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ABSTRACT
EU chemicals legislation requires the use of all available information
for hazard and risk assessment before new tests on vertebrates are
proposed or conducted. In this context, extrapolation approaches
for avoiding chronic fish testing on the basis of existing data have
been explored. Simple linear relationships and interspecies
sensitivity ratios between Daphnia and fish were calculated and
acute-to-chronic relationships and ratios were calculated for fish,
taking into consideration the mode of action. The best fitted
relationships for the prediction of chronic fish toxicity are obtained
based on acute fish and Daphnia data. Chemicals acting by
unspecific reactivity and non-polar narcosis give the strongest acute
and chronic Daphnia-to-chronic fish relationship. With acute fish
data, strong relationships are obtained for all mode of action.
Daphnia was found to be more sensitive than fish to several aniline
derivatives and pesticides acting through cholinesterase inhibition,
and less sensitive than fish to known endocrine disruptors. Extreme
(i.e. <1 or >100) interspecies sensitivity ratios were mainly evident
for chemicals acting by polar narcosis and specific reactivity. The
safety factor of 100 commonly applied in environmental risk
assessment does not seem to be equally protective for each mode
of action.

KEYWORDS
Chronic fish toxicity; mode of
action; interspecies
extrapolation; acute-to-
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1. Introduction

Several pieces of EU chemicals legislation (REACH, Biocidal Products Regulation, Plant
Protection Products Regulation) may require long-term toxicity data on fish (EC 2006,
2013; EU 2012), i.e. when the outcome of the acute testing indicates a risk, or if long-term
exposure is expected. However, the generation of such information comes at great cost to
industry and implies the use of numerous fish (EC 2013; Scholz et al. 2013). On the other
hand, European horizontal policy also requires to limit animal testing (EU 2010) and, for
example, in the context of REACH, animal tests should be undertaken only as a last resort
(EC 2006).

Thus, it is encouraged to use alternative methods as well as all available information for
hazard and risk assessment (RA) before proposing or conducting new tests on animals.
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Nevertheless, so far, there are very few models to predict chronic fish toxicity, most of
them being based on quantitative structure activity relationship (QSAR), such as
ECOSARTM (Mayo-Bean et al. 2012) or QSARCHE (Austin and Eadsforth 2014; Claeys
et al. 2013).

Moreover, regulatory aquatic RA schemes require toxicity testing of chemicals on a
limited number of laboratory species, which makes interspecies extrapolation a funda-
mental tenet of regulatory RA. In this effort to limit testing and to use already existing
data, interspecies extrapolations have been used in environmental RA by applying safety
factors (SFs), and they may play an increasing role in the future (Celander et al. 2011).
One example is the use of SF applied to toxicological data to derive the predicted no-effect
concentration (PNEC) for aquatic toxicity. These factors are intended to account for
interspecies differences in sensitivity, extrapolation from acute to chronic effects, the
physicochemical complexity of natural water versus laboratory test media, and the com-
plexity of the ecosystem versus single-species laboratory tests. The choice of the factor
(10, 50, 100 or 1000) depends on the quality and quantity of the available data (ECHA
2008). Species extrapolation is based on the hypothesis that some biological pathways are
conserved among species, as opposed to direct comparisons of apical responses alone via
species sensitivity distribution (Perkins et al. 2013).

Differences in species sensitivity regarding acute aquatic toxicity are well described
(Hoekzema et al. 2006; Hutchinson et al. 2003; Jeram et al. 2005; Tebby et al. 2011;
Weyers et al. 2000). To address the question of whether it is possible to predict acute tox-
icity in fish from non-vertebrate species, Netzeva, Pavan, and Worth (2008) reviewed sev-
eral quantitative activity–activity relationships between species, the most relevant
relationship for acute fish toxicity being between Daphnia and rainbow trout (n D 360),
with an r2 value of 0.67. More recent studies have confirmed the good correlation between
acute fish and Daphnia toxicity data, especially for organothiophosphates (0.74 < r2 <
0.94, n D 9) and (benzo)triazoles (r2 D 0.87, n D 40) (Cassani et al. 2013; Kar and Roy
2010; Zhang et al. 2010; Zvinavashe et al. 2009). The correlation depends on both the bio-
uptake process and the mode of action (MOA) of the chemical (Zhang et al. 2010), as well
as its physicochemical properties (Tebby et al. 2011). The US EPA has also developed a
specific tool, the Interspecies Correlation Estimation (ICE) tool (implemented as
Web-ICE; Raimondo, Vivian, and Barron 2010) to predict acute toxicity to 12 different fish
species, including bluegill, fathead minnow, sheepshead minnow, rainbow trout, and com-
mon carp, on the basis of Daphnia magna toxicity. The strongest correlation found by this
model is between D. magna and bluegill (r2 D 0.62, n D 290) (US-EPA 2013). However,
there is little work on the potential to predict chronic fish toxicity from Daphnia data.

There is a general agreement that predictive toxicology requires classification of chemi-
cal by chemical class or MOA, and reliable models for filling data gaps on properties and
effects of environmental contaminants are mostly mechanism based (Nendza and Wenzel
2006; Netzeva,Pavan, and Worth 2008). Besides basal toxicity which acts through non-
specific mechanism common for all chemicals, such as the partitioning into non-aqueous
phases (e.g. membranes), environmental contaminants may also be specifically toxic in
different ways due to interactions at the biomolecular level. The physico-chemical proper-
ties and structures of the chemicals are crucial parameters in determining the transport to
and the interactions with biomolecular targets (e.g. receptors, enzymes), and
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environmental contaminants with a common MOA are generally expected to have similar
structures and/or properties.

The Verhaar classification of environmental pollutants classifies organics pollutants
into four classes depending on the modes of action, according to a series of structural rules
(Enoch et al. 2008; Verhaar, van Leeuwen, and Hermens 1992). The first class (class 1,
MOA 1: narcosis or baseline toxicity) regroups chemicals that are not reactive when con-
sidering overall acute effect and that do not interact with specific receptors. Those chemi-
cals act via the so-called baseline toxicity, or non-polar narcosis, with toxicity being
dependent upon hydrophobicity. The second class (class 2, MOA 2: less inert compounds)
regroups less inert chemicals that are slightly more toxic than predicted by baseline toxic-
ity estimations, acting by the so-called polar-narcosis mechanism. The third class (class 3,
MOA 3: unspecific reactivity) regroups reactive chemicals that display a significantly
higher toxicity than predicted by hydrophobicity alone, by forming irreversible covalent
bonds with a variety of structures commonly found in macromolecules. The fourth class
(class 4, MOA 4: specifically acting chemicals) regroups specifically acting chemicals that
act by binding at specific receptors in a non-covalent manner, i.e. neurotoxicants or chem-
icals acting via acetylcholinesterase inhibition. A fifth class has been ulteriorly added,
grouping all the chemicals that could not be classified in classes 1–4. This classification
scheme has been implemented in the Toxtree Software, a toxic hazard estimation by deci-
sion tree approach (Patlewicz et al. 2008; Sourceforge 2004) and later in the OECD QSAR
Toolbox (OECD 2012). It is used for chemical categorisation purposes, for the prioritisa-
tion of chemicals for subsequent testing, and for helping in risk and hazard assessment by
separating small-to-intermediate organic chemicals into distinct classes that can either be
assigned a mode of action, or a quantitative relationship between the structure of the clas-
sified chemicals and their acute aquatic toxicity.

Regarding acute-to-chronic extrapolation, a methodology based on simple linear
regression was developed to predict the PNEC of chemicals to fishes from acute toxicity
data (Mayer et al. 1992). PNEC was found to be highly accurate in 92% of the time (within
a factor of 2 of the limits of the maximum acceptable toxicant concentrations for lethality)
when applied to a data base of 18 chemicals. Ahlers et al. (2006) determined a median
acute-to-chronic ratio (ACR, the ratio between the acute toxicity data and chronic toxicity
data for a given chemical) of 10.5 for fish, well below the ACR safety factor of 100 as
implied by the REACH guidance (ECHA 2008). However, they found that individual
ACRs vary considerably and go up to 4400. Thus, an SF of 100 is not protective for all
chemicals and trophic levels. The use of fixed ratios for the extrapolation from acute-to-
chronic toxicity is problematic, because some chemicals show different MOA under short-
and long-term conditions, or from one species to another.

In this context, the usefulness of fish acute-to-chronic toxicity relationships and inter-
species extrapolations for predicting chronic fish toxicity have been explored, taking into
consideration the Verhaar MOA classification scheme. Moreover, when several toxicolog-
ical data (e.g. LC50, NOEC [No-observed effect concentration]) were available for a given
chemical and endpoint, those relationships have been calculated using either the lowest
value (LV; i.e. expressing the highest toxicity) or the geometric mean (GM) based on all
the available toxicological data, in order to investigate the influence of those two
approaches on the outcome. As a matter of fact, the use of the lowest toxicological value is
usually recommended in environmental RA in the interest of being as protective as
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possible. This is especially important for the setting of PNEC, for example, when it is
derived from a single toxicological value in a given species but aims to protect all the other
species. However, the use of the GM, calculated across the full range of empirical data
available rather than just the most sensitive value, might allow more stable and represen-
tative estimates of chronic fish toxicity by giving less weight to the extreme value.

2. Methodology

2.1. Extraction of data

2.1.1. Databases
Organic chemicals with chronic fish toxicity data were selected, and data sets including
acute fish toxicity data as well as acute and chronic Daphnia toxicity data were extracted
using the OECD QSAR Toolbox 3.2 (OECD 2012) for all the chemicals selected. All data-
bases available within the OECD QSAR Toolbox were selected, i.e. the Aquatic ECETOC,
the Aquatic OASIS, the Aquatic Japan MoE, the ECHA database and the US EPA data-
base. The list of chemicals extracted and used for the calculations is given in Table S1
(Online Supplementary Material).

2.1.2. Species
D. magna was the only species retained for Daphnia spp., while for fish, preference was
given to OECD freshwater fish species (zebrafish [Danio rerio], fathead minnow [Pime-
phales promelas], common carp [Cyprinus carpio], Japanese medaka [Oryzias latipes],
guppy [Poecilia reticulata], bluegill [Lepomis macrochirus], rainbow trout [Onchorhynchus
mykiss], three-spined stickleback [Gasterosteus aculeatus]) as well as the saltwater species
sheepshead minnow (Cyprinodon variegatus). Data from other species of freshwater fish
or from saltwater or estuarine species were considered only if there were no data available
on the preferred species.

2.1.3. Endpoint and duration of exposure
The LC50 was chosen as the endpoint for acute toxicity tests. The duration of acute toxic-
ity tests is typically 48 h for Daphnia and 96 h for fish. The acute effects taken into
account in this study were immobilisation and mortality for Daphnia (EC50 and LC50),
and mortality for fish (LC50). The NOEC was chosen as the endpoint for long-term toxic-
ity tests, as this is the most frequently reported data for long-term toxicity tests. The mini-
mum duration of exposure considered was 21 days for Daphnia; and 21, 28 days or more
for fish. The chronic effects taken into account were mortality, reproduction, growth and
development.

2.1.4. Quality check
Data were checked for duplicates (i.e. if the same data were extracted from several data-
bases), and it was checked that the toxicological value was below the solubility limit of the
substances. From the ECHA database, only data ranked Klimisch score 1 or 2 were con-
sidered (Klimisch, Andreae, and Tillman 1997), i.e. data considered as reliable without
restriction (score 1) or reliable with restriction (score 2: meaning that the study might not
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totally comply with the specific test guideline but the test parameters are sufficiently docu-
mented to be scientifically acceptable).

2.2. Treatment of data prior to analysis

2.2.1. Lowest value and geometric mean approaches
The unit of the data extracted was checked, harmonised (mg/L) and transformed in mol/L.
If there was more than one value per endpoint of interest for a given chemical, either the
lowest toxicological value (LV) was identified or the GM was calculated for the given end-
point and used for the analysis. Both approaches (LV and GM) were applied when analy-
sing the whole set of chemicals (i.e. irrespective of the MOA), whereas only the GM
approach was applied to the chemicals subdivided according to their MOA.

2.2.2. Assignment of modes of action
The selected chemicals were profiled with the QSAR Toolbox and classified into the five
MOA classes according to the Verhaar classification scheme. To complete the classifica-
tion, they were further profiled with Toxtree and the post-processing filter encoded as a
KNIME workflow (Ellison et al. 2015) that has recently been developed in order to
improve the predictivity of the Toxtree software. In case of conflicting results or MOA 5
chemicals, other data from the literature has been used to attribute a final MOA (Barron,
Lilavois, and Martin 2015; ECETOC 2007; Russom et al. 1997).

2.3. Analysis

A simple linear regression on log10-transformed data was used (GraphPad Prism 5) to
obtain the interspecies relationships and the corresponding r2 values (measures of good-
ness-of-fit) for the whole set of chemicals or subsets of chemicals according to their
MOA. The robust regression and outlier removal method was used to identify potential
outliers (Motulsky and Brown 2006); the r2 given are the r2 after elimination of the outlier
(s). For the interpretation of regression data, it was assumed that a regression coefficient
r2 of >0.6 corresponds to a moderate correlation whereas a value of about 0.8 and more
corresponds to a reliable prediction.

The interspecies sensitivity ratio (SR) for each chemical (SRacute D LC50Daphnia/NOECFish;
SRch D NOECDaphnia/NOECFish) was also calculated to compare the respective sensitivity of
fish and Daphnia, as well as the ACR for fish (ACRfish D LC50Fish/NOECFish), using the GM
value. The statistical result was characterised by the median and 90 percentile value as well as
by their minimum and maximum values. The distribution of the SR (<10; between 10 and
100; between 100 and 1000;>1000) were also analysed, taking the MOA into account.

3. Results and discussion

3.1. Interspecies extrapolation (quantitative activity–activity relationships)

3.1.1. Daphnid-to-chronic fish relationships – irrespective of the MOA
There were 246 substances with matched Daphnia acute data (LC50 48 h) and chronic
fish data (NOEC >21 days) and 193 substances with matched Daphnia chronic data
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(NOEC – 21 days) and chronic fish data. The relationship (i.e. simple linear regression on
log10-transformed data) was significant with both approaches (LV or GM; p < 0.0001).
With both acute Daphnia and chronic Daphnia data, the goodness-of-fit was improved
by using the GM instead of the LV (r2 of logged data D 0.64 and 0.60, respectively, for
acute Daphnia data; 0.59 and 0.57, respectively, for the chronic Daphnia data) (Table 1).

17b-Estradiol is the only outlier identified in the acute Daphnia-to-chronic fish rela-
tionship, with both approaches (Table 1 and Figure 1(a)); and is also identified as an out-
lier in the chronic Daphnia data-to-chronic fish relationship (with both approaches),
along with fenitrothion (GM approach only; Table 1 and Figure 1(b)).

17b-Estradiol is a steroid and an estrogen sex hormone found in most vertebrates as
well as many crustaceans, insects, fish, and other animal species. It is a MOA 2 chemical
(i.e. polar narcotic) according to the Verhaar classification. It is a well-studied chemical
characterised by a high quantity of data in the various databases (118 entries after extrac-
tion, 42 entries in our final database). The NOEC fish values reported display a high vari-
ability and range between 0.00001 and 0.001 mg/L. This can be due, amongst other
factors, to the fact that the guidelines used for chronic fish tests cover different life stages.
The impact of this variability is decreased by the use of the GM approach; nevertheless,

Table 1. Linear relationships between Daphnia acute or chronic toxicity data and fish chronic toxicity
data.

Geometric mean by MOALowest
value

Geometric
mean MOA 1 MOA 2 MOA 3 MOA 4 MOA 5

LC50 Daphnia
n 246 62 42 27 52 63
p Value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0004 <0.0001
r2 0.60 0.64 0.79 0.36 0.83 0.22 0.66
Outlier 1 1 2 0 0 0 0
Names and MOA
of outliers

17b-estradiol (MOA 2) Propanil; peracetic acid

NOEC Daphnia
n 193 52 36 23 34 48
p Value <0.0001 <0.0001 <0.0001 0.0001 <0.0001 0.5168 <0.0001
r2 0.56 0.59 0.66 0.35 0.65 0.01 0.67
Outliers 1 2 0 0 0 0 0
Names and MOA
of outliers

17b-estradiol (MOA 2) 17b-estradiol (MOA 2);
fenitrothion (MOA 4)

Figure 1. Relationships between Daphnia 48 h LC50 (a) and Daphnia NOEC (b) and fish NOEC values
with the geometric mean approach. The dashed lines represent the 95% confidence interval. Italics:
name of the outliers.
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17b-estradiol remains an outlier due to its high toxicity to fish. Although being classified
as MOA 2, 17b-estradiol acts primarily as an agonist of the estrogen receptor (ER) (Pinto,
Estêv~ao, and Power 2014). The result of ER activation is a modulation of gene transcrip-
tion and expression in ER-expressing cells which is the predominant mechanism by which
17b-estradiol mediates its biological effects. However, it also acts as an agonist of mem-
brane ERs via which it can mediate a variety of rapid, non-genomic effects (Pinto, Estêv~ao,
and Power 2014). Therefore, 17b-estradiol acts by a rather specific and non-narcotic
MOA, at least when it comes to chronic toxicity; however, this is not captured in the
Verhaar scheme, as this classification scheme is based on acute toxicity.

Fenitrothion is a phosphorothioate insecticide acting through acetyl cholinesterase
inhibition. It appears as one of the most chronically toxic chemicals to Daphnia in our
database, whilst having a medium toxicity to fish. However, there was only one Daphnia
NOEC value available.

3.1.2. Daphnid-to-chronic fish relationships by MOA
To check whether or not the goodness-of-fit depends on the MOA, the linear regression
was performed for each MOA class, using the GM approach. The results are shown in
Table 1 and Figure 2 (acute toxicity) and Figure 3 (chronic toxicity).

The relationships are highly significant (p � 0.0001) for MOAs 1, 2, 3, and 5 chem-
icals. For MOA 4 chemicals, the relationships are not significant (p D 0.0004 and
0.4982, respectively, for the relationship based on acute Daphnia data and chronic
Daphnia data). This means that chronic Daphnia toxicity would be a very poor pre-
dictor of chronic fish toxicity for MOA 4 chemicals. This makes sense as this is the
group of chemicals with specific MOA which are not necessarily present in all taxa.

Figure 2. Relationships between Daphnia LC50 and fish NOEC values by MOA. Italics: name of the out-
liers; (a) all MOA; (b) MOA 1, r2 D 79; (c) MOA 3, r2 D 0.83.
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It would therefore be interesting to divide further this MOA 4 group and to investigate
the relationship of each specific mechanism (e.g. AchE inhibition, neurotoxicant,
respiratory blocker, etc.).

In both cases, the r2 of logged data is higher for MOAs 1 and 3 (respectively, 0.79/0.83
for MOA 1/MOA 3 based on acute Daphnia data, Figure 2(b,c), and 0.66/0.65 for MOA
1/MOA 3 based on chronic Daphnia data, Figure 3(b,c)), and much lower for MOAs 2
and 4 chemicals (respectively, 0.36/0.22 for MOA 2/MOA 4 based on acute Daphnia data
and 0.35/0.01 for MOA 2/MOA 4 based on chronic Daphnia data). The more reliable
relationship is therefore obtained with acute Daphnia data, and not with chronic Daphnia
data.

The r2 for MOA 5 chemicals is unexpectedly high for a class which is a mix of chemi-
cals that could not be assigned to classes 1–4 (0.66 and 0.67, respectively, based on acute
and chronic data). This could suggest that many MOA 1 or 3 chemicals might be present
in the MOA 5 group knowing that the MOA 5 class is a mix of MOAs 1, 2, 3 and 4 chem-
icals that have not been identified as such.

Propanil and peracetic acid are identified as outliers in the relationship based on acute
Daphnia data for MOA 1 chemicals. Propanil is a widely used contact herbicide which
mainly acts against weeds by inhibiting their photosynthesis and CO2 fixation, and which
shows a very high chronic toxicity toward fish compared to the other MOA 1 chemicals,
which suggest a more specific mode of action than non-polar narcosis. Peracetic acid is
used as an antimicrobial. Only one NOEC value for fish was available for this chemical,
extracted from the ECHA database (0.0022 mg/L) representing a nominal value in the
middle of the range of concentrations tested (0.2, 0.7, 2.2, 7.5, 22.4 mg peracetic acid/L).

Figure 3. Relationships between Daphnia NOEC and fish NOEC values by MOA. Italics: name of the out-
liers; (a) all MOA; (b) MOA 1, r2 D 0.66; (c) MOA 3, r2 D 0.65.
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3.1.3. Interspecies sensitivity ratio
The SRs of the chemicals have been calculated and their distribution is shown in Figure 4
(SRac D LC50Daphnia/NOECFish; SRch D NOECDaphnia/NOECFish). A ratio of >1 indicates
that Daphnia are less sensitive compared to fish and a ratio of <1 indicates that Daphnia
are more sensitive compared to fish. Quite expectedly, acute Daphnia LC50 values are gen-
erally higher than chronic fish NOEC values (81.6% of the chemicals), and usually within
a factor 10 for 39% of the latter chemicals.

When using Daphnia NOEC values, the distribution is shifted to the left by a factor of
10, which suggests a medium factor of 10 between acute and chronic Daphnia toxicity
data on the overall distribution. For 69.9% of the chemicals, the SRch is within a factor of
10; amongst which Daphnia is less sensitive for 35.7% of the chemicals, and more sensitive
for 34.5% of the chemicals. As a whole, Daphnia is more sensitive for 53% of the chemi-
cals, whereas fish is more sensitive for 47% of the chemicals. Therefore, none of these two
trophic levels (i.e. fish and daphnids) seems to be more sensitive than the other in chronic
testing, which is in line with some previous work (May and Hahn 2014).

In 90.7% of the cases, the chronic SRch is within a factor 100. For the remaining 9.3%
corresponding to 18 chemicals, presented in Table 2, an extreme SRch (either <0.01 or
>100) was calculated. These 18 chemicals are pharmaceuticals, pesticides, aromatic
amines and hormones. They are mostly specifically acting chemicals (seven MOA 4) and
polar narcotics (seven MOA 2), along with ibuprofen, classified as MOA 1, dimethyl
disulphide, classified as MOA 3 and norethindrone and carbamazepine, classified as
MOA 5 (Table 2).

Figure 4. Sensitivity ratio derived with acute Daphnia data versus chronic fish data (black bar) and
chronic Daphnia data versus chronic fish data (grey bar) in percentage of chemicals of the whole data-
set; i.e. 34.7% of the chemicals demonstrate a higher chronic toxicity in Daphnia compared to NOEC
fish and values range within a factor of 10; for 39% of the chemicals, the acute Daphnia LC50 indicates
a lower sensitivity compared to chronic NOEC fish and values range within a factor of 10.
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One of the chemicals for which Daphnia is less sensitive than fish is ibuprofen, a non-
steroidal anti-inflammatory pharmaceutical. Its pharmacological effects are believed to be
due to inhibition of cyclooxygenase-2 (COX-2) which decreases the synthesis of prosta-
glandins involved in mediating inflammation, pain, fever, and swelling (Wishart et al.
2006). Norethindrone is a progestin hormone, whereas ethinyl estradiol and 17b-estradiol
are estrogen hormones.

Amongst other chemicals for which Daphnia is far less sensitive than fish, there are the
two pesticides chlorothalonil and imidacloprid. Clorothalonil is a broad-spectrum non-
systemic fungicide also used as a wood protectant, pesticide, acaricide, and to control
mold, mildew, bacteria and algae. It acts via the formation of substituted chlorothalonil-
reduced glutathione derivatives in cells, which trigger inhibition of specific NAD thiol-
dependent glycolytic and respiratory enzymes (Tillman, Siegel, and Long 1973). This
action on basic glycolytic and respiratory pathways is conserved across biological taxa
and toxicity is evident in multiple organisms.

Imidacloprid is a systemic neonicotinoid insecticide which acts as an insect neurotoxin,
by blocking nicotinic acetylcholine receptors. Quite unexpectedly, it appears to be much
more toxic to fish than to Daphnia. However, there was only one entry for chronic fish
toxicity in the database, from the general literature. When going back to the original
study, it appears that the NOEC corresponds to the concentration measured in the field
when assessing the chronic endpoint 27 days after contamination of the field (1.1 mg/L)
(Sanchez-Bayo and Goka 2005). As there was no effect, this quite low concentration
appears as a NOEC, although other sources mention a much higher fish NOEC, i.e. the
EFSA conclusion on imidacloprid retains a chronic NOEC value of 9.02 mg/L (EFSA
2014). This means that this high chronic SR is probably methodologically biased.

Regarding chemicals for which Daphnia is much more sensitive than fish, we found
mainly pesticides acting through acetylcholinesterase inhibition and aromatic amines.
Diazinon, disulfoton and methylparathion are organophosphate insecticides, whilst carba-
ryl is of the carbamate family, and fenitrothion is a phosphorothioate. All of them act
through acetylcholinesterase inhibition. Carbamazepine is a pharmaceutical, an

Table 2. Substances with a high interspecies sensitivity ratio (SRch).
CAS number Name MOA SRch

Daphnia more sensitive 0.00001/0.0001 122-14-5 Fenitrothion 4 0.00003
0.0001/0.001 333-41-5 Diazinon 4 0.000224

298-04-4 Disulfoton 4 0.000443
298-46-4 Carbamazepine 5 0.000978

0.001/0.01 108-42-9 3-Chloroaniline 2 0.001455
591-27-5 3-Amino-phenol 2 0.002
298-00-0 Methyl parathion 4 0.002919
95-53-4 o-Methylaniline 2 0.003508
624-92-0 Dimethyl disulphide 3 0.003757
106-49-0 p-Methylaniline 2 0.003939
63-25-2 Carbaryl 4 0.004048
62-53-3 Aniline 2 0.007719

Daphnia less sensitive 100/1000 15687-27-1 Ibuprofen 1 200
57-63-6 Ethinyl estradiol 2 359
1897-45-6 Chlorothalonil 4 466
68-22-4 Norethindrone 5 670

1000/10,000 138261-41-3 Imidacloprid 4 3505
10,000/100,000 50-28-2 17b-Estradiol 2 26,912
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anticonvulsant, which works by decreasing nerve impulses that cause seizures and pain.
Finally, aniline and its derivatives, p-methylaniline, 3-chloroaniline, 2-methylaniline and
3-amino-phenol show chronic sensitivity factors ranging between 0.001 and 0.01, which
means that Daphnia is at least 100-fold more sensitive than fish for this group of
chemicals.

It has to be highlighted that the Verhaar classification scheme is built on acute fish tox-
icity, and that chemicals are attributed to the four MOA classes based on structural char-
acteristics. However, acute toxicity mechanisms are different from chronic toxicity
mechanisms. This can explain why chemicals acting via endocrine disruption mechanisms
are not identified as ‘specifically acting chemicals’ (MOA 4) but as, for example, MOA 2 in
the case of ethinyl estradiol and 17b-estradiol. In the same way, aniline and its derivatives
are classified as polar narcotics which are characterised by a slightly higher toxicity to fish
than the baseline toxicity of MOA 1 chemicals, although its toxicity to Daphnia is much
higher.

3.1.4. Sensitivity ratios and MOA
The distribution of the SRs according to their MOA (Figure 5) shows that 87% of the
MOA 3 chemicals have a chronic SR for Daphnia/fish within a factor of 10, and 95.6% are
within a factor of 100. Moreover, for the majority of the MOA 3 chemicals, Daphnia
seems less sensitive than fish (60.9% of the MOA 3 chemicals have an SR between 1 and
10). Regarding MOA 1 chemicals, 76.9% of the chemicals have an SR within a factor 10,
Daphnia being more sensitive than fish for 51.9% of them; and 98.1% of the MOA 1
chemicals have a chronic SR within a factor of 100.

For MOA 4, the SRs cover a broader range, i.e. only 64.7% of the MOA 4 chemicals
have a chronic SR within a factor of 10, Daphnia being more sensitive for only 29.4% of
the chemicals. 79.4% of these chemicals have a sensitive ratio within a factor of 100, which
means that 20% of the MOA 4 chemicals have an extreme SR. MOA 2 chemicals also fol-
low this pattern with only 58.4% of chemicals with an SR within a factor of 10 and 80.6%
within a factor 100.

Figure 5. Distribution of the chronic sensitivity ratios between Daphnia NOEC and fish NOEC according
to their MOA.
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3.2. Acute-to-chronic fish data

3.2.1. Acute-to-chronic fish relationships – irrespective of the MOA
There were 240 substances with acute fish toxicity data and chronic fish data. The rela-
tionship was significant with both approaches (p < 0.0001), but as previously, the good-
ness-of-fit was improved by using the GM instead of the LV (r2 of logged data D 0.82 and
0.87, respectively, for the LV approach and the GM approach; Table 3). Data are plotted
in Figure 6.

With either of the two approaches, propanil and chlorothalonil are identified as outliers
because of higher chronic fish toxicity than expected when considering their acute fish
toxicity, whereas the other outlier chemicals depend on the approach used (Table 3). This
is in line with the previous results as propanil was already identified as an outlier in the
acute Daphnia-to-chronic fish relationship due to its high chronic fish toxicity, and con-
firms the hypothesis of a specific chronic mode of action. According to Russom et al.
(1997), it is classified as an MOA 1 chemical acting as a non-polar narcotic in acute toxic-
ity to fish. However, the OECD QSAR Toolbox identified this chemical as an MOA 5
chemical. Chlorothalonil, already mentioned for its extreme interspecies SR (Section
3.1.3), is classified as a specifically acting chemical (MOA 4).

With the GM approach, two other chemicals are identified as outliers because of a
higher chronic toxicity to fish: 2-naphtol, a widely used intermediate for the production

Table 3. Linear relationships between acute fish data and chronic fish data.
Geometric mean, by MOA

Lowest value Geometric mean MOA 1 MOA 2 MOA 3 MOA 4 MOA 5

n 240 62 44 30 50 54
p Value <0.0001 <0.0001 <0.0001 0.0001 <0.0001 <0.0001 <0.0001
r2 0.82 0.87 0.83 0.83 0.88 0.85 0.88
Outliers 3 4 4 1 0 2 0
Names and MOA
of outliers

MOA 1:
propanil; MOA

4:
chlorothalonil

MOA 1: propanil;
MOA 2: 2-naphtol;
MOA 4: ethyl
parathion,

chlorothalonil

Propanile,
monoethanolamine,

genistein,
n-

methylisopropylamine

2-
Naphtol

Ethyl
parathion,

chlorothalonil

Figure 6. Relationships between fish 96 h LC50 and fish NOEC values with the geometric mean
approach. The dashed lines represent the 95% confidence interval. Italics: name of the outliers.
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of dyes and other compounds (MOA 2), and ethyl parathion, an organothiophosphate
pesticide (MOA 4).

3.2.2. Acute-to-chronic fish relationship by MOA
To check whether or not the goodness-of-fit depends on the MOA, the linear regression
was performed for each MOA class. The results are presented in Table 3 and plotted in
Figure 7. There were highly significant relationships (p < 0.0001) with high r2 (>0.80)
between acute and chronic toxicity data for each MOA class. The highest r2 is obtained
with MOA 3 and, more surprisingly, MOA 5 chemicals (r2 D 0.88; Figure 7(b,c)).

All the chemicals previously identified as outliers in the relationship based on the
whole set of chemicals are also identified as outliers in their MOA groups: propanil
(MOA 1), 2-napthol (MOA 2), ethylparathion, and chlorothalonil (MOA 4). In addition,
in the MOA 1 chemicals group, three other chemicals are outliers: monoethanolamine
(CAS No.: 141-43-5), genistein (CAS No.: 446-72-0) and n-methylisopropylamine (CAS
No.: 4747-21-1).

Monoethanolamine is a primary amine used as feedstock in the production of deter-
gents, emulsifiers, polishes, pharmaceuticals, corrosion inhibitors, or chemical intermedi-
ates. Only one NOEC value on fish was available for this chemical, and was extracted
from the ECHA database (1.24 mg/L, O. latipes), along with four LC50 values (170, 349,
2070 and 2120 mg/L, on four different species: C. carpio, C. auratus, P. promelas and
P. reticulata). The ECHA database also reported two values for n-methylisopropylamine:
one LC50 96 h on D. rerio with mortality initiating from 43.3 mg/L (acute fish toxicity
test, according to the OECD TG203, carried out in 2008; calculated LC50 of 48.5 mg/L)
and one NOEC value >323 mg/L after 28 days of exposure (juvenile growth test carried
out in 2011 according to the OECD TG215) on the same species. There was no

Figure 7. Relationship between fish 96 h LC50 and fish NOEC values by MOA. The dashed lines repre-
sent the 95% confidence interval; (a) all MOA; (b) MOA 3, r2 D 0.88; (c) MOA 5, r2 D 0.88.
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explanation for the difference between those two values; but this explains the fact that this
chemical appears as an outlier in the ACR relationship.

Genistein is a phytoestrogen and belongs to the category of isoflavones. Due to its
structure similarity to 17b-estradiol, it has been shown to interact with animal and human
ERs (Patisaul et al. 2002; Green 2015), but also to bind to and transactivate all three perox-
isome proliferator-activated receptors (PPAR) isoforms, a, d, and g (Wang et al. 2014)
and to possibly inhibit the DNA methyltransferase (Fang, Chen, and Yang 2007). This
could explain the higher chronic toxicity for fish than expected. Only one LC50 value is
reported for genistein (1.9 mg/L), along with five NOEC values coming from the same
study (0.0013–0.0042 mg/L). All studies have been carried out with D. rerio.

3.2.3. Acute-to-chronic ratio
The average ACR for fish over the 240 chemicals was 141.8, but the median is 8.9, which
means that there are extremely high values which influence this average. This is in line
with some previous work reporting a median ACR for fish of 10.5 (Ahlers et al. 2006).
Quite unexpectedly, for seven chemicals, the ACR was below 1 (but within a factor of 10,
the lowest ACR being 0.15), which means that the chronic toxicity (NOEC) value in the
database was higher for those chemicals than the acute toxicity value. This might be due
to the fact that different endpoints and different species have been considered in the data-
base; and that the variability between species and/or endpoints might overcome the ACR.
Amongst these seven chemicals, three are MOA 1, two MOA 5, one MOA 4, and one
MOA 2 (Table 4). Usually, MOA 4 chemicals are characterised by higher ACR due to
their specific MOA; however, ziram, a pesticide, has an ACR of 0.54, according to our
database. For ziram, two fish LC50 (0.0097 and 0.57 mg/L) and two NOEC values (0.101
and 0.189 mg/L) are available in our database. They have been extracted from the ECHA
database and are considered reliable data.

It was not possible to go back to the original reference of the pyridine data (MOA 2
chemical, ACR D 0.91); however, the very low toxicity (one LC50 value of 99.6 mg/L and
one NOEC value of 110 mg/L) probably means that this higher NOEC is due to the exper-
imental design.

Regarding flucythrinate (MOA 5, ACR D 0.67), a pyrethroid pesticide, two LC50 values
of 0.0002 mg/L and one NOEC value of 0.0003 mg/L on two different species were
extracted from the Aquatic ECETOC database. It was not possible to go back to the origi-
nal studies. For octamethyltrisiloxane (MOA 5, ACR D 0.77), an ectoparasiticides drug,
all data were extracted from the ECHA database: one LC50 value of 0.0194 mg/L on O.
mykiss along with two NOEC values in the same range (0.027 mg/L on O. mykiss for
growth, survival and hatching, and 0.021 mg/L for survival on P. promelas). We have

Table 4. Name and mode of action (MOA) of chemicals with Acute to Chronic Ratio (ACR) < 1.
CAS number Name MOA ACR

ACR < 1

4747-21-1 n-Methylisopropylamine 1 0.15
108-18-9 Diisopropylamine 1 0.51
137-30-4 Ziram 4 0.54
106-93-4 1,2-Dibromoethane 1 0.54
70124-77-5 Flucythrinate 5 0.67
107-51-7 Octamethyltrisiloxane 5 0.77
110-86-1 Pyridine 2 0.91
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some doubts on the value reported as LC50 since this value is also given as NOEC value of
the same study.

Regarding diisopropylamine (MOA 1, ACR D 0.51), there were six LC50 values on four
different species (37, 40, 42, 75, 196 and 798 mg/L), which is a rather broad and unusual
range (a factor of 21 between the higher and the lower LC50 reported) and only one
NOEC value of 187 mg/L. The highest LC50 of 798 mg/L and the NOEC value were
obtained on the same species, G. aculeatus, which does not seem to be very sensitive to
this chemical. All data were extracted from the ECHA database in which they were ranked
as reliable with a Klimisch score of 1 or 2.

For 1,2-bromoethane (MOA 1, ACR D 0.54), one fish LC50 value (32.1 mg/L) and two
NOEC values (5.81 and 9.62 mg/L for growth and mortality obtained with O. latipes)
were extracted from the Aquatic ECETOC database. In addition to these data, the ECHA
database contains two more LC50 values derived with O. mykiss (1.13 and 1.86 mg/L) and
labelled with a Klimisch score of 1. This corresponds to a factor 28 between the lowest
and the highest LC50 values.

The range of ACR is quite broad (up to 14,906) but 53.3% of the chemicals have an
ACR below 10 and 92.9% have an ACR below 100 (Figure 8). The maximum value of
14,906 is, therefore, far above the maximum ACR of 2450 found by Ahlers et al. (2006).
The 90th percentile value is 70.85. If we apply the Ahlers et al. (2006) value of 30 to dis-
criminate between low and high ACR, 190 chemicals (79.2%) have a low and 50 (20.8%) a
high ACR.

The 17 chemicals with ACR above 100 are presented in Table 5. Ahlers et al. (2006)
previously found that MOA 1 was a good predictor that a substance would have a lower
ACR, although other MOAs were not necessarily associated with higher ACRs; however,
quite unexpectedly, six (35%) of these high ACR are MOA 1 chemicals, five (29%) are
MOA 4 chemicals, three (17%) are MOA 2 chemicals and three (17%) are MOA 5 chemi-
cals. The MOA 1 are genistein, monoethanolamine, dimethylamine, peracetic acid and
diuron.

Propanil, monoethanolamine and genistein were mentioned previously as they were
identified as outliers in the MOA 1 acute fish-to-chronic fish relationship. Propanil has
the highest ACR (14906). This is in line with previous work reporting an ACR of 18,100
(Kenaga 1982). This ACR is based on one LC50 entry (8.68 mg/L) and five NOEC entries
from two studies, ranging from 0.0004 to 0.0012 mg/L. Other data sources, such as the US

Figure 8. Acute-to-chronic fish toxicity ratio distribution.
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EPA in the Reregistration Eligibility Decision, retain a NOEC value of 0.0091 mg/L (236
days), and an LC50 of 2.3 mg/L. This would result in an ACR of 252 being still considered
as a high ACR but much lower than the previous one derived from our database.

Dimethylamine is a secondary amine also characterised by high fish LC50 values
(17, 118, 120, 210, 396 mg/L, derived with three different species, O. mykiss, D. rerio and
P. reticulata). One NOEC value of 0.6 mg/L is reported for egg mortality, which is the
only one considered in our analysis as it is the only precise NOEC value reported
(the other NOEC values are reported as >10 and >20 mg/L). Therefore, the difference in
sensitivity here might be due to the particular life stage considered for this study.

Regarding peracetic acid, nine LC50 values were reported in the ECHA database, rang-
ing from 0.078 to 2 mg/L and derived with three different species (L. macrochirus,
O. mykiss, D. rerio), whereas only one NOEC value (0.0022 mg/L; D. rerio) was reported.
Diuron is an herbicide acting as photosynthesis inhibitor by blocking the plastoquinone
binding site of photosystem II (Metz et al. 1986), classified as MOA 1 in the Verhaar clas-
sification scheme. Two LC50 values were reported for this chemical (14 and 14.7 mg/L, on
P. promelas and O. mykiss, respectively) and five NOEC values (from 0.029 to 0.41 mg/L).
The lowest values (0.0269 and 0.0334 mg/L) were extracted from the US EPA Ecotox
database, from a single study carried out in 1987 on P. promelas. The highest value was
extracted from the ECHA database (0.41 mg/L) from a study carried out in 1993 on
O. mykiss.

Chlorothalonil (MOA 4), also identified as an outlier in the acute to chronic fish rela-
tionship, has the second highest ACR (4646). This high ACR is based on one fish LC50

(0.278 mg/L) and one NOEC value (0.00006 mg/L). This high chronic toxicity to fish,
extracted from the ECOTOX US EPA database, was found in the literature (Teather,
Jardine, and Gormley 2005), and is related to hatching survival of fertilised eggs after
36 days of exposure. However, when going back to the original study, it appears that
0.00006 mg/L was the only concentration tested (i.e. the concentration for which we start

Table 5. Name and mode of action (MOA) of chemicals with acute-to-
chronic ratio (ACR) >100.

CAS number Name MOA ACR

100/1000 181587-01-9 5-Amino-1-[2,6-dichloro-4-
(trifluoromethyl)phenyl]-4-
(ethylsulfinyl)-1H-pyrazole-3-
carbonitrile

4 134

2212-67-1 Molinate 4 155
330-54-1 Diuron 1 161
124-40-3 Dimethylamine 1 192
606-20-2 2,6-Dinitrotoluene 5 193
1912-24-9 Atrazine 5 232
79-21-0 Peracetic acid 1 270
67-68-5 Dimethyl sulfoxide 5 340
95-76-1 3,4-Dichloro-aniline 2 430
944-22-9 Fonofos 4 468
98-54-4 4-tert-butylphenol 2 521
446-72-0 Genistein 1 723
141-43-5 Monoethanolamine 1 738

1000/1000 56-38-2 Ethyl parathion 4 2962
135-19-3 2-Naphthol 2 3458
1897-45-6 Chlorothalonil 4 4646

>10,000 709-98-8 Propanil 1 14,906
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to observe an effect might be higher) and that the three duration schemes were 7 days, 3
weeks and 5 months and not 36 days. Therefore, this data might not be reliable.

The two chemicals with the next highest ACR have also been previously identified as
outlier in the acute-to-chronic fish relationship: ethylparathion (MOA 4) and 2-naphthol
(MOA 2). Only one NOEC value is reported for ethylparathion (0.17 mg/L, on growth),
along with two LC50 values (0.5 and 0.51 mg/L). All these data come from the same study;
however, it was not possible to access the original reference. Regarding 2-naphtol, only
one LC50 and one NOEC value are available (3.46 and 0.001 mg/L, respectively), both
extracted from the ECHA database. It was not possible to retrieve more details that could
explain these high ACR.

3,4-Dichloroaniline (MOA 3, ACR D 430) is a data-rich chemical with 24 NOEC val-
ues, ranging from 0.0011 to 0.23 mg/L and derived with five different fish species and 20
LC50 values, ranging from 1.94 to 13.3 mg/L. It was not possible to go back to all of the
original studies but high ACR (i.e. 1200) has already been reported for this chemical in
the literature (Call et al. 1987).

Fonofos ACR (MOA 4, ACRD 468) is based on one LC50 value (1.09 mg/L on P. prom-
elas) and one NOEC value (0.00233 mg/L on L. macrochirus) (Fairchild, Little, and
Huckins 1992). In the same study, an LC50 of 5.3 mg/L (0.0053 mg/L) was reported for
this organothiophosphate insecticide (L. macrochirus, 96 h) which was not included in
our database. Regarding tert-butylphenol (MOA 2), the ACR of 521 is also based on only
two data entries, one LC50 value (5.21 mg/L) and one NOEC value (0.01 mg/L), on the
same species, P. promelas. The NOEC value comes from the ECHA database from an early
life stage toxicity study (2008, ranked Klimisch score 1). The ECHA database also reports
an LC50 value >1 mg/L.

Atrazine (MOA 5, ACR D 232) is another data-rich chemical with 12 NOEC values
ranging from 0.0302 to 0.21 mg/L, on two different species (P. promelas and L. macrochi-
rus) and different life stages (juvenile, larvae and adults). Two LC50 values are reported
(20.5 and 18.8 mg/L) from two studies on two different species (O. mykiss and C. carpio).
Atrazine is a triazine herbicide which acts by binding to the plastoquinone-binding pro-
tein in photosystem II. Atrazine has also been shown to have endocrine-disrupting effects
(Mizota and Ueda 2006; Prossnitz, Arterburn, and Sklar 2007) including on wildlife
(Hayes et al. 2003, 2002).

2,6-Dinitrotoluene (MOA 5, ACR D 193) is a nitroaromatic chemical used in the pro-
duction of flexible polyurethane foams and as a plasticiser, deterrent coating and burn
rate modifier in propellants. It is known to be toxic by converting haemoglobin into meth-
aemoglobin and to be carcinogenic. Only two LC50 values (34 and 18.6 mg/L) and one
NOEC value were reported (0.13 mg/L), for which it was not possible to go back to the
original study.

3.2.4. Acute-to-chronic ratio and MOA
The distribution of the ACR according to MOA (Figure 9) shows that 100% of the MOA 3
chemicals have an ACR within a factor of 100, 56.7% within a factor of 10. 90.9% and
88.2% of the MOA 2 and MOA 4 chemicals, respectively, have an ACR within a factor of
100, of which 50% and 47% have an ACR within a factor of 10. However, only 85.5% of
the MOA 1 chemicals are within an ACR of 100, with 53.2% chemicals with an ACR
below 10.

TOXICOLOGICAL & ENVIRONMENTAL CHEMISTRY 1145



Overall, these results show that an ACR of 100 when applied to acute fish toxicity data
for substances with MOA 3 and 2, as defined by the Verhaar classification scheme, will
protect against the chronic effects of industrial substances in, respectively, 100% and 90%
of the cases. That is in line with some previous work that shows that an ACR of 100, as
implied by the European guidance (ECHA 2008), is protective for >90% of the industrial
chemicals (May and Hahn 2014). However, for MOA 4 and MOA 1 chemicals, an ACR
of 100 would be sufficiently protective for only 88% and 85% of the chemicals,
respectively.

4. Conclusions

Although the lowest value is usually used in environmental RA in the interest of being as
protective as possible, it has been shown that the use of the GM, calculated across the full
range of empirical data available, allows more stable and representative estimates of
chronic fish toxicity, and improves the goodness-of-fit of the linear regressions, by
decreasing the statistical influence of outliers.

Our results show that the best fitted relationships for predicting chronic fish toxicity
are based on acute fish data (r2 D 0.87). Unexpectedly, acute Daphnia data (r2 D 0.64)
gives a stronger relationship with chronic fish data than chronic Daphnia data (r2 D 0.59)
when dealing with the whole set of chemicals regardless of the MOA. When considering
the MOA according to the Verhaar scheme, MOA 3 and MOA 1 chemicals give the stron-
gest Daphnia-to-chronic fish relationship. However, the relationships obtained with acute
Daphnia data show a much better fit (r2 D 0.83 and 0.69 for MOA 3 and MOA 1, respec-
tively) than the one obtained with chronic Daphnia data (r2 D 0.66 and 0.65 for MOA 1
and MOA 3, respectively). When considering acute fish data, all the MOAs give highly fit-
ted relationships (r2 D 0.88 for MOA 3 and MOA 5 chemicals, 0.85 for MOA 4 chemicals
and 0.83 for MOA 1 and MOA 2 chemicals).

Therefore, when acute fish toxicity data are available, they might give a reliable basis to
extrapolate to chronic fish toxicity as a first tier assessment or within a weight of evidence
approach. When no acute fish toxicity data are available, acute Daphnia toxicity data
could be used as a surrogate at least for MOA 3 and MOA 1 chemicals. For MOA 4 chem-
icals, it has to be highlighted that this group brings together chemicals with highly specific

Figure 9. Acute-to-chronic fish toxicity ratio distribution according to the MOA.
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toxicity and particular MOA; i.e. it considers as a whole chemicals acting by various and
different MOAs such as neurotoxicants, AchE inhibitors and respiratory inhibitors. More-
over, the more specific is an MOA, the more uncertain will be the extrapolation of toxicity
data to other species, especially if the mode of action is not conserved across taxa. This
explains why the relationships obtained with MOA 4 are not significant and/or not well-
fitted. It would be interesting to further breakdown this group to look at each specific
MOA individually.

There is a correlation between chemicals with high ACR values or interspecies SR and
the outliers identified in the above-mentioned relationships. When considering chemicals
with a high interspecies SR, Daphnia being more sensitive than fish, several aniline deriva-
tives and pesticides acting through cholinesterase inhibition were identified. When con-
sidering high interspecies SR chemicals for which Daphnia is less sensitive than fish, we
found pesticides and known endocrine disruptors such as ethynil estradiol and 17b-
estradiol.

Extreme interspecies SRs were mainly MOA 2, 4 and 5 chemicals. Regarding the ACR
between acute and chronic fish toxicity data, around 50% of the chemicals of each MOA
class have an ACR within a factor of 10, whereas 100%, 90.9%, 88.3% and 85.5% of the
MOA 3, MOA 2, MOA 4 and MOA 1 chemicals, respectively, have an ACR within a fac-
tor of 100. Therefore, the SF of 100 commonly applied in environmental risk assessment
does not seem to be equally protective for every MOA. The ACR can be used as a first tier
approach; however, regression models provide more accurate, MOA-specific extrapola-
tions from acute to chronic toxicity.

Thus, when acute toxicity data are available, regression equations seem to provide a reli-
able, MOA-specific means of extrapolation from acute to chronic toxicity data, and could
be used as a first-tier approach in an integrated testing strategy in order to waive long-term
toxicity testing on fish. The extrapolation of chronic fish toxicity can be based on acute fish
toxicity data irrespective of MOA, as well as on acute Daphnia data, for MOA 3 and MOA
1 chemicals. MOA 5 chemicals are an heterogeneous group and need to be better character-
ised in terms of their MOA in order to develop additional MOA-based regression models.

In the future, new tools could help to strengthen extrapolation approaches. For exam-
ple, adverse outcome pathways (AOPs) could help to identify where cross-species extrap-
olation is appropriate (Ankley et al. 2010; Burden et al. 2015) based on the conservation
of the toxicological pathway between species. AOPs could also help in the grouping of
chemicals based upon a common molecular initiating event (MIE) or other key event
(KE) to refine and improve relationships by restricting them to more specific subsets of
chemicals. For data-poor chemicals, another option would be the use of the threshold of
toxicological concern (TTC) approach, which aims to establish a level of exposure for
chemicals below which there would be no appreciable risk. This concept is well estab-
lished for assessing human safety and has been reapplied for a wide range of structural
classes. Use of the TTC in environmental safety is just beginning, and key questions focus
on hazard extrapolation of diverse taxa across trophic levels, importance of mode of
action, and whether safe concentrations for ecosystems estimated from acute or chronic
toxicity data are equally useful and in what context (Belanger et al. 2015). A tiered
approach in which each tier allows for greater accuracy of prediction could be based on
the sequential use of the TTC, ACR and interspecies ratio values, and MOA-based regres-
sion models that generate chemical-specific predictions of chronic toxicity.
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