its relevance 
and adequacy is communicated. Especially for histori-
cal data of the case study thiochemicals, information on 
the chemical identity and exposure concentration of the 
test item, i.e. the parent compound and any degradation 
products over time, are not always available.

The question arises, which strategy is most appropriate 
to assess the aquatic toxicity of instable substances like 
thiochemicals, considering what happens in the environ-
ment. In accordance with OECD 23 [9], in most cases 

the aquatic toxicity was determined via geometric mean 
of nominal/initial concentration and remaining concen-
tration at the end of the test or in semi-static tests after 
24 h. In several cases, the concentration at the end of the 
test was well below 1% of the nominal or initial ones or 
even below the limit of detection. Applying the geometric 
mean approach is formally correct, but does not reflect 
the situation under environmental conditions and yields 
therefore uncertain results. For example, if a nominal 
concentration of 100  mg/L decreases to 1  mg/L during 
time of exposure, a geometric mean  EC50 of 10 mg/L is 
derived and considered as average concentration being 
responsible for the toxicity of the compound. However, 
it additionally reflects 90  mg/L of the transformation 
product(s). Therefore, it can at best be accounted as a 
(however very uncertain) result, if it is assumed that the 
transformation product is not toxic at all or disappears 
from the test medium or the environmental compart-
ment during the course of exposure. Another source of 
uncertainty has to be considered, if at the end of the test 
the concentration of the substance tested is lower than 
the limit of detection. In this case, the sensitivity of the 
analytical method determines the toxicity: the more sen-
sitive the analytics, the lower the time-weighted average 
concentrations and thus the calculated  EC50 values.

As discussed above, it can be assumed that the reac-
tivity of the degradation products of the case study 
thiochemicals is reduced by hydrolysis or oxidation to 
disulfides and thus their toxicity decreases. The following 
alternatives have to be discussed in order to reflect the 
situation in the environment:

1. The transformation product(s) exhibit the same 
aquatic toxicity as the parent substance. Calculation 
of the aquatic toxicity on the basis of nominal con-
centration is the adequate approach and reflects the 
situation in the environment. Time-weighted average 
concentrations of the parent compound would over-
estimate the hazard of the mixture actually present.

2. The transformation products are non-toxic or dis-
appear from the aquatic compartment. Under these 
conditions, the aquatic toxicity should be determined 
from the time-weighted average concentration. 

Table 3 Revision of PNECs for mercaptopropionates and mercaptans

Name PNECrevised (µg/L) PNECprevious (µg/L) Basis for revised PNEC

EHMP 0.13 0.05 Test result for algae (0.13 mg/L) replaces former estimation

TMPMP 0.16 0.04 New test result for fish (0.16 mg/L) replaces the former prediction

TEMPIC 7.8 – New test result for fish (7.8 mg/L)

TG 0.21 0.55 Test result for daphnia (0.21 mg/L) replaces former prediction

HIDT 5.0 0.29 Test result for algae (4.97 mg/L) replaces former predictions
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Nominal concentrations would underestimate the 
aquatic toxicity.

3. The transformation products of the case study thio-
chemicals are less, but still considerably toxic due to 
hydrolysis and/or oxidation with the consequence 
that time-weighted average concentrations overes-
timate and nominal concentrations underestimate 
aquatic toxicity. Therefore, in a WoE approach (Step 
5 of box 1) both estimates in combination with addi-
tional information should be used for hazard identi-
fication. For risk assessment such an approach pre-
sents greater confidence, if both estimates lead to a 
PEC/PNEC ratio < 1 or > 1. In the other case more 
information on the time-course and/or mechanism 
of transformation as well as a more intensive investi-
gation of the aquatic toxicity of the reaction products 
has to be obtained.

Additional uncertainty arises when organic solvents are 
used due to low solubility or when the WAF procedure is 
applied. In these cases, the exact nominal concentrations 
in test solution are not known and the initial measured 
concentration should be used instead.

For better regulatory acceptance of alternative infor-
mation, the conservatism of estimates can be further-
more verified by bridging studies. Their basis is a similar 
unspecific reactive MoA of these thiochemicals in most 
species, which is then used as the decisive similarity 
characteristic. To begin with, estimates for algal, daphnia 
and fish toxicity are obtained using comparable meth-
ods, e.g., read-across preferably from the same source 
substance. Then experimental data are obtained for algae 
and daphnia, the so-called bridging studies, and com-
pared with the estimated values. If there is sufficient 
agreement, it can be assumed that the prerequisites for a 
read-across for fish are also fulfilled and thus the fish test 
can be waived.

The problems with difficult substances discussed 
above show that it is often impossible to achieve the 
desired quality of test results. Repetition of tests with-
out applying ITS concepts does not usually lead to 
more confidence. When ambiguities remain, these lead 
to the question of how much uncertainty in the hazard 
assessment of chemicals may be acceptable, or has to be 
tolerated, in particular when the technical feasibility of 
studies is limited. At the same time, the issue of realism 
(what is (supposed to be) in the test vessels versus what 
is in the environment) emerges. To balance the need for 
sustainable protection of human health and the envi-
ronment against hazard and risk assessment reality, 
it is important to consider the magnitude of potential 
impacts of a substance and their possible persistence.

Conclusions
Compliance with REACH requirements for the case 
study thiochemicals was largely achieved with 11 new 
tests (5 algal, 4 daphnia and 2 fish tests) in addition to 
historical data and alternative information (trend anal-
yses, analogue approach) based on these data. Only for 
TG and HIDT additional fish tests should be consid-
ered if the PEC/PNEC ratio is > 1.

The external validation proved our previous estimates 
to be conservative and therefore protective for the envi-
ronment. In the present study, this allowed us to further 
improve ITS components such as category and ana-
logue approaches. Their inevitable uncertainties may be 
(partly) compensated with other testing and non-testing 
information with the consequence that vertebrate testing 
can be avoided in several cases. The confidence in alter-
native information on difficult substances depends on 
detailed and comprehensible documentation, which par-
ticularly regards the MoA of both the parent substance 
and transformation products in the case of aquatic tox-
icity. Since the WoE procedure and its documentation 
can be very time-consuming, especially for difficult sub-
stances the performance of tests with algae and daphnia 
is clearly recommended, and also justified on ethical and 
economic grounds. These bridging studies can then be 
used to support the replacement of studies with fish.

For unstable substances, which undergo a rapid trans-
formation in water, it is important to assess their tox-
icities on the basis of nominal or initial as well as on 
time-weighted measured concentrations in order to 
achieve in a WoE approach the best estimates for hazard 
and risk assessments. With regard to the structure and 
mode of action of possible transformation products, this 
approach reflects more realistically the situation in the 
environment, which is consistent with the approach rec-
ommended for multi-component-substances or UVCB.
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